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Abstract 

Background: 

Sepsis is a dysregulated response to infection that results in life-threatening organ 

dysfunction. The elderly are disproportionately affected by sepsis and suffer an alarmingly 

high mortality rate. We hypothesized that increased mortality in the aged is due to a more 

highly dysfunctional vasculature secondary to loss of soluble guanylate cyclase signalling. 

As sepsis mortality is high, we aimed to provide insight into septic vascular dysfunction 

and discover a novel sepsis treatment that would be effective in the young and aged. 

 

Methods: 

In all studies included herein, hemodynamics and vascular function were assessed in-vivo 

and ex-vivo.  In Study 1, young (3 to 4 months) and aged (22 to 24 months) mice were 

anesthetized and instrumented for hemodynamic assessments. Mice received an 

intraperitoneal injection of fecal slurry or an equivalent volume of vehicle. Systolic blood 

pressure, diastolic blood pressure, and heart rate were continuously recorded for a 

maximum of 600 minutes. A subset of mice received norepinephrine treatment. All mice 

received intravenous methacholine every 30 minutes to measure vascular reactivity. 

Following euthanization, tissues and arteries were collected for analysis of cGMP 

production and wire myography. Study 2 examined the young septic murine response to 

the soluble guanylate cyclase activator cinaciguat using the same protocol as above while 

Study 3 examined aged mice. The cytokine Oncostatin M is released in sepsis and plays a 

role in hemodynamic stability. As such, its receptor deficiency in both young males and 
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females was investigated using a model of Oncostatin M receptor deficiency combined 

with the above septic protocol (Study 4). 

 

Results:  

In study 1, aged mice had impaired non-septic and septic vasorelaxation responses in-vivo 

compared to the young. Non-septic aged mice were more responsive to methacholine, 

whereas septic aged mice were less responsive. Ultimately, aged mice demonstrated 

decreased sepsis survival. Conventional sepsis treatment with norepinephrine resulted in a 

similar sepsis survival time in both age groups. cGMP production in aged lung and kidney 

did not increase. Notable aged myography findings included increased sensitivity to 

methacholine in mesenteric arteries and increased vasorelaxation 120 minutes post-sepsis 

induction.  

Due to the mortality associated with sepsis, we aimed to discover a treatment that 

would be effective in young (Study 2) and aged (Study 3) septic mice. Mice were treated 

with saline or the soluble guanylate cyclase activator cinaciguat to increase cGMP 

production and improve vascular dysfunction in sepsis. Cinaciguat improved the survival 

of young septic mice, coinciding with improved hemodynamics. Cinaciguat increased 

cGMP production in young lung and kidney. Myography revealed an increased sensitivity 

of cinaciguat-treated young septic mesenteric vessels to methacholine and sodium 

nitroprusside. Hemodynamic improvements were also noted in septic aged mice treated 

with cinaciguat. Baseline aged systolic and diastolic blood pressure response to 

methacholine was increased while septic blood pressure was decreased. Aged sepsis 
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survival was also increased. However, no change in cGMP production was noted in aged 

lung or kidney. Myography demonstrated minimal vascular effect of cinaciguat.  

In Study 4, both sexes of Oncostatin M receptor deficient mice displayed a distinct 

hemodynamic profile demonstrating systolic and diastolic hypertension as well as 

tachycardia. Septic response to methacholine was decreased in male but not female 

knockout mice (compared to controls). Oncostatin M deficiency did not improve survival 

for either sex. Oncostatin M receptor deficiency did demonstrate sex-specific myography 

effects associated with a decreased level of relaxation secondary to methacholine and 

sodium nitroprusside in both non-septic and septic male vessels. These changes were not 

seen in female vessels. 

 

Summary and Conclusion: 

This is one of the first studies to examine both in-vivo and ex-vivo vascular function in a 

young and aged septic murine model. The findings demonstrate that aged septic mice 

experience vascular dysfunction, which may contribute to mortality. The novel use of 

cinaciguat resulted in augmentation of vascular function in young mice and improvement 

in sepsis survival in both young and aged mice. Finally, Oncostatin M receptor deficiency 

did not improve sepsis survival but led to the development of distinct non-septic and septic 

hemodynamic phenotypes.  Together, these results underscore the need to further delineate 

the mechanisms that underlie vascular dysfunction and septic circulatory collapse. This 

new information sets the stage for further testing of cinaciguat to understand the molecular 

mechanism(s) in improving septic outcomes.  
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Chapter 1 

Review of Sepsis and Septic Vascular Dysfunction 

1.1 Introduction 

Sepsis, a life-threatening syndrome of dysregulated systemic inflammation secondary to 

an infection,1 is a common, complex, and global medical condition responsible for 

significant healthcare expenditure. Sepsis can progress to an extreme state of circulatory 

shock that can affect any person worldwide.  The outcomes can be severely disfiguring, 

debilitating, and deadly. Due to its high morbidity and mortality, sepsis awareness amongst 

the general public and physicians alike has been increasing.2,3As such, it was made a global 

health priority by the World Health Organization (WHO) in 2017.4 Over the previous 

decades, extensive research has discovered much about multiple aspects of sepsis, 

including risk factors, pathophysiology, epidemiology, organ failure, mortality, cost of 

sepsis care, and quality of life outcomes. As research has progressed, our sepsis 

terminology has also evolved. Consensus groups have refined the definitions of the various 

sepsis syndromes to reflect improved knowledge concerning the pathophysiology of sepsis 

and the associated mortality risks.  

Notwithstanding moving forward in the fight against sepsis, strategies for 

preventing sepsis, managing modifiable risk factors, early identification of sepsis (via the 

use of biomarkers1 and severity scoring systems), and accurate prognostication of 

morbidity and mortality have not progressed in tandem with our increasing knowledge 

related to sepsis. Moreover, the development of targeted treatments for vulnerable patient 
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populations (elderly, intensive care unit (ICU) patients,5 patients with bacteremia,6,7 

frailty,8 obesity,9 diabetes,10 malignancy,11,12 patients concurrently using opioids13) remain 

frustratingly elusive, despite substantial effort from the scientific community and industry.  

Treatment remains largely generic and supportive, including antibiotics, source control of 

infection, fluid resuscitation, vasopressors, inotropes, intubation and ventilation, and renal 

replacement therapies.1  

Many investigational therapies targeting various aspects of the immune response in 

sepsis, though preclinically successful, have not improved patient outcomes.14,15 However, 

the study of these unsuccessful therapies has invariably added to our understanding of 

sepsis pathophysiology and continues to inspire further research efforts. Here, we will 

provide a detailed review of sepsis. In latter sections, we will also focus specifically on 

how aging affects sepsis as the elderly population is recognized as a particularly vulnerable 

patient group disproportionately affected by sepsis.16   

1.2 Terminology 

Understanding current and prior sepsis terminology is essential to discuss sepsis research 

within the contextual timespan of specific studies. Before 2016, four major clinical sepsis 

syndromes existed to classify septic states. These clinical syndrome definitions were used 

worldwide and stemmed from the efforts of the Surviving Sepsis Campaign17,18 and were 

endorsed by two of the world’s largest critical care medicine societies, The American 

Society of Critical Care Medicine (SCCM) and the European Society of Intensive Care 

Medicine (ESICM).  Sepsis definitions were first advanced in 199119 and revised in 200120 

and 2012,18 based on our improved understanding of sepsis pathophysiology.   
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The first syndrome stemming from these guidelines and used in the literature is the 

Systemic Inflammatory Response Syndrome (SIRS).  To be labelled as having SIRS, 

patients had to display a minimum of two out of four clinical criteria as listed in Table 1. 

The SIRS criteria remain an important triaging tool for identifying patients that will require 

further work-up and potential interventions. However, it is essential to note that the SIRS 

criteria are not specific for sepsis21,22 and that patients with sepsis may not display SIRS 

criteria.23  A non-infectious source such as pancreatitis, malignancy, pulmonary embolism, 

burns, or trauma may also result in a SIRS response,24 making the diagnosis of sepsis 

clinically more difficult and may result in delayed treatment.  

Table 1: Systemic Inflammatory Response Syndrome Criteria    

The diagnosis of SIRS requires the presence of at least two of the below criteria.  SIRS: 

Systemic Inflammatory Response Syndrome. 

 

Systemic Inflammatory Response Syndrome Criteria19 

Temperature of less than 36 or greater than 38 degrees Celsius 

Heart rate greater than 90 beats per minute 

Respiratory rate greater than 20 breaths per minute or a PaCO2 of less than 32 

mmHg 

White blood cell count less than 4 x 109 or greater than 12 x 109 cells/L or 

greater than 10% band forms 

 

The second syndrome from the pre-2016 classification system is sepsis. Sepsis was 

defined as the presence of SIRS with a source of suspected or documented infection.25 

Sepsis syndrome could deteriorate into severe sepsis, the third clinical syndrome. Severe 

sepsis consisted of sepsis combined with evidence of organ dysfunction, hypotension, or 
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hypoperfusion.25 The fourth syndrome (and the most life-threatening) was septic shock. 

Septic shock was defined as the presence of severe sepsis with hypoperfusion despite 

adequate fluid resuscitation.25 A fifth important term often used is Multiple Organ 

Dysfunction Syndrome (MODS). MODS has been defined as “the development of 

potentially reversible physiologic derangement involving two or more organ systems not 

involved in the disorder that resulted in ICU admission, and arising in the wake of a 

potentially life-threatening physiologic insult.”26 MODS has also been described as “the 

presence of altered organ function in acutely ill septic patients such that homeostasis is not 

maintainable without intervention.”19 Typically, MODS is the potential penultimate state 

a patient may achieve before death.  

Over time, it was noted that the SIRS criteria were not inclusive of all warning 

symptoms and signs of sepsis. Some patients did not meet the SIRS criteria, yet still 

progressed to more severe clinical sepsis syndromes.27  In fact, as many as one in eight 

patients with severe infection, organ failure, or mortality did not initially meet SIRS 

criteria.23 To further complicate reliance on SIRS criteria, it is known that elderly patients 

(the largest population affected by sepsis28) commonly lack SIRS criteria,29 resulting in 

delayed diagnosis and subsequent life-saving treatment (sepsis mortality increases with 

delayed treatment30,31). Due to the lack of specificity of the SIRS criteria, poor relation to 

patient morbidity or mortality, and confusion regarding what exactly constituted severe 

sepsis, updated definitions were necessary.  

The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-

3) based on SCCM/ESCIM expert opinion were published in 2016.1 Notable changes in 
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Sepsis-3 were the removal of SIRS criteria (for the reasons stated above) and elimination 

of the category of severe sepsis (as it was deemed redundant and confusing23,25) from the 

definitions. According to the revised 2016 guidelines, the first category was early sepsis. 

Although lacking a formal and specific definition, early sepsis included infections and 

bacteremia, which may progress to more severe states such as sepsis.1 A vital component 

of the updated sepsis definitions was introducing the use of the quickSOFA (quick 

Sequential Organ Failure Assessment – qSOFA) score for early identification of patients 

who may progress to sepsis.1 The qSOFA consists of three easily measured components, 

as listed in Table 2.  

Table 2: Quick Sequential [Sepsis-related] Organ Failure Assessment 

A score of ≥2 was associated with worse patient outcomes. 

qSOFA1 

Respiratory rate greater than or equal to 22 breaths per minute 

Altered mentation 

Systolic blood pressure less than or equal to 100 mmHg 

 

As no biochemical or invasive tests were necessary to use the qSOFA, it could be 

widely applied. A score of greater than or equal to two was associated with worse patient 

outcomes, defined as greater than 10% in-hospital mortality or spending greater than or 

equal to three days in ICU.1 The qSOFA was controversial as it had yet to be validated in 

several specific patient groups, including the elderly, and had demonstrated a low 

sensitivity (70% in a multi-centre European trial from 201732).  Subsequently, several trials 

examined the utility and benefit of qSOFA compared to using SIRS criteria.33 The in-
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hospital mortality prognostic accuracy was greater for qSOFA than the SIRS criteria in a 

multi-centre European study from 2017.32 A 2018 Canadian meta-analysis (which included 

ICU, emergency department, and hospital ward patients) demonstrated that qSOFA was a 

less sensitive predictor for sepsis-related mortality compared to the SIRS criteria (61 versus 

88%); however, qSOFA was more specific (26 versus 72%).34  In 2017, the Australian and 

New Zealand Intensive Care Society (ANZICS) published a retrospective analysis of over 

180,000 ICU patients demonstrating the inferiority of qSOFA compared to the full SOFA 

score for mortality prediction.35 The SOFA score is a predictive mortality tool based on 

dysfunction severity in six organ systems. Like qSOFA, it is not used to diagnose sepsis, 

nor is it designed to direct medical treatment. A study published in 2020 demonstrated that 

qSOFA use at triage in American emergency departments performed poorly at predicting 

patient outcomes and was no better than using initial serum lactate measurement.36 Due to 

the increased sensitivity of SIRS criteria compared to the qSOFA, many are reverting to 

using SIRS criteria.37 Further to qSOFA and SIRS, there are other sepsis scoring systems 

for outcome predictions (NEWS: National Early Warning Score38).39,40 However, no 

scoring system is infallible. It is important to remember that these scoring systems prompt 

the clinician’s awareness of a condition and evidence-informed probable outcomes. The 

clinical use of the SOFA score is further discussed below. 

The second category in the updated 2016 definitions was sepsis. According to 

Sepsis-3 guidelines, sepsis was defined as “life-threatening organ dysfunction caused by a 

dysregulated host response to infection.”1 The SCCM/ESICM task force specifically 

defined organ failure using the full SOFA score, not the qSOFA score. An increase in the 
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SOFA score of two or more points was required. SOFA was used instead of SIRS criteria 

for its superior predictive value for in-hospital mortality.41 However, it is again noteworthy 

that the SOFA score is not diagnostic of organ dysfunction solely secondary to infectious 

causes.  

Table 3: Sequential [Sepsis-related] Organ Failure Assessment 

 

SOFA Score Components 

PaO2 

FiO2 

Requiring Mechanical Ventilation 

Glasgow Coma Scale 

Mean Arterial Pressure/Requiring Vasopressor Support 

Creatinine 

Platelet Count 

Bilirubin 

 

Septic shock was the third and final category in the 2016 sepsis definitions. It was 

explicitly defined as “sepsis that has circulatory, cellular, and metabolic abnormalities that 

are associated with a greater risk of mortality than sepsis alone.”1 Patients with septic shock 

have failed resuscitation with fluid administration alone. They were dependent upon 

vasopressor treatment to attain and sustain a mean arterial pressure greater than or equal to 

65 mmHg while developing a serum lactate concentration greater than two mmol/L.1 

Essentially, septic shock was the most severe form of sepsis. This definition was helpful 
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as it identified a group of patients that would experience higher mortality than patients with 

sepsis alone.1 

In 2021, the most recent guidelines for treating sepsis were published.42 While the 

definition of sepsis and septic shock remained the same, several noteworthy changes to the 

guidelines were instituted. Since the publication of the 2016 guidelines, several studies 

have examined the use of qSOFA and have demonstrated it was a poorly sensitive 

screening tool with contradictory results pertaining to outcomes.42-45 While the guidelines 

still strongly recommend screening patients for sepsis, it is now recommended to use other 

screening tools such as the SIRS criteria, MEWS (Modified Early Warning System), or 

NEWS instead of qSOFA. A randomized control trial from 2017 and a meta-analysis from 

2019 demonstrated the superiority of machine learning tools compared to conventional 

screening tools in predicting sepsis.46-48 This suggests that future definitions and guidelines 

may rely less on conventional screening tools. The 2021 guidelines present, in total, 93 

recommendations regarding various aspects of sepsis diagnosis and management, 

including the use of screening tools, hemodynamic goals, use of antibiotics, ventilation 

strategies, and use of additional therapies. In all, there are 21 updated recommendations 

compared to the 2016 guidelines. Notably, no new pharmacologic treatments for sepsis are 

recommended as previously promising investigational pharmacologic treatments 

(terlipressin and levosimendan) are recommended against due to lack of benefit and 

increased risk of harm.49-51 There are also no age-targeted treatments recommended. 

The terminology we use to discuss, research, and care for septic patients provides 

clinicians and researchers with a working frame of reference. Understanding the language 
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defining sepsis allows for consistency in research and improved communication and 

collaboration to increase knowledge translation. These terms must evolve with our 

understanding of sepsis and impart meaningful insights into care and outcomes. Herein, 

unless otherwise stated, we will use the term sepsis to refer to both sepsis and severe sepsis 

as, since 2016, they comprise the same category of clinical syndromes. However, in many 

cases, the outdated definitions must be employed when referencing studies published 

before the Sepsis-3 guidelines were introduced.  

1.3 Epidemiology 

Sepsis is a global health burden, and the incidence of sepsis has been generally reported as 

increasing.52-58 The incidence of sepsis can be challenging to ascertain depending upon the 

origin of the data.58-62 There exists no specific test for sepsis, and ultimately diagnosis is 

often based upon clinical judgment, which can be subject to inaccuracy and imprecision.63  

Incidence of a particular diagnosis is also subject to evolving definitions, lack of 

recognition, illness or death in the community, changing diagnostic and clinical practice 

coding, and what diagnosis is included on death certificates.53,55,64 Diagnostic data can also 

be collected from retrospective chart reviews or prospective observational studies, which 

would improve the generalizability of the data. Incentivized reporting of illness and 

improved coding also can affect the recorded incidence of a disease.65 The influence of 

increased recognition of sepsis and less restrictive coding in some countries is unknown.66 

The considerable variability in sepsis incidence reporting brings forward the need for a 

more uniformly consistent reporting method.55 The increasing use of electronic health 
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records may improve incidence data,66-68 but again, there is some subjectivity dependent 

upon clinician data input. 

According to the most recent data from the Centers for Disease Control and 

Prevention, 1.7 million American adults per year develop sepsis, resulting in 270,000 

deaths each year.60 An American study published in 2017 reported that 6% of 2.9 million 

adults admitted to hospital between 2009 to 2014 had clinical indicators of sepsis with a 

mortality of 15%, a discharge to hospice rate of 6%, and described the incidence of sepsis 

during this period as stable.60 However, data from mid and lower-income countries is 

scarce.66 A 2016 international meta-analysis examining sepsis studies reported an 

incidence rate of 288 sepsis cases per 100,000 person-years and 148 severe sepsis cases 

per 100,000 person-years, with mortality rates of 17% and 26%, respectively.62 A global 

study of estimated sepsis incidence from the Global Burden of Diseases, Injuries, and Risk 

Factors Study reported 48.9 million cases and 11 million sepsis-related deaths in 2017.58 

Although accurate incidence numbers are complex to ascertain due to inherent 

discrepancies in data collection, the overall trends demonstrate an increasing incidence. 

These estimates underscore the importance of the WHO global health sepsis initiative. 

Improving incidence and epidemiology surveillance is of utmost importance and should be 

prioritized given its vast implications for prevention, treatment, and improving outcomes.  

Biological sex is an important factor when discussing the incidence and outcomes 

of sepsis.69-71 Many studies have concluded that sex affects multiple aspects of sepsis, from 

cellular signalling pathways to clinical recognition of symptoms, treatment, and 

outcomes.72-74 One Australian study from 2022 showed that older men were at more risk 
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of sepsis-related hospital admission, ICU admission, hospital readmission within one year, 

and death than were older women (average age 62.7 years).75 Yet, the inclusion of females 

in sepsis studies and treatment recommendations lags behind that of males.76 By examining 

sex-specific aspects of sepsis, we may add great value to our understanding of sepsis 

pathophysiology.76 

1.4 Socioeconomic Burden of Sepsis 

Care of patients suffering from sepsis has alarming financial implications. Over $38 billion 

USD77 is spent yearly managing septic inpatient hospital care (the single most expensive 

condition treated in US hospitals and the second most reason for hospital admissions). The 

cost continues to increase from $24 billion USD in 2013.78 Authors of a 2016 British 

systematic review estimate that the mean hospital cost of sepsis per patient is $32,421.79 A 

2018 study evaluated cost based on the severity of sepsis and demonstrated that the cost of 

care increases ($16,324 to $38,298 USD) when comparing sepsis to septic shock.80 In 

Canada, the daily cost (up to 28 days) of non-survivors may be higher than those who 

survive.81  

Caring for family members in the ICU and afterward places a financial burden on 

families (in the form of paying for care facilities, absenteeism from work and school, and 

early retirement from work) and can result in caregiver anxiety, depression, posttraumatic 

stress disorder, complicated grief disorder, and burnout.82-84 This constellation of 

symptoms in patients and families is termed ‘post-intensive care syndrome.’85 Once sepsis 

survivors are discharged from the hospital, their cost of care typically remains elevated for 

at least three years.86  Healthcare cost for Canadian survivors of severe sepsis in the first 
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year post-discharge is $20,859 CAD and remains elevated at $7,099 CAD in the third year 

post-discharge.86  Diabetes is the comorbidity most likely to cause an increased cost of care 

post-discharge.86 Evaluating these studies together reveals that aggressive intensive care 

has improved mortality at the expense of increased numbers of debilitated survivors. These 

survivors suffer recurrent infections, malnutrition, organ system insufficiencies, and 

decreased quality of life.87,88  

With the increasing incidence of sepsis, improvements in recognition and timely 

treatment of sepsis, and acute mortality decreasing overall (long-term fatality has remained 

similar), survivorship of sepsis has increased, especially in the elderly.89,90 Unfortunately, 

much morbidity (poor quality of life, cognitive and functional disabilities91-93) is associated 

with surviving sepsis and influences the cost of care not only with the initial admission but 

for years to come for both the patient and caregivers.90  

1.5 Mortality 

Mortality from the sepsis syndromes is related to age, presence of comorbidities, and 

severity of sepsis.90,94 Overall mortality estimates of sepsis of all severities range from 15 

to 56%.95  To gain perspective on mortality in sepsis, many clinical sepsis studies use a 

follow-up time of only 28 days96,97 compared to cancer or cardiac disease studies that 

evaluate survival in years.  Mortality has been documented to increase in patients 

presenting with SIRS (7%), to sepsis (16%), to severe sepsis (20%), and to septic shock 

(46%).98,99 Mortality appears to be low (less than 24%) in young (less than 44 years old) 

patients with no comorbidities,100 and despite the general increase in the incidence of sepsis 
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over time, mortality in many studies has declined.57,95 Despite improvements in mortality, 

it is estimated that as of 2020, globally, 20% of annual all-cause deaths (11 million people) 

are due to sepsis58 (increased from an estimated 5.3 million in 201662). This is likely 

secondary to an increased prevalence of resistant organisms, an increased number of 

invasive interventions, a growing elderly population, and higher use of immunosuppressive 

treatments.101-103 The estimated mortality rate for sepsis in North American ICUs is 34%95 

while the ARISE study from Australia and New Zealand reported a reduction in mortality 

from 35% to 18% from 2000 to 2012.104  This reduction in mortality may be attributable to 

the overall improvements in ICU care, (lung-protective ventilation, early mobility, venous 

thromboembolism prophylaxis, stress ulcer prophylaxis, delirium management) inclusion 

of less severe cases with less risk of death secondary to less restrictive coding, earlier 

intervention, and more aggressive management strategies.105-110 

Mortality may vary according to the infection source. Intra-abdominal infection, 

especially when associated with ischemic bowel, has the highest in-hospital mortality.111,112 

Patients with sepsis have more comorbidities than other hospitalized patients, the most 

common of which (depending on geographic area) are diabetes mellitus and chronic renal 

disease.113 The presence of comorbidities confers a significantly higher risk of death in 

sepsis.114   

Even once a patient who has survived sepsis is discharged from the hospital, they 

have an increased risk of mortality, re-developing sepsis, and re-hospitalization.115 Dying 

post-sepsis most often occurs within the first six months after discharge, but the risk 

remains elevated out to one year post-discharge.116-120  As stated above, those who do not 
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die from sepsis face a decreased quality of life, cognitive impairment,121 and a high 

admission rate to long-term care facilities in the first year post-hospitalization.117,119,120,122 

There are few longer-term follow-up studies of sepsis (five or more years post-sepsis), but 

it is likely that sepsis also confers lasting physical and cognitive dysfunction that may 

precipitate future health complications.115,123-125 

1.6 Risk Factors 

Sepsis can affect anyone, but several risk factors exist that put a person at increased risk. 

Previous hospital stays, especially if the patient has received prior antibiotics, result in 

changes to the patient’s microbiome, placing them at a three-fold higher risk of developing 

severe sepsis in the following 90 days.126 Prior admission to an ICU can increase the risk 

of developing sepsis, potentially secondary to exposure to resistant microorganisms, broad-

spectrum antibiotics, and invasive instrumentation.127 Other prevalent risks include the 

presence of bacteremia,6,7 immunosuppression,7 obesity,128,129 diabetes,10 malignancy,12 

community-acquired pneumonia130 (confers a 48% chance of progressing to severe sepsis 

and a 4.5% chance of developing septic shock130), genetic factors,131,132 and the extremes 

of age.133  

1.7 Prognostic Factors 

Several factors impact the outcome of sepsis.  The host’s response to infection is important.  

Poor outcomes are associated with hypothermia (temperature less than 35⁰C),134 

leukopenia (white blood cell count less than 4 x 109 cells/L),135 the presence of 

comorbidities (atrial fibrillation,136 liver disease,137 alcohol dependence,138 immune 
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suppression139,140), and hypocoagulability.141  The site of infection makes a difference in 

survival.  Ischemic gut confers the highest mortality risk (78%) compared to sepsis from a 

urinary tract infection (26%).112  Although positive blood cultures are found in increasing 

numbers as the severity of sepsis increases, positive blood cultures do not appear to 

correlate with mortality.141,142  Nosocomial infections causing sepsis are associated with 

higher mortality than community-acquired infections.143,144  Delaying appropriate 

antibiotic treatment substantially increases mortality by up to 50%.135,141 Four specific 

factors, older age, ventilator use in ICU, low weight, and hemato-oncologic disease, have 

been shown to predict long-term survival of septic patients upon presentation at an 

emergency department in 2019 in a single centre in the Republic of Korea.145 

1.8 Pathophysiology 

1.8.1 Inflammation  

To fully understand the clinical sepsis syndromes, a basic understanding of the underlying 

pathophysiology of sepsis is necessary.  The following sections will review processes that 

are particularly affected in the elderly. The host must recognize invading pathogens as 

dangerous to be targeted for phagocytosis and destruction. The body has a normal 

response to infection. Sepsis results when the response to an invading pathogen is beyond 

that which occurs in ‘straightforward infections,’ and in turn, leads to damage or 

dysfunction to the host. The transition from normal host response to infection into sepsis 

is based somewhat upon the balance of pro-inflammatory and anti-inflammatory 

mediators. Historically, it was assumed that morbidity and mortality from sepsis resulted 
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from overzealous inflammation proceeding unchecked, causing a generalized host-wide 

response rather than a targeted reaction to an infection.  It was later thought by Bone et 

al.146 that inflammation eventually gave way to a compensatory anti-inflammatory 

response (CARS) (Figure 1).  It is now known that infection triggers a complex reaction 

involving both pro-inflammatory and anti-inflammatory mediators simultaneously147 

(with the anti-inflammatory CARS stage potentially lasting longer than the SIRS stage in 

some patients) and that the response of each host is specific to the load and virulence of 

the pathogen and the baseline state of health. Pro-inflammatory reactions are beneficial 

for eradicating invading microbes, but an overly exuberant response will result in 

collateral damage to healthy tissue.  The anti-inflammatory response may dampen the 

initial pro-inflammatory response, thereby limiting collateral damage.  However, the anti-

inflammatory response may quell the protective aspects of the pro-inflammatory response 

and is implicated in the increased occurrence of secondary infections.148,149  Although it 

is known that the elderly display a heightened and prolonged anti-inflammatory response 

to sepsis,150 the reasons behind such a response are unknown.  Therefore, the protracted 

anti-inflammatory response is rarely considered in animal models or in preventing or 

treating sepsis in this group.  There exists evidence of immune suppression in sepsis, and 

this anergy has been demonstrated in-vivo.151  
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Figure 1-1: Pro-inflammatory and Anti-inflammatory Response in Sepsis Models 

Traditionally the Systemic Inflammatory Response Syndrome (SIRS) was thought to occur 

separately from the Compensatory Anti-Inflammatory Response Syndrome (CARS).  It is 

currently believed the two syndromes occur simultaneously. 

1.8.2 Immune Function in Sepsis 

Gram-positive organisms make up over half of sepsis-related infections, with gram-

negative organisms,152 fungi, and anaerobes contributing to the remaining infections. 

Whereas respiratory sources are the most common causes of infection in humans, intra-

abdominal sepsis is the leading cause of death.153  When pathogens encounter a normally 

sterile tissue field, antigens stimulate the initial mast cell release of histamine.154 Invading 

pathogens must be recognized by the host as dangerous to stimulate histamine release and 

to be targeted for phagocytosis. Upon invasion of a pathogen, its pathogen-associated 

molecular patterns (PAMPs) are recognized by pattern recognition receptors (PRRs) of 

the sentinel cells (dendritic cells, mast cells).155  PRRs include the toll-like receptors 

(TLR), nucleotide-binding oligomerization domain-like receptors (NOD-LRRs), C-type 

lectin receptors, and retinoic acid-inducible gene 1-like receptors expressed by the host’s 
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innate immune system cells.155  Recognition by these cells is a key initial pathologic step 

leading to the initiation of the clinical SIRS syndrome.  The SIRS response can also be 

activated by damage-associated molecular patterns (DAMPs), which are endogenous and 

released under certain conditions of cellular stress, including ischemia, inflammation, and 

trauma, which may be related to the current septic state.156  Bacteria can produce three 

types of exotoxins (PAMPs) that elicit an immune response.157  Type I are superantigens 

and heat-stable enterotoxins.158  These are surface-active toxins that damage the cell 

without entering it.  Type II toxins destroy cell membranes and include hemolysins.157 

Type III toxins affect the internal cellular functions and include Shiga and cholera 

toxins.157 Gram-negative bacteria are recognized by their lipopolysaccharide (LPS), also 

known as endotoxin.  LPS attaches to LPS-binding protein (LPS-BP) in the circulation, 

and the resultant complex binds to the CD14 receptor present on macrophages, 

monocytes, and neutrophils.159  CD14, through TLR-4 (TLR-4 is especially important in 

developing an innate immune inflammatory response for a gram-negative infection, while 

TLR-2 is important for generating an immune response to a gram-positive infection160) 

causes intracellular signalling that activates cytosolic NF-κB.161  NF-κB then moves into 

the nucleus and induces gene transcription. This culminates in activating numerous pro-

inflammatory cytokines, including tumour necrosis factor alpha (TNF-α) and interleukin-

1 (IL-1), vascular cell adhesion molecule-1 (VCAM-1), chemokines including 

intercellular adhesion molecule-1 (ICAM-1), and nitric oxide (NO). Significant crossover 

between pathways exists (Figure 1-2). 
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Figure 1-2: Cytokine Pathway Crossover 

OSM: Activator protein-1; IL-6: interleukin-6; JAK/STAT: Janus-kinase/signal transducer 

and activator of transcription proteins; MAPK: mitogen-activated protein kinases; 

MEK/ERK: mitogen-activated protein kinase kinase/extracellular signal-regulated kinase; 

NF-κB: NOS: nitric oxide synthase; nuclear factor-kappa B; Oncostatin M; PI3K/Akt: 

phosphatidylinositol 3‑kinase (PI3K)/protein kinase B; PKCδ: protein kinase C delta; TF: 

transcription factors; TIMP-1: issue inhibitor of metalloproteinases; VCAM/ICAM: 

vascular cell adhesion molecule/intercellular adhesion molecule; VEGF: Vascular 

endothelial growth factor 

Pathogen recognition can also result in the production of bradykinins by 

converting kininogen to bradykinin by kallikrein.162 Damage to the phospholipid 

membrane also stimulates phospholipase A2 (PLA2) to produce arachidonic acid.163 

Cyclooxygenase and lipoxygenase then convert arachidonic acid into prostaglandins and 

leukotrienes, respectively.164 The release of bradykinin, prostaglandins, and leukotrienes 

results in the contraction of vascular endothelial cells coupled with the relaxation of 

vascular smooth muscle resulting in increased vascular permeability.165 Histamines, 

leukotrienes, prostaglandins, and bradykinins also stimulate endothelial cell Weibel-
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palade body release of p-selectins to facilitate polymorphonuclear leukocyte (neutrophil) 

and monocyte rolling and margination.166 These neutrophils and monocytes then undergo 

ameboid diapedesis via interaction with PCAMS to enter the tissue. Histamines, 

leukotrienes, prostaglandins, and bradykinins also then provide a positive-chemotaxis 

signal directing the neutrophils and macrophages (monocytes that have left the 

circulation) to the site of infection.  

Macrophages and neutrophils then attempt to remove invading bacteria through 

phagocytosis; the actin-myosin facilitated engulfment of pathogens.167  The resultant 

phagosome of engulfed material fuses to a lysosome containing reactive oxygen species 

(ROS) or proteolytic enzymes.  This degrades the invading pathogen.167  The neutrophil 

can also undergo the process of NETosis, which is the expulsion of nuclear extracellular 

traps (NETs) made up of chromatin.168 The histones then activate cathepsin-G to destroy 

the pathogen. Regardless of whether the macrophages and neutrophils can contain the 

infecting bacteria via phagocytosis, they stimulate a response from the immune system 

via the release of inflammatory mediators, including interleukin-1β (IL-1β), IL-6, and 

TNF-α.  These inflammatory mediators then stimulate endothelial cells to recruit other 

innate immune phagocytic inflammatory cells (macrophages and neutrophils) along with 

adaptive immune response lymphocytes and induce the upregulation of adhesion 

molecules.  More activated neutrophils and monocytes go through the process of rolling, 

adhesion, diapedesis, and chemotaxis to arrive at the site of infection.  The neutrophils 

migrate into the vascular endothelium and adhere secondary to the increasing expression 

of adhesion molecules of the endothelium.   
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Neutrophils release mediators at the site of infection that are responsible for the 

clinical signs of infection (swelling, redness, pain, and warmth, via vasodilation and 

hyperemia) and the increase in vascular permeability which allows for the formation of 

protein-rich edema.  Once released, the level of TNF-α increases through autocrine 

secretion (self-sustaining).169  Non-TNF-α inflammatory mediators, including IL-1, IL-2, 

IL-6, IL-8, IL-10, and platelet-activating factor (PAF), participate in paracrine secretion, 

increasing the levels of other pro-inflammatory mediators.169 Anti-inflammatory 

cytokines are simultaneously released, inhibiting TNF-α and IL-6 production.  TNF-α is 

particularly important and is elevated to a higher degree in patients with septic shock than 

in shock states not related to infection.170  When TNF-α is infused intravenously, it results 

in the same clinical picture as in patients suffering from septic shock.171  Mice with anti-

TNF-α antibodies were protected from dying via injection of lethal doses of TNF-α.172  

Some mediators (IL-6, IL-10) are very complicated, taking part in both pro-inflammatory 

and anti-inflammatory pathways, which enhance the development of cytotoxic T cells and 

B cell function.  If the opposing mediator responses are balanced, infection will be 

overcome, and tissue will be repaired.  If inflammation exceeds that which is necessary 

for containing an infection, pro-inflammatory mediators can spill into the circulation, 

resulting in sepsis.  This process is even more complicated in elderly patients who are 

more likely to have pro-inflammatory comorbidities and receive medications with anti-

inflammatory properties (discussed more in section 1.12).  Oncostatin M (OSM) may be 

a useful inflammatory biomarker in sepsis.  OSM belongs to the IL-6 class of cytokines,173 

released by many cell types active in sepsis,174-176 has a receptor that is highly present on 
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the vascular endothelium,176 and its function is related to the regulation of NO 

generation.177-180 OSM level on the day of ICU admission has been shown to correlate 

with 28-day sepsis mortality and has a higher predictive value for mortality than the SOFA 

score.173 High levels of OSM have also been associated with reductions in IL-6, IL-10, 

TNF-α, and IL-1β.173 It has even been suggested that preoperative OSM levels can predict 

patients with a higher risk of post-operative infection following ventricular assist device 

insertion.181 Systemic effects of cytokine released in sepsis can affect organ system 

function.170 

1.9 Systemic Effects of Sepsis  

Sepsis can impair the function of several organ systems as a result of tissue and cellular 

hypoxia (evident in autopsy studies).182 This organ system dysfunction can be extensive 

and pervasive. Possible organ systems affected include the central nervous system, the 

cardiovascular system, the respiratory system, the gastrointestinal system, the renal system, 

and the coagulation system. These organ failure effects will be briefly discussed below. 

Though there are numerous biochemical mechanisms involved in septic organ dysfunction, 

it would be impossible to include a complete summation of all contributing mechanisms. 

Therefore, this review will focus on vascular mechanisms of organ failure and provide 

reference to other high-quality reviews pertaining to other biochemical mechanisms of 

sepsis-induced organ failure. As such, non-vascular aspects of sepsis will primarily be 

described in the context of what is known from a clinical perspective (rather than an in-

depth description of all mechanisms known to date). 
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1.9.1 Systemic Effects of Sepsis: Cardiovascular System 

Circulatory failure and hypotension with accompanying organ, tissue, and cell 

hypoperfusion are the consequences of septic shock. While dehydration, hormone 

irregularities, and septic cardiomyopathy are major components of this circulatory failure, 

vasoplegia can have a large impact. Much effort has been directed toward the diagnosis 

and management of septic vasoplegia.  

 

Table 4: Cardiovascular Changes in Sepsis 

A list of common cardiovascular changes seen in sepsis. 

 

Cardiovascular Changes in Sepsis 

Vasoplegia/Vascular endothelial dysfunction/increased permeability 

Hypoperfusion 

Microvascular stopped-flow 

Septic myocardial dysfunction 

Vasopressin deficiency 

Relative adrenal insufficiency 

Hypovolemia/dehydration 

 

As previously discussed, sepsis is a clinical syndrome characterized by an intense 

systemic response in patients following infection. If unchecked, sepsis progresses to 

refractory hypotension, cardiovascular collapse, and multiple-organ dysfunction 

associated with vasoplegia.  Vasoplegia is a condition characterized by low total 

peripheral systemic resistance and an unresponsive vasculature;183 it is likely a critical 
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factor in septic shock progression, underlying irreversible hypotension and end-organ 

hypoperfusion.  This can occur despite a compensatory increase in cardiac output and 

alongside fluid resuscitation with vasopressor treatment.  Vasoplegia has been attributed 

to numerous factors acting in concert, including endothelial dysfunction/injury, the 

release of endothelial-derived vasodilatory and inflammatory factors,184 and 

downregulation of vasopressor receptors.185-187 Perturbed NO function secondary to ROS 

generation also greatly contributes to vasoplegia.188,189 Multiple mediators of vascular 

tone under normal physiologic conditions can become greatly deranged in sepsis, 

contributing to not only vascular dysfunction but also promoting organ failure separate 

from their endothelial role. 

Major mediators of vascular tone include the vasoconstrictors endothelin-1 (ET-

1), thromboxane (TXA2), and the renin-angiotensin-aldosterone system (RAS), and the 

vasodilators NO, prostaglandin I2 (PGI2), and endothelial-derived hyperpolarization 

factors (EDHF). There are three known endothelin isoforms, ET-1, ET-2, and ET-3, 

produced from prepropeptides by an endothelin converting enzyme. ET-1 is the most 

important concerning the cardiovascular system.190,191 ET-1 secretion by vascular 

endothelial cells occurs in response to hypoxia,192 presence of free radicals,192 

endotoxin,193 angiotensin II (AT-II),194 vasopressin,195 low levels of shear stress,196 

cytokines (activated T-cells producing interferron-gamma (IFN-γ), and TNF-α197), 

thrombin,192 and growth factors.195 The release of ET-1 is inhibited by high shear stress,198 

NO,192 PGI2,
195 and atrial natriuretic peptide.195 ET-1 has two receptors, the first of which 

is ETA, located on vascular smooth muscle cells. Secondly, the ETB, which are further 
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classified as ETB1 found on endothelial cells, and ETB2, which are also located on 

vascular smooth muscle cells. ETA G-protein coupled receptor stimulation results in 

increased inositol trisphosphate (IP3) levels. Effects of ET-1 through ETA include 

vasoconstriction and increased vascular permeability, as well as remodelling effects 

including hyperplasia, hypertrophy, and fibrosis.199,200 ET-1 effects mediated by ETB1 

include the release of vasodilatory PGI2 and NO and inhibiting ET-1 production. ETB 

receptors present in the pulmonary system also can internalize and degrade approximately 

50% of ET-1 from the circulation.201 ET-1 plasma levels are increased in septic patients 

and may correlate to morbidity and mortality.202 It has been well-shown that ET-1 can 

stimulate the production of ROS through actions mediated by both ETA and ETB,203 

potentially contributing to morbidity and mortality in sepsis. 

Under normal circumstances, the RAS functions to maintain normotension. When 

blood pressure is reduced, as in sepsis, juxtaglomerular cells of the kidney release renin. 

Once in the liver, renin cleaves angiotensinogen to angiotensin-I, which then travels to 

the lungs and is converted to AT-II by the angiotensin-converting enzyme (ACE). AT-II 

has numerous effects on blood pressure control, including affecting the hypothalamus to 

result in the posterior pituitary release of antidiuretic hormone (ADH). ADH causes the 

insertion of aquaporin into the collecting duct of nephrons, allowing for water resorption, 

thereby increasing circulating blood volume and pressure.204 AT-II also stimulates the 

zona glomerulosa of the adrenal cortex to release aldosterone, which increases distal 

collecting tubule resorption of water, also increasing circulating blood volume and blood 

pressure.205 AT-II can directly cause peripheral arterial vasoconstriction by stimulating 
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the G-protein coupled AT1R, thereby increasing intracellular IP3 and intracellular 

calcium. AT-II also results in glomerular efferent arteriole vasoconstriction and increased 

proximal convoluted tubule water reabsorption. All these effects work toward restoring 

normotension in settings of hypovolemia and hypotension. 

TXA2 is another potent vasoconstrictor produced by the metabolism of 

arachidonic acid by thromboxane synthase. In sepsis, TXA2 levels are known to 

increase,206 have been implicated in hepatic microcirculatory dysfunction,207 functions as 

an important mediator of renal vasoconstriction in renal failure,208 inhibits the expression 

of inducible nitric oxide synthase (iNOS),209 and can augment platelet activation.210 

Altogether, TXA2 effects in sepsis contribute to the development of multi-organ system 

failure. 

Aside from vasoconstrictor dysfunction seen in sepsis, the roles of the vasodilators 

are vitally important. PGI2 is derived from the metabolism of diacylglycerol or 

phospholipids.211 Under normal health conditions, PGI2 has a vasodilatory effect 

mediated by increased cyclic adenosine monophosphate (cAMP) and decreased ET-1.212 

The vasodilatory effect of PGI2 has been shown to be compensatory when NO 

bioavailability is reduced,213,214 as is the case in sepsis. However, it has also been shown 

that the endothelial dysfunction present in sepsis results in a reduced production of PGI2 

and increased production of TXA2.
215 Reactive nitrogen species produced by sepsis have 

been demonstrated to block PGI2 synthase by tyrosine nitration.216,217 Though certain 

sepsis-induced inflammatory mediators may act to increase PGI2 levels,218,219 IL-6-

mediated decreases in PGI2 counteract these effects.220 It has also been suggested that 
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during septic hepatic damage, synthesis of antithrombin is reduced and as such, the 

antithrombin-induced release of PGI2 decreases.221,222 It is evident that sepsis interferes 

with the vasodilatory effects and organ function effects of PGI2. In aging, it is also evident 

that PGI2 has vasoconstrictive actions by acting via smooth muscle 

thromboxane/endoperoxide receptors, thereby contributing to endothelial dysfunction.223-

225 

Another vital mediator of vasodilation is endothelial-derived hyperpolarization 

factor (EDHF). EDHF is a group of mediators whose actions result in vasodilation 

secondary to hyperpolarization of vascular smooth muscle cells and are distinct from NO 

and PGI2.
226 EDHFs are different in different species as well as in different vascular beds 

from the same species. Thus far, EDHF can be categorized into electrical and chemical 

hyperpolarization signals. Electric hyperpolarization signals depend upon myoendothelial 

gap junctions for direct contact allowing for bidirectional signalling between the 

endothelium and vascular smooth muscle.226 This permits the coordination of 

vasoconstriction and vasodilation to promote optimized blood flow.226 Depending upon 

species, size, and location of the vessel, some chemical signals that have been identified 

include H2O2,
227 H2S,228 epoxyeicosatrienoic acids (EETs),229 certain lipoxygenase 

metabolites,230 and calcium-gated potassium channels (BKCa,231 SKCa,232 IKCa232). The 

influence of EDHF is greater in the smaller resistance vessels, whereas, in larger 

capacitance vessels, NO has been demonstrated to be of greater importance.233,234  

The impact of sepsis on EDHF is complicated and involves mechanisms that are 

incompletely understood. Sepsis-induced ROS may result in oxidation and dysfunction 
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of certain EDHF pathways, such as oxidization of soluble guanylate cyclase, thereby 

impairing cyclic guanosine monophosphate (cGMP)/protein kinase G (PKG) signalling 

(or the oxidation of PKG itself235), and potentially decreasing cystathionine-γ-lyase- 

(CSE) induced H2S formation.236 However, many studies describe elevated levels of H2S 

during sepsis as a consequence of iNOS-induced NO upregulation of CSE 

expression.237,238 Higher levels of H2S have been shown to be inversely correlated with 

blood pressure as well as correlating with higher ICU mortality.239 In contrast, elevated 

H2S has also been described as protective during sepsis.240,241 Production of NO by iNOS 

stimulated by sepsis along with increased ROS generation may result in uncoupling of 

endothelial nitric oxide synthase (eNOS) and further production of ROS including H2O2. 

This may increase reliance on non-eNOS vasodilatory EDHF pathways, but also increase 

upregulation of eNOS expression to compensate.242 NO produced by iNOS may also 

impair EDHF in certain vascular beds, but not others.243 Increased bradykinin signalling 

may result in the increased metabolism of arachidonic acid to EETs.244 Although not fully 

understood, the impact of sepsis on EDHF signalling and cross-talk with NO and PGI2 

pathways is likely to be a major contributor to septic vascular dysfunction. 

NO is a vital mediator of vasodilation and is involved in a variety of other 

processes, including oxygen transport, maintaining microcirculatory integrity and tone, 

inhibiting platelet activation,245 acting as a neurotransmitter (it is highly reactive and able 

to diffuse through membranes freely), and acting as a pro-oxidant (through its reactions 

to form peroxynitrite).246  NO also modulates red blood cell247 and white blood cell248 

deformation, which is essential for microcirculatory flow, regulates leukocyte adhesion 
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to the endothelium in the venules of the skeletal muscle and mesenteric system,249,250 and 

importantly can enhance vascular permeability in vital organs such as the kidney, heart, 

and liver during sepsis.251,252 

The formation of NO takes place in a multitude of cells such as macrophages, 

platelets, neutrophils, endothelial, parenchymal, and smooth muscle cells.  There are three 

types of nitric oxide synthases (NOS) facilitating NO production.  Type I, which is also 

known as a calcium-dependent neuronal NOS (nNOS), type II, also known as a calcium-

independent iNOS (an important mediator in sepsis), and type III, which is also known as 

a calcium-dependent eNOS.  

Soluble guanylate cyclase (sGC) is a heterodimeric enzyme consisting of an α-

chain and a β-chain. For the purposes of this review, the sGC isoform discussed will be 

that of the α1-chain/β1-chain.253 Once NO is bound, the prosthetic heme group detaches 

from the β1-chain activating the unified catalytic domain to produce cGMP and 

pyrophosphate (PPi) from guanosine triphosphate (GTP). cGMP is then able to activate 

myosin light chain phosphatase, resulting in the removal of phosphate from the myosin 

light chain, thereby inhibiting myosin/actin interactions necessary for contraction. cGMP 

also activates PKG, including activation of CSE to produce H2S as well as signalling 

through the Ras/Raf/MEK/Erk1/2 pathway to induce endothelial migration and 

proliferation, resulting in angiogenesis.254 
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Figure 1-3: Functional Coupled eNOS Enzyme 

In the presence of NADPH, FAD, FMN, Ca2+-CaM, and BH4, L-arginine and O2 can be 

converted to L-citrulline, NO, and H20. (NADPH: reduced nicotinamide adenine 

dinucleotide; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide; CaM: 

calmodulin; BH4: tetrahydrobiopterin; NO: nitric oxide) 

 

The elaborate NOS-NO-sGC-cGMP-PKG signalling system is interfered with at 

multiple levels during sepsis. The aforementioned LPS, TNF-α, and IL-1 produced during 

sepsis cause upregulation of iNOS, which in turn generates NO in quantities that are an 

order of magnitude higher than those generated by eNOS.255 This has been demonstrated 

in various sepsis models in rodents, including direct injection of LPS and in a cecal 

ligation puncture model.256-274 Elevated levels of NO result in the increased production of 
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ROS and reactive nitrogen species as NO can bind with superoxide anion to produce 

peroxynitrite. This is dangerous for the host as peroxynitrite can lead to lipid peroxidation 

and nitration with subsequent dysfunction of proteins.275 Peroxynitrite is also capable of 

oxidizing tetrahydrobiopterin (BH4), reducing its ability to act as a co-factor for eNOS 

regulation of vascular tone.276 The superoxide anion produced by sepsis can also be 

converted to H2O2 and hydroxyl radicals. This increase in oxidative stress can damage 

eNOS by oxidizing the ferrous heme of the oxidase domain to a ferric heme group. This 

produces uncoupling of the eNOS enzyme, and instead of producing NO, the uncoupled 

eNOS now produces superoxide anion.277 The ferrous heme located on the β-chain of sGC 

also becomes oxidized and incapable of converting GTP to cGMP and PPi. Sepsis 

increases the amount of circulating neutrophils and neutrophils release arginase.278 

Arginase is capable of metabolizing L-arginine to ornithine and urea, thereby decreasing 

the amount of arginine available for use by eNOS.278 

The overproduction of NO induced by iNOS stimulation during sepsis is therefore 

likely a critical factor in hypotension and septic shock.  It seems, as such, that by inhibiting 

iNOS, refractory hypotension could be avoided.  Moreover, because the progressive loss 

of NO signalling279,280 secondary to the rise in ROS generation281-285 and NOS 

uncoupling286,287 are defining features of the aging and diseased vasculature, strategies to 

manipulate the NO system seem promising in aged patients.  

Due to the involvement of NO in the cardiovascular decline associated with sepsis 

and septic shock, numerous studies have tested NOS inhibitors for treatment.288 In 1990, 

Kilbourn et al.265 demonstrated that non-specific inhibition of NOS reversed hypotension 
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in dogs with TNF-induced hypotension.  Excited by the potential discovery of a treatment 

for septic shock, a flurry of animal studies followed270,289,290 showing successful 

prevention and treatment of septic shock.  A sheep model demonstrated that generalized 

and iNOS specific inhibition led to peripheral vasoconstriction that normalized systemic 

peripheral resistance and oxygen extraction.269,271-273 Human clinical trials quickly 

followed.264,266-269  Broccard et al. 264 demonstrated that using a non-specific NOS 

inhibitor increased mean arterial pressure allowing for the discontinuation of α-adrenergic 

support, along with decreasing cardiac output.  However, despite initial success with 

phase I and phase II trials, a phase III non-specific NOS inhibitor trial was stopped early 

due to increased mortality from cardiovascular failure.291  It is important to remember that 

normalizing number values (i.e., mean arterial pressure) in a severely physiologically 

deranged state counterintuitively may confer harm, as the deranged state may be the host’s 

mechanism of surviving a condition that is inherently harmful (i.e., normalizing values 

may counteract adaptive responses).  There exists a fine balance between vasoconstriction 

and vasodilation. Too much vasodilation will result in hypotension, tissue hypoperfusion, 

and organ failure, as above. Too much vasoconstriction will limit blood flow to tissues, 

resulting in tissue ischemia and organ failure. 

In addition to the macrovasculature changes associated with sepsis, there are also 

important microvasculature changes.  The microvasculature is comprised of three 

components; the arterioles, which feed red blood cells, often one at a time (to maximize 

the available surface area for oxygen-carbon dioxide exchange), into the capillary 

network to feed an organ and the venules that collect the red blood cells as they exit the 
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capillaries.292  The alteration between constriction and dilation of the microvasculature 

with ultimately longer and longer periods of vasodilation eventually resulting in a state of 

complete vasodilation was described decades ago.293,294  This vasodilation of both the 

macro and microvasculature can develop into a state of severe fluid volume depletion, 

especially in the setting of dehydration.  This can result in the clinical situation of 

hypotension and hypoperfusion that occurs in sepsis and septic shock.  On the contrary, 

when the vasodilated septic host enters a hyperdynamic state following fluid resuscitation, 

impaired oxygen delivery and carbon dioxide removal are seen following progressive 

arteriolar vasoconstriction in the small intestine.295 Other organs and tissues (such as the 

diaphragm) display a combined response in which larger diameter vessels constrict and 

smaller diameter vessels dilate.296 The endothelial lining of the microcirculation also 

plays a vital role through signal transduction of stress related to dilation or constriction.  

The overall importance of the integrated microcirculation is to maintain a balance between 

oxygen delivery and adequate carbon dioxide removal.   

Another important concept concerning the septic microvasculature is that of 

stopped-flow297 resulting in ischemia.  Significant stopped-flow has been demonstrated 

in the liver, skeletal muscle,298 diaphragm, intestinal villi, and the sublingual area.299  This 

loss of capillary density causes hypoperfusion, as shown in liver sinusoids.299 The exact 

mechanism underlying stopped-flow in sepsis is still unknown but is believed to be 

secondary to a multitude of factors.  The activation of the inflammatory cascade and the 

coagulation cascade300 likely play a large role in allowing for red blood cell deformation, 

adhesion, and aggregation, along with white blood cell deformation, and increased 
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adhesion.301 Also seen are increased fibrin deposition and endothelial swelling, both of 

which can potentially occlude vessels and decrease perfusion.  It appears sepsis with 

hypotension causes similar stopped-flow compared to non-septic capillaries experiencing 

a similar degree of hypotension.302 In chronic sepsis models, capillary flow reversal in 

skeletal muscle has been demonstrated, likely impacting tissue perfusion.303  

Septic patients often receive fluid resuscitation to restore perfusion to both the 

macro and microvasculature.304  Despite the expanded fluid volume, a maldistribution of 

flow exists with an ongoing mismatch of blood supply and demand.  Capillaries 

displaying stopped-flow with vasoconstricted arterioles do not actually receive the 

provided extra fluid.  This extra fluid is supplied to the normal vasculature and over-

perfuses these areas resulting in deleterious edema.  Therefore capillaries that are stressed 

and supplying areas of high oxygen extraction are continually underfed.305  In some tissue 

and organs, including the heart, gut, and liver, there are weak microvascular units that get 

bypassed altogether in sepsis.299 Overall, these studies demonstrate that sepsis causes an 

inability to regulate oxygen supply and demand, especially in the microcirculation, 

resulting in organ dysfunction that may be severe enough to threaten life. It is unknown 

at what stage of septic circulatory dysfunction hypoperfusion-induced damage is 

occurring and how it affects morbidity and mortality. Tissue hypoperfusion culminates 

into tissue ischemia. In addition to increased oxygen demand coupled with poor oxygen 

delivery (ischemia), metabolic processing of whatever oxygen is available is limited due 

to mitochondrial dysfunction,306 as the increased oxidative stress of sepsis leads to 

cytotoxicity.  Studies have shown mitochondrial protein and membrane damage 
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functionally impair the electron transport chain, resulting in cytotoxicity following 

exposure to TNF-α and NO. 307,308 Other studies have demonstrated supranormal oxygen 

concentrations in suffering organs affected by sepsis, suggesting that mitochondrial 

oxygen use is impaired (cytopathic hypoxia) and that further increasing oxygen delivery 

is likely superfluous if the organ cannot make use of it.309,310 In 28 ICU patients afflicted 

with septic shock, skeletal muscle biopsy showed lower levels of adenosine triphosphate 

(ATP) concentrations (demonstrating bioenergetic failure) in those who died from sepsis 

(P=0.0003) compared to sepsis survivors.311  Mitochondrial perturbations may also be 

responsible for severe organ dysfunction without actual cellular demise.312  However, cell 

death secondary to apoptosis is also greatly affected by sepsis.  Sepsis can delay apoptosis 

of innate immune system cells such as macrophages, resulting in a prolonged 

inflammatory response, which can lead to the development of organ dysfunction. Sepsis 

also decreases the clearance of pathogens by inducing apoptosis of lymphocytes. 

Inhibiting apoptosis can protect a host from mortality and organ dysfunction,313,314  but 

septic-induced apoptosis has also resulted in organ failure affecting the kidneys, heart, 

lung, liver, and brain.315  

 Clinically, tissue hypoxia can be manifested in a variety of ways. For example, 

hypoxia may present symptomatically with mottling of the extremities,316 demonstrating 

poor oxygen delivery or even as confusion/altered level of consciousness.317 Laboratory 

measurements may include a low ScvO2 (indicating increased oxygen usage at the tissue 

level)318 as well as supranormal ScvO2 (indicating tissue inability to utilize the oxygen that 

is present).309 As ScvO2 requires central venous access, serum lactate is commonly used as 
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it requires only peripheral venous/arterial access. A high lactate (generally described as 

greater than 4 mmol/L in several studies319,320) may indicate increased reliance on 

anaerobic metabolism. It can be secondary to macro or microcirculatory dysfunction 

causing hypoperfusion or mitochondrial dysfunction.321 It is important to note that not all 

increases in lactate are due to tissue hypoxia. As the liver metabolizes most lactate, liver 

dysfunction can result in elevated lactate levels. Also, some medications can be associated 

with elevated lactate levels (exogenous epinephrine stimulates the release of skeletal 

muscle lactate to be used for oxidation or gluconeogenesis,322,323 toxic levels of 

metformin324) as well as increased pyruvate production.325 

Aside from the aforementioned changes in the macro and microcirculation, other 

changes in sepsis affect the hemodynamic function of the patient. The circulating 

depressant factors/cytokines also decrease β-adrenergic receptor density and 

affinity.326,327 Cardiac injury is evidenced by increases in troponin levels.328  Hypotension 

in sepsis may also result from the combination of reduced vascular tone combined with 

the redistribution of intravascular fluid secondary to increased endothelial 

permeability.329 Impaired vasopressin secretion is another factor involved in the 

development of vasodilation in sepsis.  Plasma vasopressin levels in patients with septic 

shock are lower than in patients with cardiogenic shock despite similar blood 

pressures.330,331 The addition of vasopressin therapy in septic patients also improves blood 

pressure and allows for lower doses of other vasopressors.331 In the VASST trial332 

published in 2008, vasopressin treatment in addition to low dose norepinephrine (NE) was 
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comparable to using high-dose NE.  In this trial, vasopressin also demonstrated some 

mortality benefit in less severely ill patients.   

The SEPSISPAM study published in 2014 by Asfar et al.333 examined a clinically 

important hemodynamic question of whether a higher mean arterial pressure would be 

beneficial in septic patients, especially those with a history of hypertension.  Increasing 

the mean arterial pressure target to 75 mmHg in septic shock (via the increased use of 

vasopressors) as compared to the accepted standard of 65 mmHg did not decrease 

mortality (P=0.57) and did increase the occurrence of atrial fibrillation (P=0.02; likely 

secondary to the β1-adrenergic receptor effects of the vasopressor use).  The higher mean 

arterial pressure target did decrease the need for renal replacement therapy (P=0.046) in 

hypertensive patients but did not decrease mortality.  This finding of reduced renal 

replacement therapy in hypertensive patients is likely secondary to the chronic rightward 

shift of their pressure autoregulation curve whereby a mean arterial pressure of 65 mmHg 

is relatively hypotensive. 

1.9.2 Systemic Effects of Sepsis 

In addition to the cardiovascular effects described in the preceding section, sepsis 

pathophysiology impacts multiple other organ systems. The central nervous system 

experiences several sepsis-related effects. Septic encephalopathy can be defined as “a 

diffuse cerebral dysfunction as a consequence of the systemic inflammatory response to an 

infection, with no direct central nervous system infection.”317 It is manifested as delirium 

or an altered level of consciousness. It is attributed to several pathophysiologic processes, 

including vagal nerve stimulation by peripheral cytokines altering cytokine synthesis 
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(known as the inflammatory reflex),334 altered cell signalling resulting in enhanced 

production of cytokines and excitatory or inhibitory receptors in the brain and brainstem 

(known as neuroinflammation335), injury of the blood-brain-barrier allowing increased 

leukocyte entrance, direct TNF-α induced damage,336 and mitochondrial dysfunction with 

reduction in oxidative phosphorylation ultimately leading to apoptosis.337  Inflammation is 

also known to increase the blood-brain barrier's microvascular permeability, resulting in 

the inflammation of brain tissue.338-340 Microthrombi formation coupled with endothelial 

dysfunction also results in microinfarcts of the brain tissue adding to brain dysfunction.338 

An altered level of consciousness is present in 23% of septic patients. It is unfortunately 

associated with a 49% mortality compared to only 26% of patients who do not present with 

neurologic findings.341  

In the pulmonary system, lung endothelial injury results in pulmonary edema, 

ventilation-perfusion mismatch, and, most importantly, the development of acute 

respiratory distress syndrome (ARDS) – a life-threatening condition that may lead to the 

inability to ventilate or oxygenate a patient.342 Alveolar capillaries and epithelial cells, as 

well as capillary endothelial cells, are injured by inflammatory cells resulting in diffuse 

alveolar damage. The outcome is increased vascular permeability and the development of 

pulmonary edema.343 As alveoli fill with exudate,344 hyaline membrane begins to form, 

thereby restricting oxygenation and carbon dioxide ventilation.345  

Blood supply to the bowel may be impaired, resulting in bowel wall edema, 

increased permeability, and translocation of gut bacteria into the bloodstream. The 

combined microorganisms of the gastrointestinal tract, also known as the microbiome, also 
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play a vital role in sepsis. This microbiome has a diverse bacterial composition maintained 

in part by pro-inflammatory and anti-inflammatory signals.346 When sepsis occurs, the 

signal is imbalanced and maladaptive bacterial survival is selected. This microbiome can 

also be interfered with by lack of enteral feeding and use of medications, including 

antibiotics and proton pump inhibitors that are commonly administered in septic 

patients.346  

Acute kidney injury (AKI) is an ominous sign in septic patients and is well known 

to be associated with increased mortality.347  AKI may be due to hypotension and 

hypoxemia producing acute tubular necrosis. However, renal vascular vasoconstriction and 

direct injury from cytokines are other possible causes of renal dysfunction. AKI may be 

severe enough to result in anuria, causing severe electrolyte and acid-base anomalies. This 

situation may be treated with the application of renal replacement therapies. There was 

interest in not only affecting the acid-base, electrolyte, and fluid status of a patient but also 

using renal replacement therapies membranes capable of removing toxic substances; 

however, the EUPHRATES trial has not shown benefit with this technique.348 AKI may be 

manifested clinically as the development of oliguria, anuria, pulmonary edema, and 

peripheral edema.347 Laboratory workup may reveal electrolyte abnormalities 

(hyperkalemia, hyponatremia), acidosis, and elevated creatinine.347,349 

Sepsis can lead to the development of all elements of Virchow’s triad (injury to 

the endothelium, abnormal blood flow, and hypercoagulability), leading to the 

development of a prothrombotic state (Figure 3).  The acquired coagulopathy can range 

from mild decreases in platelet number and mild elevations in bleeding time to the 
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extreme with fulminant disseminated intravascular coagulation (DIC).  Several 

investigations have demonstrated that DIC is an independent predictor of mortality and 

that as the severity of DIC increases, so does mortality.350,351  As mentioned above, setting 

off the inflammatory cascade leads to the development of coagulopathy via the release of 

pro-inflammatory cytokines, including IL-1, IL-6, IL-12, and TNF-α, damaging the 

vascular endothelium.  This ultimately decreases antithrombin levels (an inhibitor of 

thrombin) via decreased hepatic production, increased consumption by thrombin-

antithrombin complexes, and neutrophil elastase degradation.  

 

Figure 1-4: Virchow's Triad 

Three main factors predispose to thrombosis. (ADAMTS-13: ADAM Metallopeptidase 

with Thrombospondin Type 1 Motif 13; EC: endothelial cell; NETs: neutrophil 

extracellular traps; PAI-1: plasminogen activator inhibitor-1; TFPI: tissue factor pathway 

inhibitor) 
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1.10 Treatment 

Treatment regimens over the years have been introduced based on modifying the 

pathophysiologic development of sepsis. Unfortunately, investigational treatments have 

been unsuccessful and limited by our incomplete understanding of the pathophysiology 

of sepsis.15  A limitation in preclinical and clinical research includes the tendency to 

classify all sepsis syndromes (perforated gut, pneumonia, urinary tract infections) as the 

same entity.15  We have also limited our successes by considering and treating all patient 

populations (regardless of age, sex, comorbidities, environmental factors, and genetic 

factors) the same.15 Treatments have failed as sepsis is an incredibly complex syndrome 

with multiple simultaneously involved pathways fueling mortality, rather than a 

singularly targeted mediator.  Therefore, our current treatment armamentarium consists 

largely of general supportive measures with no currently approved specifically targeted 

pharmacologic therapies (see Table 4).42  Pharmacologic treatment may have increased 

success if the deleterious progression to hemodynamic collapse is prevented while 

protecting vasodilation to infected tissues (allowing for increased delivery of sepsis 

mediators only where they are necessary). We also may need to personalize treatment 

strategies based on infection and host factors.352,353 It is important to note, there are no 

age-specific guidelines for sepsis treatment.42 
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Table 5: Current Sepsis Treatments 

Current sepsis treatment as per the 2021 Surviving Sepsis Guidelines. 

 

Current Sepsis Treatments (SSC 2021)354 

Screening and 

Initial 

Resuscitation 

• Hospitals should use a performance improvement 

program for sepsis 

• Do not use qSOFA as a sole screening tool 

• 30 mL/kg IV crystalloid 

• Resuscitation be guided by dynamic measures 

(serum lactate, capillary refill)  

• If need ICU, admit to ICU within 6 hours 

Infection • Appropriate antimicrobials as soon as possible (if 

sepsis highly probable, within 1 hour) 

Hemodynamics • Use of balanced crystalloids over normal saline 

• Norepinephrine as 1st-line vasopressor 

• May start vasopressor peripherally to avoid delay of 

starting central venous access 

Ventilation • Low-tidal volume/limited plateau pressure 

• Prone positioning as necessary 

• Recruitment maneuvers 

Additional 

Therapies 

• Consider steroid use 

• Do not use vitamin C 

Goals of Care 

and Long-term 

Outcomes 

• Screen for economic and social supports 

• Involve families in shared decision making 

• Medication reconciliation at ICU admission and 

hospital discharge 

• Critical Care transition program 
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Management of the septic patient mandates early recognition and treatment with 

priority placed on the support of the airway (potentially with intubation and lung-

protective ventilation), ensuring adequate breathing (administering supplemental 

oxygen), and supporting the circulation (fluids, vasopressors, inotropes).42  

Administration of an appropriate spectrum of antibiotics early and the administration of 

fluid resuscitation are vitally important.355,356   

Appropriate and timely use of antibiotics is essential.  Numerous animal trials 

support the use of antibiotics in sepsis.357  The Surviving Sepsis Campaign guidelines 

recommend that antibiotics be administered as early as possible358 and preferably within 

the first hour of sepsis management.  This goal is often not met in the aged due to atypical 

presentation and delayed sepsis recognition.  It is beneficial to obtain cultures of potentially 

infected sources (blood, urine, sputum, cerebrospinal fluid, abscess aspirate) to correctly 

identify the pathogen prior to initiating antibiotic treatment.359 However, obtaining cultures 

should not delay the administration of antibiotics.  In 2006, Kumar et al. published a paper 

outlining the vital importance of early and correct antibiotic administration.355  The overall 

mortality in this trial was 56.2%.  This retrospective cohort of 2,731 Canadian and 

American patients from 1989 to 2004, showed that antibiotics were only administered a 

mean of 13.5 hours after the development of sepsis and that every hour delaying the 

administration of antibiotics resulted in an astounding 7.6% increase in mortality.  Only a 

small percentage of patients received antibiotic treatment within the first hour (14.5%).30  

The relationship between the delay of antibiotic administration and mortality was 

maintained regardless of the source of infection, site of infection, and type of infection 
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(gram-positive, gram-negative, fungal).355 It has also been shown that delays in first-dose 

administration, as well as second-dose administration, increase mortality.360 Possible 

reasons for delay in the administration of antibiotics include failure to recognize infection 

as a potential cause of shock, waiting for the procurement of all cultures, failure to order 

antibiotics as an immediate/stat order, failure to administer antibiotics prior to the transfer 

of the patient to an ICU, no written order is present, or the written order is unclear.361-365 

Importantly, failure to recognize a host has risk factors for resistant organisms prevents 

appropriate spectrum antibiotic administration in a timely fashion and can be as harmful as 

not providing antibiotics at all.366   

Inappropriate therapy is as harmful as providing no antibiotic coverage at all.  A 

high index of suspicion is necessary when treating patients from long-term care facilities, 

nursing homes, diabetics, hemodialysis patients, or those with comorbidities associated 

with compromised immunity.367-369  Appropriate treatment is often delayed in patients with 

fungemia.  Garey et al.370 demonstrated that delaying antifungal treatment until day three 

or four resulted in a 41% mortality rate compared to a mortality rate of 15% if antifungal 

therapy was given on day one.  An important risk factor for clinicians to be aware of in the 

early course of management is the use of antibiotics in the preceding three months.371 This 

specific risk factor is associated with increased mortality and increased occurrence of 

gram-negative septic shock.372,373  

Using an appropriate time course of antibiotic treatment is essential for decreasing 

patient exposure and the risk of developing resistant and difficult to treat infections that 

may result in sepsis.  In 2003, Chastre et al. showed that in patients with ventilator-
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associated pneumonia, eight days of appropriate spectrum antibiotic was non-inferior in 

terms of mortality and pneumonia recurrence to a 15-day course in patients with recent 

antibiotic exposure.374  However, in patients with certain non-fermenting gram-negative 

infections, a 15-day course may be more appropriate for preventing recurrence.  The STOP-

IT trial375 published in 2015, showed that in patients with intra-abdominal infections who 

had undergone appropriate surgical source-controlling operations, four days of antibiotics 

had similar outcomes compared to those who received eight days of antibiotics.   

Numerous clinical trials have also tested the efficacy of vasopressor treatment. In 

2017 use of AT-II for the treatment of vasodilatory shock associated with sepsis was 

investigated the ATHOS-3 investigators.376 This trial included 344 patients requiring 

vasopressor support for shock (almost all secondary to sepsis) and randomized them to 

treatment with angiotensin-II or placebo in addition to conventional treatment. Their 

primary endpoint was the improvement in mean arterial pressure by 10 mmHg or more or 

a mean arterial pressure exceeding 75 mmHg without requiring an increase in 

vasopressor, which was higher in the AT-II group than in the placebo group (69.9% versus 

23.4%; P<0.001). Patients in the AT-II treatment group had higher heart rates than 

placebo patients. This study was not powered to examine mortality or length of stay. No 

clinical outcome differences were addressed. Several trials have also examined which is 

the best vasopressor to use to manage septic shock.  VASST332 examined whether adding 

vasopressin to patients already receiving NE at a dose of at least 5 µg/min versus 

additional NE would improve 28-day mortality. They found no mortality difference 

(additional NE 35.4% versus vasopressin 39.3%; P=0.26) but reported that patients on 
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low-dose NE 5-14 µg/min trended toward lower mortality than those with escalating 

doses of NE. It is important to note that this was an underpowered study with an expected 

mortality rate of 60%. The VANISH377 trial in 2016 demonstrated a similar performance 

of vasopressin and NE for septic shock management. Together, these trials have led to the 

establishment of guidelines that recommend NE as the first-line vasopressor of choice.358 

Second-line recommended vasopressor choices are epinephrine and dopamine.358 The 

addition of vasopressin should be considered when the mean arterial pressure is less than 

65 mmHg despite NE treatment.358 Terlipressin should be avoided.358  

Another important tenant of care for the septic patient is early source control.  The 

Surviving Sepsis Campaign guidelines recommend that source control of infection 

(elimination of infective source via drainage, debridement, removal of infected 

device/hardware, decompression, restoration of function) occur as early as possible and 

within six to twelve hours of presentation.358  If an infection is the likely cause of the 

shock state and there is no obvious source, computed tomography is recommended to 

detect the source.378,379  Surgical control of the infection is recommended early; however, 

some cases (infected pancreatic necrosis) may be best managed with minimal and delayed 

intervention.380  

1.11 Clinical Failures of Successful Experimental Therapies for Sepsis 

Following the experimentation of sepsis treatments in several animal models, many 

modalities have been tried in humans with poor success rates (see Table 5 for a summary 

of ineffective sepsis therapies).  One of the most well-known ineffective therapies is 

activated protein C (APC). The initial PROWESS trial274 from Bernard et al. in 2001 
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demonstrated an improvement in septic shock 28-day mortality. However, multiple 

subsequent studies, including the PROWESS-SHOCK study381 from Ranieri et al. showed 

no improvement in 28-day or 90-day mortality and led to the withdrawal of the drug in 

2011.   

Numerous trials failed to show benefit with high-dose steroids, but 2018 saw the 

publication of two large low-dose steroid-use in sepsis trials (ADRENAL, 

APROCCHSS), which demonstrated some benefits compared to high-dose steroid trials. 

The ADRENAL study by Venkatesh et al.382 showed that 90-day mortality was 

unchanged (hydrocortisone 27.9% versus placebo 28.8%; P=0.5). Interestingly, this study 

did demonstrate a decreased duration of shock (3 versus 4 days; P<0.001), reduced 

duration of the first episode of mechanical ventilation (6 versus 7 days, P<0.001), and 

decreased initial ICU visit length of stay (10 versus 12 days; P<0.001). APROCCHSS,383 

published by Annane et al., demonstrated the use of intermittent hydrocortisone reduced 

90-day mortality compared to placebo (43% versus 49.1%; P=0.03) and decreased amount 

of days vasopressor was in use (17 versus 15 days; P<0.001). It is difficult to determine 

why these two recent studies had different outcomes. Notably, both studies did show 

vasopressor-sparing benefit with little adverse effect. Current guidelines358 recommend 

using low-dose steroid treatment with a patient in vasopressor-dependent shock. 

Intensive insulin therapy, made popular by the 2002 van den Berghe et al.384 trial, 

demonstrated that surgical ICU patients had improved mortality, reduced rates of renal 

impairment, and decreased bloodstream infections when their blood glucose was tightly 

maintained at 4.4-6.1 mmol/L. However, in 2009, the NICE-SUGAR385 study was 
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published, demonstrating that intensive insulin therapy in critically ill patients (including 

those with sepsis) increased 90-day mortality. The COIITSS386 trial in 2010 confirmed 

the finding that intensive insulin therapy did not improve mortality.  

Colloid fluid resuscitation has been popular.  As increasing edema is correlated 

with increased mortality, this seemed like an attractive fluid to use in septic patients.387 

However, several studies have demonstrated harm associated with colloid use. The 

VISEP388 trial from 2008 showed hydroxyethyl starch (HES) for treatment in severe 

sepsis or septic shock led to renal impairment development.   The CHEST389 trial from 

2012 showed that colloid increased the risk of renal failure.  The 6S390 trial published by 

Perner et al. in 2012 showed HES increased 90-day mortality, increased need for renal 

replacement therapy, and increased need for blood products.   

Several other treatments for sepsis have been investigated.  HA-1A was a human 

monoclonal antibody against LPS for the possible treatment of gram-negative sepsis.  It 

had shown promise in reducing mortality in animal gram-negative sepsis models.  It was 

marketed for sepsis treatment in 1992 to1993 following a demonstration of safety in a 

randomized, placebo-control trial involving 543 patients.391  It was withdrawn391 after a 

second randomized control trial (CHESS group392) failed to show mortality benefit.  E5 

was a murine monoclonal antibody against endotoxin that also had promising early 

results.  However, a study published by Angus et al.393 in 2000 demonstrated no survival 

benefit.  Talactoferrin-α was an orally administered dendritic cell-mediated 

immunotherapy that had promising animal and phase I data demonstrating improved 

mortality, but a phase II/III394 trial was stopped early secondary to increased mortality. 
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Clinical trials also failed to demonstrate the benefit of blocking the proinflammatory 

cytokines TNF-α395,396 and IL-1.397 Other mediator-directed treatments that failed to show 

benefit included blocking G-CSF and  IFNγ.398  

Inhibition of the NO pathway seemed attractive for stopping the hypotensive 

responses seen in septic shock.  Early studies of a competitive non-selective NOS inhibitor 

(L-NMMA) were again promising in animals and phase I and II trials.  However, a phase 

III trial291 was stopped early due to increased mortality in the treatment groups.  There 

continues to be interest surrounding NOS inhibition, specifically selective iNOS 

inhibition, which has shown benefit in several animal studies.399  

Several animal studies400 and human retrospective studies401 showed promise that 

statins could modulate the pro-inflammatory state seen in sepsis and improve mortality.  

A meta-analysis of seven trials and 1,720 patients was published by Deshpande et al.402 

in 2015.  The meta-analysis showed no improvement in in-hospital mortality or 28-day 

survival. Chen et al.’s meta-analysis in 2018 confirmed no treatment effect.403 
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Table 6: Ineffective Sepsis Therapies 

Ineffective Sepsis Therapies 

Activated protein C G-CSF/GM-CSF 

High-dose steroid INF-γ 

Intensive insulin therapy TNF-α antagonist 

Colloid administration IL-1 antagonist 

HA-1A L-NMMA 

Talactoferrin-α Statins 

IVIg TLR4 antagonist 

Anti-Enterobacteriaceae common 

antigen monoclonal antibody 

Anti-tumor necrosis factor 

monoclonal antibody 

Antithrombin Recombinant human tissue 

factor pathway inhibitor 

N-acetylcysteine Bradykinin antagonist 

Levosimendan Hypothermia 

Polymyxin B hemoperfusion Recombinant human soluble 

thrombomodulin 

Selenium High-dose vitamin D 

High-dose vitamin C Pentoxifylline 

Naloxone E5 

 

1.12 Sepsis and Aging 

Over time, healthcare interventions have led to steady growth in the elderly population 

worldwide. Consequently, more elderly people than ever are developing sepsis and 

requiring hospital and ICU level of care, leading to ever-increasing healthcare 

expenditure.404,405 The processes of sepsis and aging have several aspects in common, 
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which lend to the elderly being at a particular disadvantage for developing sepsis (not just 

due to their growing population), progressing to septic shock, dying from sepsis, or 

surviving with poorer quality of life than the young.16 Also, processes involved with aging 

can mask the symptoms and signs of sepsis, delay treatment, and render common 

treatment modalities less effective. Unfortunately, the elderly are often not included in 

preclinical or clinical sepsis trials, despite being disproportionately affected by sepsis.406 

Here, this review will provide a discussion focused on the impact of advanced age in 

sepsis. 

1.12.1 Terminology and Aging 

With the 2016 definitions of sepsis, there was also increased recognition that host factors, 

including age, added heterogeneity and complexity to our understanding of sepsis. It was 

acknowledged that further studies (transcriptomic, metabolomic, proteomic)407,408 will lead 

to improved characterization of specific population subsets.1 However, there currently 

exists no specific terminology for use in an elderly patient with sepsis. Also lacking is 

consensus regarding the terminology surrounding the definition of what defines an elderly 

person and how to differentiate younger elderly from the “oldest old.”409 As chronologic 

age can differ from biologic age, it has been suggested the terminology “healthspan” rather 

than “lifespan” be used.410 

1.12.2 Epidemiology and Aging 

It is increasingly evident when examining the incidence of sepsis that the age of patients 

should be taken into consideration.  The American population aged 65 and older was 



 

 52 

approximately 46 million in 2015.411 It has been estimated that this number will double to 

over 98 million by 2060 (an increase from 15% to nearly 24%).412 In Europe, 25% of people 

are over the age of 60 (expected to reach 35% by 2050, with the number of people over the 

age of 80 expected to triple).412 In the Caribbean and Latin America, 12% of people were 

over the age of 60 in 2017, and this is expected to increase to 25% by 2050.412 The 

incidence of sepsis is higher in the elderly and increases further in those aged 85 and 

above.413,414  

A 2014 review reported the mean age of septic patients admitted to an ICU to be 

69.415 As patients over the age of 60 make up over 60% of all sepsis hospitalizations,416 

and the age of septic patients continues to rise,412,417 this population is poised to place 

enormous and expanding strain on the healthcare system.  The incidence of sepsis is also 

increasing faster in those aged 65 years or older (20.4% faster418) than those aged less than 

65 years, and sepsis is the most common reason the elderly are admitted to ICUs.419 Despite 

the preponderance of aged septic patients, it is estimated that less than 1% of all sepsis 

studies are performed in aged animals,420 or include older adults in clinical studies.421 

Failing to include elderly people in research may partially explain the difficulty in 

improving septic mortality and functional outcomes381,422 – we are not studying a group of 

people greatly affected by sepsis. A better understanding of the elderly patient’s physiology 

and how they are affected by sepsis would be of immense value. 

1.12.3 Socioeconomic Burden and Aging 

The cost of caring for an elderly patient during and after a septic episode can be debilitating. 

A 2017 Canadian study showed the average cost of ICU admission supporting an elderly 
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patient over the age of 80 was $31,679 CAD ($48,744 CAD per survivor to discharge and 

$61,783 CAD per survivor at one year).423 It is also important to acknowledge that the costs 

associated with sepsis are not simply those related to hospital care. Many patients who 

survive the initial septic insult are not discharged home and instead are transferred to 

another facility. Elderly patients in particular, are less likely to be discharged home and 

more likely to end up in long-term care (55% of sepsis patients over the age of 75 are 

discharged to a nursing home or other health-care site424).120,425 Hospital readmission after 

surviving sepsis is 1.96 times more likely426, with greater than 40% of elderly patients 

being re-hospitalized within three months427 (with another septic event as the most 

common reason for admission428). Sepsis in the elderly is also more likely to leave 

survivors with functional deficits that require ongoing care either from a long-term care 

facility (45% of elderly patients are transferred to nursing homes, 11% are transferred to 

another hospital, with only 42% able to return home) or family members.424  Recurrent 

infections, malnutrition, and poor quality of life can be especially severe in the frail 

elderly.124  Therefore, providing an improved level of care to the elderly septic patient 

population could perhaps enable significant cost savings and improve the quality of life for 

both the survivors and their families. 

1.12.4 Mortality and Aging 

The elderly again seem to be particularly at risk with age as an independent predictor of 

mortality.16,429 The elderly often experience frailty and poor pre-sepsis functional abilities, 

and their long-term prognosis could be highly influenced by pre-sepsis functional 

capability.430-433 Some studies have demonstrated that the older the patient with sepsis, the 
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greater the risk of dying independent of comorbidities.16,28,114,413 It has been reported that 

mortality in 2011 in those aged between 60 to 80 years old was as high as 60%, while 

mortality in those over the age of 80 was 78.9% in a tertiary care ICU.414 A 2019 multi-

centre trial from Spain also demonstrated that age over 80 years was an independent risk 

factor for mortality.16 More recent Centers for Disease Control and Prevention data from 

2019 also reported an increase in sepsis-related death rates with increasing age, with 150.7 

per 100,000 deaths in patients 65 to 74 years old,  331.8 per 100,000 deaths in 75 to 84 

years old, and up to 750.0 per 100,000 in those greater than 85 years old.434  

Older patients also more rarely get admitted to an ICU435,436 for aggressive 

management of sepsis and experience mortality earlier in the hospital course.28  Mortality 

may be influenced by clinician bias. Physicians may limit ICU admission437 for many 

reasons. Elderly patients tend to have lower pre-sepsis functional capabilities,405 as well as 

a higher number28,424 and increased severity of comorbidities (frailty,438 congestive heart 

failure, peripheral vascular disease, dementia, and diabetes are associated with 

mortality439). The elderly also display higher mortality with increasing age, and a poor 

likelihood of returning to pre-sepsis baseline function post-discharge (only 26% of elderly 

patients with illness requiring ICU admission returned to baseline physical function in one 

Canadian study440) despite intense use of resources. In fact, authors of a  2017 multi-centre 

study reported that 29.6% of patients over the age of 80 were refused ICU treatment.441 

Even if admitted to an ICU, mechanical ventilation in the septic elderly is associated with 

a higher mortality post-discharge.439,442 Elderly patients are at a notable disadvantage in 

that despite all the resources dedicated to their treatment, those who survive an ICU 
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admission for sepsis have an overall post-discharge mortality of 55% (30.6% one-year 

mortality rate, 43% two-year mortality rate).439 Higher three-year mortality (39.5% versus 

34.5%) compared to hospital matched controls442 has also been reported. Increased cost 

and morbidity combined with decreased survival of the elderly is an important 

consideration, as age is frequently suggested as a criterion for rationing limited healthcare 

resources.443 Given the likelihood of mortality in the elderly septic population, it is clear 

different tactics are required to manage their illness burden, potentially by modifying 

treatment or implementing strategies to affect modifiable risk factors. 

1.12.5 Risk Factors and Aging 

The elderly often have an increased number of comorbidities424,444 which may result in 

immunosuppression, lead to institutionalization445-448 (increased exposure to resistant 

pathogens and increased colonization), and result in an increased number of procedures 

and instrumentation (urinary catheters).449 Malnutrition450,451 is common secondary to 

decreased functional status, restricted diets, polypharmacy, poor dentition, dementia, and 

depression.446,452 Older patients also demonstrate a reduced ability to tolerate sepsis-

induced physiologic derangements420 and may not display the typical SIRS criteria, 

resulting in delayed diagnosis and treatment of sepsis.453 The presence of sepsis at the time 

of admission to the hospital is associated with increased rates of death in elderly patients.419 

Elderly patients (median age 75) with decreased skeletal muscle mass have demonstrated 

higher in-hospital mortality from sepsis (P<0.001).454 
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1.12.6 Prognostic Factors and Aging 

Prognosticating survival and the morbidity burden of sepsis survivors in the elderly is 

extremely important given the abovementioned socioeconomic implications. One study 

showed that the presence of respiratory failure455 and decreased muscle mass in those over 

60 years predict mortality in the septic elderly.454 A newer study from 2022 demonstrated 

vasopressor use, ventilator use, mean systolic blood pressure at 24 hours, 24-hour urine 

output, and lactate level as top predictors of 30-day mortality in a model using machine 

learning.48 This study also included new prognostic factors, including red blood cell 

distribution width, presence of malignancy, presence of solid tumour, and type of ICU unit 

affected prognosis in the elderly.48 A Brazilian study demonstrated several clinical 

prognostic factors in patients 65 years of age or older with sepsis or septic shock. Patients 

who had shock, elevated lactate, organ failure, or mechanical ventilation were at higher 

risk of dying.455 More specific to the elderly, it has been demonstrated that in addition to 

the above factors, an elevated lactate and hypotension (systolic blood pressure less than 90 

mmHg) at presentation to the emergency department and poor pre-sepsis functional 

capacity405 are prognostic factors for increased short-term mortality at 30 days.456 Age over 

80 compared to those between the age of 65 and 79 years, demonstrated higher mortality.16 

A single-centre study from the Republic of Korea, examined whether ICU admission and 

mortality of septic elderly patients could be predicted.457 They demonstrated that using 

SOFA and abbMEDS (abbreviated Mortality in Emergency Department Sepsis score) 

could predict ICU admission and mortality in the elderly.457 They also examined specific 
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biomarkers and showed procalcitonin, IL-10, IL-6, and IL-5 could predict ICU admission 

but not death in the elderly.457  

1.12.7 Pathophysiology and Aging 

There exist several different pathophysiologic differences in sepsis between the young and 

the elderly. These differences often result in worse survival, increased severity and burden 

of morbidity post-sepsis, and sepsis-related mortality. Several age-related aspects will be 

reviewed below.  

1.12.7.1 Inflammation, Immune Function, and Aging 

Inflammaging is a chronic low level of inflammation without active infection in the 

elderly.458 It is the result of chronic physiologic stimulation of the immune system and 

activation of immune receptors by self- and non-self-antigen.459 This culminates in 

elevated baseline levels of inflammatory cytokines, including TNF-α, Il-6, and C reactive 

protein (CRP).460,461 Many articles discuss the processes that have been implicated in 

inflammaging, including mitochondrial dysfunction, changes in microbiota, and oxidative 

stress beyond what is pertinent for this review.462-465 Other contributors include exogenous 

environmental influences like industrial toxicant exposure or endogenous factors like DNA 

or telomere damage.466 Several of these factors have been noted to increase with time, 

thereby playing more of a role as we age.466 It has also been demonstrated that as people 

age, they develop decreased specific PRR activity (TLR1, TLR7/9467,468), resulting in 

heightened susceptibility to bacterial pneumonia and influenza, amongst several other 

pathogens.469 In contrast, hyperactivation of other PRRs in the elderly (TLR3) have been 
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shown to result in increased inflammation and mortality.470 The outcome of developing 

inflammaging may enhance susceptibility to infection and result in inadequate response to 

vaccination.471 Inflammaging in the lung as demonstrated by increased levels of CRP, 

TNF-α, Il-6, and IL-1β results in the decreased immune response to pneumonia and 

increased risk of developing infection requiring hospital admission as well as increased 

mortality.460,461,472-479 As a dysfunctional or maladaptive immunologic response to sepsis 

is a potential driver of post-critical care chronic illness, inflammaging may render the 

elderly more susceptible to these long-term outcomes.480,481 

Aging of the immune system, a process known as immunosenescence,101 can affect 

how an elderly person mounts an inflammatory response and fights infection. Elderly 

patients commonly experience chronic inflammation due to repeated infections (clinical 

and subclinical) or the presence of non-communicable disease (e.g., diabetes). Long-term 

exposure to antigens combined with an oxidative stress-induced alteration in the apoptotic 

function of immune cells differentiated from hemopoietic stem cells is also common. Both 

humoral482 and cell-mediated (CD8+ more so than CD4+) adaptive483 immune responses 

are decreased, and vaccinations are known to be less effective484 secondary to impaired 

interactions between B and T cells. There are reduced numbers of naïve T cells (thymic 

involution) and B cells with increased memory and effector T and B cells.484 Although 

originally thought to affect mainly adaptive immunity, evidence is accumulating 

demonstrating important alterations in innate immune function.485-488 These changes 

include reduced cytokine production, decreased neutrophil function (reduced chemotaxis, 

phagocytosis,489 superoxide production,490 apoptosis491), decreased per-cell natural killer 
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cell cytotoxicity,492,493 and a reduction in the function of dendritic antigen-presenting 

cells.494 The consequences of immunosenescence include increased susceptibility to 

infection and increased occurrence of autoimmune disease495 and cancer.496  

1.12.8 Treatment and Aging 

There exist no formal elderly-specific guidelines for sepsis management. However, some 

evidence exists to help direct treatment. The most recent Surviving Sepsis Guidelines note 

the lack of harm using a target mean arterial blood pressure of 60 to 65 mmHg in the 

elderly.358 The elderly sub-group of patients from the SEPSISPAM trial demonstrated 

higher mortality when higher mean arterial pressure targets were used.333 Judicious fluid 

resuscitation and arrhythmogenic medications such as dobutamine and NE must be used 

with care due to increased incidence of cardiac comorbidities, including diastolic 

dysfunction.413,497 Early lactate guided therapy has been recommended in a Chinese study 

published in 2021 to reduce admission to ICU but did not impact mortality.498 Bundled-

care of elderly patients and use of ICU-goal direct therapy bundles also did not improve 

mortality in elderly septic Chinese patients in an article published in 2021.499 Reviewing 

potentially inappropriate medications initiated in the ICU upon discharge has been 

recommended for the elderly.500 There are no therapeutics directed at the elderly for sepsis 

treatment. We may have improved success in treating sepsis in the elderly if we can target 

therapies to the elderly age group. 
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1.13 Sepsis Models 

1.13.1 Significance of the Model of Sepsis 

Sepsis is a complex disease and not all aspects of evaluation are feasible in human studies.  

Therefore, animal models can provide replicable and controlled conditions to fill our 

knowledge gap.  The human sepsis response can be variable compared to an animal model, 

and it is important not to base conclusions solely on animal studies.501 Murine models are 

commonly used to study pathophysiologic changes of sepsis and to study potential 

therapeutic targets for sepsis treatment.  Transgenic and knock-out mice have contributed 

extensively to our knowledge of sepsis.501 The use of mice and rats is prevalent because 

they can be used and housed inexpensively and in large numbers.  They are also widely 

available with a relatively short lifespan.420 Rodents are, however, more difficult to 

instrument due to their small size making detailed hemodynamic observation sometimes 

undesirable.  Also, their small blood volume makes serial blood sampling over a brief 

period of time impossible.  Numerous differences exist between human and murine models 

making inferences from murine models often inapplicable.502  This is demonstrated by the 

development of many sepsis treatments that though effective in murine models, do not 

clinically result in benefit.503-505 However, despite their limitations, rodent models have 

provided unparalleled insight into the pathological mechanisms that underlie the transition 

from sepsis to septic shock.  
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1.13.2 Aging and Animal Models 

The complex pathophysiologic changes of sepsis that alter hemodynamic parameters have 

been examined in animal models.420 Much of this evidence focuses on the young or adult 

animal (approximating a human age of less than 20 years old,420 a group not at high risk of 

developing sepsis or suffering complications secondary to sepsis) when as previously 

mentioned, much of the human population affected by sepsis is elderly.  Few studies have 

examined the hemodynamic variability and subsequent mortality risk in the aged animal 

compared to adult or young animals.  The hemodynamic changes associated with sepsis in 

the aged animal are even less well-defined than in the adult or young animals.  As mortality 

rises with progression to a circulatory shock state, more knowledge of the compensatory 

hemodynamic changes in the aged may prove key to preventing mortality.  A recent article 

by Dutta and Sengupta506 explains that every human year is approximately equivalent to 

nine mouse days.  However, determining an appropriate mouse age to represent an elderly 

human is more complicated than just counting days.507  Each phase of life must be 

considered, including the weaning period, puberty, adulthood, reproductive senescence, 

and lastly, old age.  As such, a two-year-old mouse approximates a 70 year-old human.506 

It is also important to consider how an aged mouse can reproduce or typify results expected 

in humans. For comparison to human non-elderly adults, it is appropriate to use mice that 

have stopped developing and have not yet begun demonstrating senescence.507 As such, 

use of 12 week old C57BL/6 mice would be an example of a non-elderly adult control 

group. Aged animals used in studies may be of differing ages secondary to differing time-

of-life onset of disease (i.e. hypertension) or desired effects of senescence (as may be 
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demonstrated by biomarkers).507 Inbred strains also display different age-related 

phenotypes. C57BL/6J mice are known to have impaired glucose tolerance which may be 

an important outcome-defining variable depending on the study.508 Aging studies that use 

female rodents must also consider the differences in reproductive senescence as mice do 

not enter menopause in a similar timeframe compared to humans.509,510 

Invasiveness of the model may require more consideration in the aged animal as 

they may have poor physiologic tolerance to increased invasiveness and may have altered 

responses to the dose and length of the anesthetic required.511-515 Although there is a paucity 

of information regarding sepsis in the aged rodent, we know some things about their 

physiology that may exacerbate morbidity and mortality outcomes.  

1.13.3  Sepsis Induction Protocols 

When examining the murine model of sepsis, the method of sepsis induction is important.  

In a 2014 Japanese study, intra-abdominal sepsis was the second-highest cause (21.3%) of 

sepsis behind pulmonary infections (41.8%).415 However, the in-hospital mortality 

associated with intra-abdominal sepsis was proportionally higher at 31.8% versus 26.3% 

for pulmonary infection.  There are currently four commonly used models to simulate intra-

abdominal sepsis in rodents; these include (i) LPS injection; (ii) live bacterial injection; 

(iii) cecal ligation and perforation (CLP) – including the use of the colon ascendens stent 

peritonitis variation (CASP); and (iv) fecal-slurry induced peritonitis.  The first model of 

intravenous or intraperitoneal injection of gram-negative endotoxin LPS results in a sterile 

SIRS response.  This model is beneficial because it is dose-dependent, reproducible, and 

straightforward. However, it is essential to recognize that this technique produces a 
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chemical endotoxemia that stimulates a SIRS response rather than recapitulating the 

entirety of the sepsis response. As such, LPS models are not generally recommended by 

the Minimum Quality Threshold in Preclinical Sepsis Studies investigators.516 The second 

technique of live bacteria injection can more closely approximate a sepsis response, but it 

can be challenging to maintain minimal bacterial load variation.420 Bacterial and LPS 

injection also lack applicability because responses to inoculation tend to be immediate, and 

thus do not recapitulate the prolonged time courses that typically characterize sepsis in the 

clinical setting.   

CLP is a third method in which the rodent has the cecum surgically ligated and 

subsequently perforated, allowing cecal content to leak into the intra-abdominal 

compartment.517 CLP can provide controlled severity of sepsis based on the size of the 

puncture.518 A variation of the CLP is the CASP model, which involves the continuous 

leaking of colonic contents into the abdominal cavity through a stent inserted in the 

ascending colon. The CLP and CASP models are easily reproducible and resemble the 

human response in that the source of sepsis can be removed with the removal of the stent, 

mimicking a surgical intervention.519,520 However, there are some drawbacks. Notably, 

both CLP and CASP are surgical models that require laparotomy to induce sepsis and the 

use of anesthesia and analgesia. The invasiveness of the model increases the complexity of 

the experiment and may confound results. Rodents made septic with CLP are also likely to 

develop an intra-abdominal abscess rather than diffuse peritonitis due to small bowel 

coverage of the leak, and the number of punctures is not associated with a worsening 

clinical picture.519 Rodents subjected to CLP have a minimal level of sustained 
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inflammation.  This may be secondary to the holes in the cecum closing over and 

preventing continued leak of bowel contents.  CASP, however, presents a clinical picture 

more consistent with that of true intra-abdominal sepsis and peritonitis with continuous 

bowel leakage and steadily increasing levels of cytokines up to 24 hours.519  

Finally, the fecal-slurry induced peritonitis (FIP) model is a popular method as it 

easily produces the clinical sepsis picture and is highly reproducible.  It is also minimally 

invasive, and the severity of the model can be easily titrated based on the dose of fecal 

slurry injected. Unlike the CLP model, changes in the microbiome (secondary to 

interventions of differences in facilities among institutions) are less likely to influence 

outcomes since large batches of fecal slurry can be made, aliquoted, and used over an 

extended period to ensure consistency amongst experiments.  

1.14 Rationale for Proposed Studies  

As explained above, sepsis in the elderly is a common, costly, and potentially life-

threatening syndrome that is deserving of increased scientific attention. We believe the 

vascular function and resultant clinically observed hemodynamic function will reveal much 

about sepsis pathophysiology and simultaneously lend knowledge towards potentially 

useful treatments to improve morbidity and mortality. Initial investigations required use of 

animal models and we used the FIP model as it closely and non-invasively represents a 

picture similar to that of human intra-abdominal sepsis.  

As impaired NO function is important in the development of vascular dysfunction 

leading to vasoplegia and organ dysfunction, we aimed to develop techniques to examine 

real-time bedside vascular dysfunction as a measurement of the progression of sepsis and 
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to determine whether sepsis-damaged sGC activation improves not only vascular function 

but also mortality in sepsis. This project had several innovative aspects, including an 

integrative approach to studying systemic hemodynamics and regional vascular 

dysfunction patterns as sepsis progresses; and a novel treatment strategy to improve 

regional and systemic circulatory function. 

1.14.1 Integrative Approach 

Due to the systemic nature of sepsis, there is great value in assessing the progression of 

circulatory decline via integrative approaches. Advanced stages of sepsis are characterized 

by regional heterogeneity in vascular function, which contributes to poor tissue perfusion 

and eventual failure of downstream organs. Thus, while the therapeutic goal of maintaining 

blood pressure within normal levels is important in sepsis, doing so without consideration 

of vascular dysfunction and altered blood oxygen and nutrient delivery may be misleading. 

Indeed, this point may explain why pharmacological interventions can improve 

hemodynamics in sepsis without improving overall mortality. A crucial aspect of 

improving blood pressure is preserving end-organ function. The following studies 

simultaneously monitored in-vivo systemic hemodynamics and vascular function (in 

response to various vasoactive medications) and combined this knowledge with ex-vivo 

vascular dysfunction confirmatory wire myography studies. This approach enabled us to 

determine whether our novel treatments improved vascular dysfunction. As our in-vivo 

approach was a novel approach, we used ex-vivo vascular function studies to confirm 

aspects of our in-vivo vascular function studies. However, it is important to note that our 

in-vivo studies examine the animal as a whole, while the ex-vivo studies depict separate 
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vascular beds and distinct vasoactive pathways. As such, the two vascular function study 

approaches may not always completely agree. 

1.14.2 Novel Treatment Strategy 

Excess ROS generation during sepsis damages numerous effectors, including oxidizing 

sGC, the downstream target of NO. Oxidizing sGC results in releasing the heme bound to 

the β1 chain. The damaged form of sGC is then ubiquitinated and degraded, resulting in 

perturbed vascular function in regions affected by sepsis. Heme-free sGC produced in 

situations of increased ROS generation (aging, sepsis) can be rescued by a class of drugs 

known as sGC activators, which induce sGC function and production of cGMP in the 

absence of ferrous-heme. Cinaciguat (BAY 58-2667) is one such activator of sGC. 

As cinaciguat increases cGMP production, inducing vasodilation and consequent 

hypotension, it may seem counterintuitive to administer it in sepsis, where excessive 

vasodilation secondary to systemic overproduction of NO from iNOS leads to 

cardiovascular collapse.  However, studies demonstrate regional dysfunctional NO 

signalling in the microcirculation resulting in vasoplegia and heterogeneous tissue 

perfusion in septic patients and experimental models of the disease.521  Consequently, 

restoring cGMP signalling with cinaciguat in septic shock is expected to restore endothelial 

function and vascular reactivity.521  Consistent with this idea, Vandendriessche et al. 

recently showed cinaciguat improved survival in a sheep model of septic shock.522   

The alteration in the pathophysiologic cascade of events needs to be examined in 

an aged model.  This model would ideally be constructed in a mouse model of sepsis (in 

that this model would allow for more rapid aging than other animal groups, yet mice are 
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still large enough to provide blood samples for analysis) with an intra-abdominal type of 

sepsis as it has the proportionately highest risk of death.  The method of sepsis induction 

should be one that would closely mimic the formation of sepsis in humans, ideally the FIP 

model, which is also the least invasive model.  It would be important to gather 

hemodynamic variable information to better understand target hemodynamic goals in 

elderly patients.  It would be ideal to test novel treatments to better define interventions in 

this age group to optimize survival and decrease morbidity. 

Cinaciguat selectively binds and activates the damaged form of sGC, restoring 

sGC-cGMP signalling in these regions. Consequently, cinaciguat can selectively target 

damaged areas of the vasculature, and improve regional vasodilation and organ perfusion 

potentially without affecting healthy vascular beds. It is recognized that because cinaciguat 

has the potential to induce vasodilation, its use in sepsis seems counterintuitive; however, 

by recognizing that small doses of cinaciguat preferentially target damaged vascular 

tissues, we may improve regional blood flow without causing systemic vasodilation and 

hypotension.86  

1.15 Hypotheses 

It was hypothesized that: 

i) Aged mice demonstrate a distinct septic hemodynamic phenotype with 

impaired in-vivo vascular reactivity compared to young mice and decreased 

in-vivo response to NE treatment resulting in decreased survival. 

ii) Using an sGC activator (cinaciguat) will improve in-vivo hemodynamics 

and ex-vivo vascular reactivity in septic mice and improve sepsis survival. 
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iii) Using an sGC activator (cinaciguat) will improve in-vivo hemodynamics, 

ex-vivo vascular reactivity, and sepsis survival more so in the aged mice due 

to elevated baseline ROS levels. 

iv) Oncostatin M (OSM: an inflammatory cytokine) is an important cytokine 

underlying vascular function in both non-septic and septic states, the loss of 

which (in a knockout model) will improve in-vivo hemodynamic and ex-

vivo vascular function, as well as sepsis survival in a sex-specific fashion. 

1.16 Specific Objectives 

To investigate the above hypotheses, several specific objectives needed to be 

accomplished: 

i) Characterize an in-vivo hemodynamic model of intra-abdominal 

polymicrobial sepsis in young and aged mice using the FIP method. 

ii) Design an integrative model of novel methods for assessing in-vivo vascular 

reactivity with vasoactive medications methacholine (MCH), sodium 

nitroprusside (SNP), and phenylephrine (PE) combined with ex-vivo wire 

myography. 

iii) Characterize an in-vivo sepsis treatment model using conventional 

therapies, including fluid maintenance and NE. 

iv) Characterize the in-vivo hemodynamic and survival effects of the sGC 

activator cinaciguat in sepsis for young and aged mice. 

v) Characterize the in-vivo hemodynamic and survival effects of OSM 

receptor (OSMR) deficiency in sepsis. 
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1.17 Summary 

Sepsis results in pathophysiologic derangements, and despite aggressive treatment, it 

results in unacceptably high rates of morbidity and mortality.  The aged are a particularly 

high risk and under-investigated group contributing to much of the socioeconomic burden 

of sepsis.  Strategies that target the prevention of shock development and simultaneous 

maintenance of tissue perfusion hold promise.  It is imperative that work continues to 

further define the vascular pathophysiology of sepsis and refine therapies in both animal 

and subsequently human studies considering both age and sex as major contributors to 

outcomes. 
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Chapter 2 

A Comparison of Vascular Dysfunction and Survival in Young and Aged Septic 

Mice 

2.1 Background 

Sepsis is a dysregulated host response to infection that is life-threatening.42 The elderly are 

disproportionately affected by sepsis,414 potentially secondary to numerous physical and 

social factors including an increased number of comorbidities,523 increased severity of 

comorbidities, poor functional status,431 malnutrition,524 increased exposure to the 

healthcare system (resulting in a higher number of invasive procedures449 and more 

exposure to drug-resistant pathogens525), decreased consideration for admission to the 

high-intensity level of care settings (intensive care units (ICU), observation units),526 

polypharmacy,527 and immunosenescence.101 To further complicate matters, post-sepsis, 

the elderly are more often left with psychological and physical disabilities that more 

frequently necessitate transfer to long-term care facilities445-448 or result in palliation.528 

Elderly sepsis survivors are also at risk of increased sepsis-associated morbidity and 

mortality.101 Mortality has been estimated to be as high as 60% for people 60 to 80 years 

old and almost 80% for those over 80 years old.414 It is challenging to know the exact 

epidemiologic information regarding sepsis in the elderly due to the vague definition of 

what age defines an elderly person;529 however, most sources report the definition of 

elderly as 65 years or greater.530 As the elderly are a fast-growing population worldwide 

(approximately 46 million in 2015 and projected to more than double to 98 million by 2060 
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in the USA412) and are currently the largest group of patients affected by sepsis (more than 

60% of hospitalized patients with sepsis are over the age of 60),416 they are positioned to 

place great strain on healthcare resources.   

 Vascular dysfunction is a significant contributor to the sepsis-related hypotension 

and organ-hypoperfusion that influence mortality.531 A major regulator of vascular 

function is the constitutively expressed nitric oxide synthase (NOS) located on the vascular 

endothelium, aptly named endothelial NOS (eNOS).532 The major function of eNOS is the 

production of nitric oxide (NO). In addition to the maintenance of endothelial-derived 

vasodilation, eNOS-produced NO plays several roles including the prevention of 

thrombosis533 and leukocyte adhesion.534 Numerous sepsis-related processes damage and 

impair the function of eNOS, while provoking the expression of inducible NOS (iNOS), 

which produces NO far in excess of what eNOS can produce.329 While NO production in 

sepsis is useful to help defend against invading pathogens, excessive amounts of NO are 

deleterious, and contribute to the loss of vascular tone through various mechanisms 

including the generation of reactive oxygen species (ROS) and oxidation of crucial 

enzymes (NOS, soluble guanylate cyclase (sGC)), thereby compromising blood supply to 

oxygen-deprived tissues and organs potentially resulting in organ failure.  

The elderly population is known to exhibit alterations in vascular function at 

baseline. This age-related vascular dysfunction is characterized, in part, by impaired NO 

production by eNOS and dysfunctional NO-sGC signalling.535 Aging is also associated 

with increased levels of iNOS as a part of the senescence-associated secretome.536 As 

eNOS and iNOS are critical players in developing vascular dysfunction that arises in sepsis, 
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we hypothesized that the septic elderly, who already experience baseline vascular 

dysfunction, would experience further diminished vascular responsiveness that would 

impair the effectiveness of vasopressor therapy and decrease survival compared to the 

young.  

2.2 Methods 

This study was conducted according to the Canadian Council on Animal Care guidelines, 

with approval from the Animal Care and Use Committee from the University of Alberta 

(Edmonton, Canada), and reported in adherence with the Animal Research: Reporting of 

In Vivo Experiments (ARRIVE) Guidelines. 

2.2.1 Animals and Preparation 

Seventy-two male C57BL/6 mice (procedure- and drug-administration-naïve, with no 

genetic modifications) were purchased from Charles-River Inc. (Saint-Constant, QC).  

Young mice were 3-4 months of age; aged mice were housed until 22-24 months of age. 

Mice were housed five per cage in standard shoebox cages containing aspen-chip bedding, 

nesting material, and PVC tubing for environmental enrichment. Cages were located in the 

University of Alberta animal care facility, which maintained a 12h:12h light:dark cycle and 

an ambient temperature of 22±1ºC. Trained animal care personnel routinely performed 

welfare assessments before experimentation. Mice had ad libitum access to tap water and 

standard grain-based rodent chow (PicoLab 5LOD, LabDiet, St. Louis, MO).  

Experiments were conducted in the same laboratory operating theatre during the 

day. Mice were anesthetized with inhaled isoflurane (induction: 5%, maintenance: 1.1-
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1.5% in 100% O2) and were kept spontaneously breathing via a nosecone. We used 

isoflurane as it is administered non-invasively, thereby avoiding the risk of puncture of the 

peritoneum with intraperitoneal (IP) or subcutaneous injections.  Avoidance of peritoneal 

contamination was essential to this experiment as the mode of sepsis involved an IP 

injection.  Isoflurane also provides a constant depth of anesthesia which is easily 

maintained for long durations. Following induction of anesthesia, mice were instrumented 

with a polyethylene catheter (PE10; inner diameter 0.58 mm, outer diameter 0.97 mm) in 

the left femoral vein for drug delivery and a fibreoptic pressure sensor (FISO 0.9 Fr/0.5 Fr; 

Harvard Apparatus, Harvard BioScience Inc.) in the right carotid artery for hemodynamic 

assessments. The femoral venous catheters contained heparinized sterile 0.9% saline (25 

units/mL). Core body temperature was monitored via a rectal thermometer and mice were 

maintained on a warmed surgical platform connected to a water circulator for the duration 

of the experiment. Following instrumentation, mice were given 30 minutes to stabilize 

hemodynamic parameters. Mice were administered fluids (sterile saline; 2 mL/kg/hour IV) 

to maintain hydration. Arterial blood pressure waveforms generated from the indwelling 

FISO pressure sensor were monitored and recorded via a data acquisition system (Lab 

Chart Pro 8, ADInstruments, Colorado Springs, CO).  

2.2.2 Study Protocol 

After stabilization, fecal slurry (FS; 1.3 mg/g IP) was administered to induce sepsis. The 

dose was selected based on pilot studies that generated mortality in anesthetized mice 

within six hours of administration. In-vivo vascular reactivity was assessed via 

methacholine (MCH; 1 µg/kg IV – caused hypotension that resolved within 10 seconds 
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and was due to decreased systemic vascular resistance; the dose did not affect heart rate – 

Figure 2-1) injection every 30 minutes.  

 

Figure 2-1: Methacholine Effect on Heart Rate 

Methacholine (MCH) 1 µg/kg IV had minimal effect on heart rate beats per minute (BPM) 

compared to 0.1 µg/kg IV and 10 µg/kg IV. 

 

In addition to these groups, a separate cohort of septic and non-septic mice were 

administered norepinephrine (NE) to assess the reversibility of cardiovascular collapse in 

the final stages of sepsis. NE infusion was initiated at 200 µg/kg/hour and advanced by 100 

µg/kg/hour in five-minute intervals to a maximum of 600 µg/kg/hour until the mean arterial 

pressure was greater than 65 mmHg or systolic blood pressure was greater than 80 mmHg 

(Figure 2-2).  
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Figure 2-2: Study Protocol 

Schematic of basic protocol involving methacholine (MCH) and norepinephrine (NE) 

administration. 

2.2.3 Wire Myography Protocol 

Mice randomized to wire myography experiments were maintained under anesthesia for 

120 minutes following induction of sepsis and subsequently euthanized by exsanguination 

and excision of the heart. Euthanization at 120 minutes was chosen as by this time point, 

septic mice of both age groups demonstrated in-vivo changes to MCH administration but 

were not so sick that vessels would be unresponsive despite escalating concentrations of 

vasoactive medications. Left common carotid arteries and second-order mesenteric arteries 

were rapidly removed and placed in ice-cold HEPES-buffered physiologic saline solution 

(PSS – composition: (in mM) HEPES 10, glucose 5.5, CaCl2 1.56, KCl 4.7, NaCl 142, 

MgSO4 1.17, KH2PO4 1.18, pH 7.45). Vessels were cleaned of extraneous perivascular 
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connective tissues, and small vessel sections (2 mm in length) were isolated and mounted 

in an isometric myograph system (DMT, Copenhagen, Denmark); 15 µm gold wire was 

used to mount mesenteric arteries, and 40 µm tungsten wire was used to mount the carotid 

arteries. Vessels were assessed at 37⁰C and normalized to optimal resting tension (0.8 IC100: 

the internal circumference equaling a transmural pressure of 100 mmHg) by small 

incremental increases in diameter. Vessels were then allowed 30 minutes to equilibrate to 

the optimal resting tension before initiating the experimental protocol. Vessels were also 

tested for viability (ability to elicit a robust constriction) by treatment with high potassium 

physiologic salt solution (KPSS). After rinsing, vessels were treated with phenylephrine 

(PE; 10 µmol/L) twice, with a rinse and return to baseline tension in between doses; 

following the second dose of PE, methacholine (MCH: 3 µmol/L) was administered to test 

the integrity of the endothelium. Following confirmation of endothelial integrity, vessels 

were rinsed and returned to baseline. Concentration-response curves were then generated 

for PE. A subset of vessels was incubated with non-selective nitric oxide synthase (NOS) 

inhibitor L-NG-nitro-arginine-methyl ester (LNAME: 100 µmol/L) for 30 minutes prior to 

performing cumulative concentration-response curves with MCH and sodium nitroprusside 

(SNP). For concentration-response curves with vasodilators, vessels were first sub-

maximally pre-constricted (80% maximum: EC80) with PE. Finally, at the conclusion of 

each experiment, vessel integrity was verified by inducing constriction with KPSS was 

assessed; those vessels with a final KPSS constriction of less than 80% of the first KPSS 

constriction were excluded from analyses.  



 

 77 

 

Figure 2-3: Vasoactive Medications Used for Wire Myography 

Vasoactive medications used in wire myography. (cGMP: cyclic guanosine 

monophosphate; GTP: guanosine triphosphate; LNAME: L-NG-nitro-arginine-methyl 

ester; MCH: methacholine; NO: nitric oxide; NOS: nitric oxide synthase; sGC: soluble 

guanylate cyclase; SNP: sodium nitroprusside) 

 

2.2.4 Assessment of sGC Production 

sGC activity was assessed indirectly by measuring cGMP production in two end-organs 

commonly acutely affected by sepsis, the lung and the kidney. Fresh left lungs and left 

kidneys were harvested from a subset of non-septic and septic mice 120 minutes post-

vehicle or fecal slurry injection under isoflurane anesthetic. Lungs and kidneys were 

homogenized in EDTA, Tris-HCL, sucrose, dithiothreitol, protease inhibitor cocktail 

(Sigma, St. Louis, MO), and sodium orthovanadate. Homogenized tissue was centrifuged 
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(10,000 x g, 4°C, 20 minutes) and had total protein quantified using the bicinchoninic acid 

protein assay. Cytosolic protein was added to a reaction buffer mixture containing bovine 

serum albumin, benzamidine HCL, SNP, LNAME, 3-isobuyl-1-methylxanthine, L-

cysteine, and GTP (Sigma, St Louis, MO). This mixture was incubated for 30 minutes at 

37°C in a shaking water bath. The reaction was terminated with zinc acetate and sodium 

carbonate (Sigma, St Louis, MO). This mixture was then centrifuged (5,000 x g, 4°C, 10 

minutes). cGMP was then quantified with the Cayman Chemical Cyclic GMP ELISA kit 

(Ann Arbor, MI, USA). 

2.2.5 Reagents 

MCH and NE (obtained from Sigma, St. Louis, MO) were dissolved in sterile saline (0.9% 

NaCl) for in-vivo experiments and subsequently diluted in PSS for final use in myography 

experiments.  PE, SNP, and LNAME (Sigma, St. Louis, MO) were also dissolved in sterile 

saline and diluted in PSS for final use in myography experiments. 

2.2.6 Statistical Analysis 

Data are presented as mean±SEM. Patterns of cardiovascular collapse (as depicted by 

Kaplan-Meier curves) were analyzed by log-rank tests.  Continuous variables, including 

arterial pressures, heart rates, and hemodynamic responsiveness to exogenous 

pharmacological agents were analyzed by repeated measures 2-way ANOVA for the 

overall effects of sepsis and time; subjects were matched within the time domain.  The 

remaining data were analyzed by unpaired Student’s t-test.  For collection of septic systolic 

blood pressure, diastolic blood pressure, and heart rate, the most representative five-second 
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segment within each 30-second interval was captured from recorded parameters. Percent 

changes in hemodynamic variables in response to MCH administration were calculated as 

the minimum value compared to the baseline in the immediately preceding five-minute 

interval.  For wire myography, concentration-response curves were fitted to the Hill 

equation using a variable slope, and pEC50 (mean effective concentration to produce a 50% 

response) and maximal responses were analyzed by unpaired t-test. cGMP production was 

analyzed with 2-way ANOVA and Tukey’s multiple comparison test. Statistical outliers 

determined by Grubb’s test were not included. Results were considered significant if 

P<0.05. GraphPad Prism 8 software (La Jolla, CA) was employed for statistical analysis.  

2.3 Results 

Baseline (i.e. prior to induction of sepsis) hemodynamic parameters (systolic blood 

pressure, diastolic blood pressure, and heart rate) were not different between the young and 

aged mice (Figure 2-4: A-C). Aged mice had greater declines in systolic (young: -10.88%, 

aged: -16.99%; difference: -6.11±2.59%; P=0.04) and diastolic (young: -10.87, aged: -

19.59; difference: -8.72±2.68%; P=0.009) blood pressure in response to boluses doses of 

the endothelial-dependent vasodilator MCH (Figure 2-4: E). Heart rate response to MCH 

was not different in the aged compared to the young (Figure 2-4: F). 
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Figure 2-4: Baseline Hemodynamics 

Baseline hemodynamics (A-C) and vascular responses to methacholine (MCH) (D-F) in 

control young male C57BL/6 and aged male mice. 

 

Thirty minutes after induction of sepsis, aged mice had lower systolic blood 

pressure (P=0.04) and diastolic blood pressure (P=0.02), which persisted over the 

following 180 minutes. Heart rate was not different (P=0.79) between the age groups 

during this period (Figure 2-5: A-C). Aged mice also had reduced MCH-induced diastolic 
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blood pressure responses to the endothelial-dependent vasodilator MCH (-8±2%; (P=0.01) 

compared to young mice), albeit no difference between age groups was observed in systolic 

blood pressure or heart rate (Figure 2-5: D-F).  

 

Figure 2-5: Hemodynamics  

Hemodynamics (A-C) in C57BL/6 young and aged mice over time as sepsis progresses. 

Vascular responses (D-F) to methacholine (MCH: 1µg/kg IV) over time (Time=30 

minutes: first methacholine measurement). 

 

After 180 minutes, four of the six aged mice met predefined humane endpoints and 

therefore were euthanized. Probability of survival was higher for the young septic mice 

(P=0.01, hazard ratio: 6.924, 95% confidence interval: 1.538 to 31.17; Figure 2-6: A). 
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Based on predefined criteria for humane euthanasia, mean survival time post-induction of 

sepsis was markedly reduced in aged mice compared to young (Figure 2-6: B) (young: 

283±67 min; aged: 115±24 min; P=0.04). 

 

Figure 2-6: Survival for septic male young C57BL/6 and aged mice 

Kaplan-Meier survival curve (A) for young and aged septic mice. (B) Mean survival 

times for young and aged septic mice.  
 

As noted above, a separate cohort of mice were administered continuous infusions of NE 

at predefined hemodynamic thresholds to mimic clinical intervention with a vasopressor, 

and in turn assess the reversibility of cardiovascular collapse in the final stages of sepsis. 

In mice treated with NE, there was no difference in survival between the young and aged 

septic mice (P=0.79, hazard ratio: 1.732, 95% confidence interval: 0.5166 to 5.810, Figure 

2-7: A; Figure 2-7: B: mean survival: young 232.8±24.46 minutes; aged 195.5±21.55 

minutes; P=0.28). NE treatment in young septic mice compared to untreated young septic 
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mice did not improve survival (difference of 50.50±71.70; P=0.50), while the aged mice 

did experience an improvement in survival with the addition of NE (difference of 

80.83±31.95 minutes; P=0.03). The aged mice received less total NE (Figure 2-7: C: 

young: 1,520±166.4 µg; aged: 710.6±242.1 µg; P=0.02) and spent less percentage of time 

with NE infusing (Figure 2-7: D: young: 74.50±4.703 minutes; aged: 45.33±8.99 minutes; 

P=0.02). 

 

Figure 2-7: Norepinephrine Protocol 
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(A) Survival probability for male septic young C57BL/6 and aged mice treated with 

intravenous norepinephrine (NE) infusion.  (B) Survival time in minutes for male septic 

young C57BL/6 and aged mice treated with intravenous norepinephrine (NE) infusion.  (C) 

The total dose of NE infused in µg/kg for male septic young C57BL/6 and aged mice. (D) 

% of total survival time spent with NE infusing for male septic young C57BL/6 and aged 

mice. 

 

 Wire myography was used to examine ex-vivo vascular function in response to 

exogenously administered agents, including the vasoconstrictor PE, and the endothelial-

dependent and -independent vasodilators MCH and SNP. Non-septic aged carotid arteries 

demonstrated an increased sensitivity to MCH (pEC50 young: 7.11±0.17; aged: 7.98±0.29; 

P=0.03) and SNP (pEC50 young: 7.52±0.15; aged: 8.45±0.30; P=0.02) compared to the 

young; however, there was no change in the percent maximal dilation achieved between 

age groups for either MCH (P=0.59) or SNP (P>0.99) (Figure 2-8). Carotid arteries from 

septic aged mice had no change in sensitivity to MCH compared to young septic mice 

(P=0.31), but had increased sensitivity to SNP (pEC50 young: 7.77±0.05; aged: 8.61±0.20; 

P=0.002) compared to their young septic counterparts. There was no change in the percent 

maximal dilation achieved between age groups for MCH (P=0.20) or SNP (P=0.30) 

(Figure 2-8). 
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Figure 2-8: Wire Myography Carotid Arteries 

Control and septic ex-vivo wire myography for male carotid arteries depicting vasoactive 

parameters for young (green) and aged (blue) mice. (A, D, G, J) Carotid methacholine 

(MCH) and sodium nitroprusside (SNP) cumulative concentration-response curves. (B, E, 

H, K) pEC50 for carotid MCH and SNP cumulative concentration-response curves. (C, F, 

I, L) Maximum relaxation achieved by MCH and SNP administration. 

  

 Mesenteric arteries from non-septic aged mice had increased sensitivity to MCH 

(pEC50 young: 7.11±0.17; aged: 7.98±0.29; P=0.03) and decreased sensitivity to SNP 

(pEC50 young: 8.52±0.10; aged: 7.59±0.23; P=0.004) compared to the young. The percent 

maximal dilation achieved was less for MCH in the aged (young: 98.85±2.58; aged: 

75.87±17.54; P=0.01); however, there was no change in the percent maximal dilation 

achieved between age groups for SNP (P=0.30) (Figure 2-9). Septic aged mesenteric 

arteries demonstrated no change in MCH or SNP sensitivities between the age groups 

(MCH P=0.32; SNP P=0.96) compared to the young. There was no change in the percent 

maximal dilation achieved between age groups for MCH (P=0.48) or SNP (P=0.30) 

(Figure 2-9). 



 

 87 
 



 

 88 

Figure 2-9: Wire Myography Mesenteric Arteries 

Control and septic ex-vivo wire myography for male mesenteric arteries depicting 

vasoactive parameters for young (green) and aged (blue) mice. (A, D, G, J) Mesentery 

methacholine (MCH) and sodium nitroprusside (SNP) cumulative concentration-response 

curves. (B, E, H, K) pEC50 for mesenteric MCH and SNP cumulative concentration-

response curves. (C, F, I, L) Maximum relaxation achieved by MCH and SNP 

administration. 

 

Incubation of isolated vessels with LNAME was used to examine ex-vivo septic 

vascular dysfunction in response to MCH- and SNP-induced vasodilation. Non-septic aged 

carotid arteries demonstrated an increased sensitivity to MCH (pEC50 young: 7.11±0.17; 

aged: 7.98±0.29; P=0.03) while SNP sensitivity (P=0.05) remained similar; however, there 

was no change in the percent maximal dilation achieved between age groups for either 

MCH (P=0.13) or SNP (P>0.99) (Figure 2-10). Septic aged carotid arteries demonstrated 

no change in MCH sensitivity between the age groups (P=0.77), but an increased SNP 

(pEC50 young: 8.17±0.13; aged: 8.68±0.08; P=0.008) sensitivity compared to the young. 

Percent maximal dilation was greater for MCH in the aged (young: 40.00±15.91, aged: 

58.18±15.77, (P=0.01). There was no change in the percent maximal dilation achieved 

between age groups for SNP (P=0.30) (Figure 2-10). 
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Figure 2-10: Wire Myography LNAME Carotid Arteries 

Control and septic ex-vivo wire myography for male carotid arteries incubated with L-NG-

Nitro arginine methyl ester (LNAME) depicting vasoactive parameters for young (green) 

and aged (blue) mice. (A, D, G, J) carotid methacholine (MCH) and sodium nitroprusside 

(SNP) cumulative concentration-response curves. (B, E, H, K) pEC50 for MCH and SNP 

cumulative concentration-response curves. (C, F, I, L) Maximum relaxation achieved by 

MCH and SNP administration.  

 

Non-septic aged mesenteric arteries incubated with LNAME demonstrated no change in 

MCH sensitivity (P=0.20) but had decreased sensitivity to SNP (pEC50 young: 8.53±0.13; 

aged: 7.87±0.26; P=0.04) compared to the young. The percent maximal dilation achieved 

was less for MCH in the aged (young: 67.64±22.56; aged: 43.46±10.42; P=0.04); however, 

there was no change in the percent maximal dilation achieved between age groups for SNP 

(P=0.13) (Figure 2-11). Septic aged mesenteric arteries demonstrated no difference in 

MCH sensitivity between the age groups (P=0.12) or SNP sensitivity (P=0.43) compared 

to the young. There was an increase in maximal dilation in the aged receiving MCH (young: 

32.33±10.56, aged: 72.16±20.87, P=0.002) and no change in the percent maximal dilation 

achieved between age groups for SNP (P=0.64) (Figure 2-11). 
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Figure 2-11: Wire Myography LNAME Mesenteric Arteries 

Control and septic ex-vivo wire myography for male mesenteric arteries incubated with L-

NG-Nitro arginine methyl ester (LNAME) depicting vasoactive parameters for young 

(green) and aged (blue) mice. (A, D, G, J) Mesenteric methacholine (MCH) and sodium 

nitroprusside (SNP) cumulative concentration-response curves. (B, E, H, K) pEC50 for 

MCH and SNP cumulative concentration-response curves. (C, F, I, L) Maximum relaxation 

achieved by MCH and SNP administration. 

 

Data demonstrating comparison between young control and LNAME treated vessels and 

aged control compared to aged LNAME treated vessels are presented in Figure 2-12. 
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Figure 2-12: Control versus LNAME treated Vessels 

Data depicting ex-vivo wire myography area under the curves (AUC) for age-wise 

comparisons for control and L-NG-Nitro arginine methyl ester (LNAME) treated vessels 

incubated with methacholine (MCH) and sodium nitroprusside (SNP). A, B, C, and D 

represent young carotid arteries. E, F, G, and H represent aged carotid arteries. I, J, K, and 

L represent young mesenteric arteries. M, N, O, and P represent aged mesenteric arteries. 
 

Non-septic aged carotid arteries demonstrated no change in sensitivity to PE 

(P=0.19) compared to the young, nor did septic aged carotid arteries (P=0.23). Non-septic 

and septic aged mesenteric arteries also demonstrated no difference in PE sensitivity 

between the age groups (P=0.32; P=0.10) (Figure 2-13).  
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Figure 2-13: Wire Myography Vasoconstriction 

Control and septic ex-vivo wire myography for male carotid and mesenteric arteries 

depicting vasoactive parameters for young (green) and aged (blue) mice. (A, C, E, J) 

Phenylephrine (PE) cumulative concentration-response curves (B, D, F, H) pEC50 for PE 

cumulative concentration-response curves. 

 

Organ cGMP production was assessed in the lung and kidney. In the lung, septic 

young mice produced an increased amount of cGMP compared to non-septic lung, as an 

indirect measurement of sGC activity (non-septic: 3.47±1.14 pmol of cGMP per mg of 

protein produced in 30 minutes; septic: 7.09±0.46 pmol of cGMP per mg of protein 

produced in 30 minutes; an increase of 3.61±1.14 pmol of cGMP per mg of protein 

produced in 30 minutes; P=0.01). In contrast, cGMP production in aged lung tissue was 

not changed in septic and non-septic mice (non-septic: 11.22±3.87 pmol of cGMP per mg 

of protein produced in 30 minutes; septic: 5.27±1.16 pmol of cGMP per mg protein 

produced in 30 min; a difference of -5.95±4.04 pmol of cGMP per mg of protein produced 

in 30 minutes; P=0.17) (Figure 2-14: A). 

In the young kidney, cGMP production was unchanged between non-septic and 

septic conditions (non-septic: 7.03±1.88 pmol of cGMP per mg of protein produced in 30 

minutes; septic: 6.54±1.47 pmol of cGMP per mg of protein produced in 30 minutes; 

P=0.84). cGMP production in aged kidney tissue did not demonstrate a change (non-septic: 

8.00±3.34 pmol of cGMP per mg of protein produced in 30 minutes; septic: 2.60±0.69 

pmol of cGMP per mg of protein produced in 30 minutes; P=0.21) (Figure 2-14: B). 
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Figure 2-14: cGMP Production 

Production of cyclic guanosine monophosphate (cGMP) (pmol) per mg of protein produced 

in 30 minutes as an indirect measurement of soluble guanylate cyclase (sGC) activity in 

(A) lung and (B) kidney in young and aged non-septic and septic mice. 
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Table 7: Summary of Non-Wire Myography Data 

DBP: diastolic blood pressure; HR: heart rate; MCH: methacholine; NE: norepinephrine; 

SBP: systolic blood pressure; sGC: soluble guanylate cyclase  

 

Summary Effect of ↑ Age 

SBP Nil 

DBP Nil 

HR Nil 

SBP-MCH ↑ 

DBP-MCH ↑ 

HR-MCH Nil 

SBP-septic ↓ 

DBP-septic ↓ 

HR-septic Nil 

SBP-septic MCH Nil 

DBP-septic MCH ↓ 

HR-septic MCH Nil 

Survival ↓ 

NE ↓ dose, time infusing 

sGC Activity Lung Nil 

sGC Activity Kidney Nil 
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Table 8: Summary of Wire Myography Data 

MCH: methacholine; SNP: sodium nitroprusside 

Effect of Age 

Carotid Arteries Mesenteric Arteries 

Non-Septic arteries: 

• ↑ sensitivity to MCH and 

SNP, no change for PE 

• No change in maximal 

vasorelaxation or 

vasoconstriction 

 

Non-septic arteries: 

• ↑ sensitivity to MCH, no 

change for SNP or PE 

• ↑ maximal vasorelaxation 

to MCH, no change with 

SNP, no change in 

maximum vasoconstriction 

 

Septic arteries: 

• ↑ sensitivity to SNP, no 

change to MCH or PE 

• No change in maximal 

vasorelaxation or 

vasoconstriction 

Septic arteries: 

• No change in sensitivity to 

MCH, SNP, or PE 

• No change in maximal 

vasorelaxation or 

vasoconstriction 

 

LNAME Non-Septic arteries: 

• ↑ sensitivity to MCH, no 

change to SNP or PE 

• No change in maximal 

vasorelaxation or 

vasoconstriction 

 

LNAME Non-Septic arteries: 

• ↓ sensitivity to SNP, no 

change for MCH or PE 

• Less maximal 

vasorelaxation to MCH, no 

change for SNP, no change 

in vasoconstriction 

 

LNAME Septic arteries: 

• ↑ sensitivity to SNP, no 

change to MCH or PE 

• No change in maximal 

vasorelaxation or 

vasoconstriction 

 

LNAME Septic arteries: 

• No change in sensitivity to 

MCH, SNP, PE 

• No change in maximal 

vasorelaxation or 

vasoconstriction 

 

 

2.4 Discussion 

This study aimed to determine whether endothelial-dependent vasodilation is altered in 

aged mice resulting in harmful blood pressure and survival responses to sepsis. Before 
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sepsis induction, the young and aged mice had similar systolic blood pressure, diastolic 

blood pressure, and heart rate (Figure 2-4: A-C). The elderly have clinical hemodynamic 

changes, including increased systolic blood pressure, decreased diastolic blood pressure, 

and increased pulse pressure, resulting from a stiffened vasculature.537,538 We expected the 

aged mice to demonstrate an increased baseline systolic blood pressure with reduced 

diastolic blood pressure. However, these baseline hemodynamics parameters were 

measured following induction of anesthesia with inhaled isoflurane, which may have a 

greater effect on aged cardiovascular function in both normal and pro-inflammatory disease 

states.539-541  

In response to MCH administration, a greater decrease in systolic and diastolic 

blood pressure without a change in heart rate was observed in the aged mice (Figure 2-4: 

D-F). No change in the heart rate was meaningful as the heart rate can affect blood pressure 

as a contributor to cardiac output. With dysfunctional (uncoupled) eNOS combined with 

decreased substrate and cofactors for NO production, it may be expected that MCH would 

be less efficacious in in the elderly. However, there are two potential mechanisms that may 

contribute to increased responsiveness.  First, reduced NO is associated with sensitization 

of sGC.542 As such, after a prolonged state of relative depletion, endothelial-dependent 

activation with MCH may be exacerbated, even with reduced NO bioavailability.  MCH 

may also stimulate vasodilation by activating endothelial-derived hyperpolarizing factors 

(EDHF) via the release of endothelial cell epoxyeicosatrienoic acid (EET - cytochrome 

P450 epoxygenase-induced products of arachidonic acid540,543) or activation of certain 

calcium-related K+ channels544 (resulting in hyperpolarization and relaxation of vascular 



 

 101 

smooth muscle). Effects of EDHF in the aged may be upregulated due to the reduced 

reliance on a functional NO-sGC-cGMP signalling axis as has been shown in other disease 

states.545 The aged may also respond with increased activity of prostaglandin-induced 

vasodilation.546 

 Despite similar baseline non-septic hemodynamic parameters as seen in Figure 2-

4, aged mice demonstrated a greater decrease in both systolic and diastolic blood pressure 

following the induction of sepsis compared to the young mice, again, with no difference in 

heart rate (Figure 2-5: A-C). This hypotensive effect was observed to be maintained 

throughout the course of sepsis. This was an expected effect as elderly septic patients have 

been observed to develop more severe hypotension as a result of inability to produce and 

maintain sufficient levels of endogenous catecholamines.547 

It is important to acknowledge that a comparison of hemodynamic parameters could 

only be carried out until 180 minutes after induction of sepsis, as 67% of the aged mice 

had met humane endpoints for euthanization (mean arterial pressure less than 20 mmHg) 

by this point. The observation that aged septic mice became less MCH-responsive over 

time while the young demonstrated some increase may be due to the young mice relying 

on multiple aspects of vasodilation, including functional NOS signalling, prostaglandins, 

and EDHF, as no one system was overly relied upon and potentially at a point of 

exhaustion. When NOS signalling became impaired by sepsis, other vasodilatory systems 

were able to compensate. In aged mice, which are more reliant on EDHF than NOS 

signalling under baseline conditions,548 the EDHF system had potentially exhausted its 
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ability to upregulate further and provide increased vasodilation levels when sepsis further 

impaired NOS signalling.  

Adding to the complexity of interpreting these in-vivo results is the presence of 

several other age-related vascular changes. As above, aging involves multiple signalling 

pathways (integrated with dysfunctional NO signalling and increased reliance on EDHF-

related vasodilation on a molecular, cellular, and systemic level) that work in concert to 

facilitate vascular function, the precise roles of which, herein, are unclear.549,550 Young 

septic mice were also observed to survive sepsis better than the aged mice (Figure 2-6). 

This was an expected outcome due to the aforementioned vascular changes that occur with 

aging combined with the pro-inflammatory milieu, harmful effects of excessive iNOS-

induced NO production seen in sepsis, and decreased endogenous catecholamine 

production.547  

To further examine the influence of catecholamines, the effect of NE, a standard 

treatment for patients experiencing septic shock, was examined. NE is known to have 

multiple cardiovascular effects, including stimulation of the α1 receptors present on the 

vascular smooth muscle causing vasoconstriction, increase in heart rate due to the β1 

impacts on the pacemaker cells in the heart, increase in cardiac contractility via β1 

contractile myocardial cells, and stimulation of endothelin-1 (ET-1) release. NE did not 

improve sepsis survival in young mice, but did increase survival in the aged; however, the 

survival times of both age groups treated with NE was similar (Figure 2-7: A). Aged septic 

mice received less total NE than the young and had less percentage of total septic time with 

NE infusing despite having similar survival times when treated with NE (Figure 2-7: B, 
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C). Aging is associated with decreased levels of NE, possibly as a result of reduced 

synthesis from the adrenal gland.551 During sepsis, the elderly may be more at risk of 

critical illness-related corticosteroid insufficiency and may experience a benefit from the 

repletion of deficient NE. In contrast, the administered NE in the young is likely surplus, 

resulting in potentially harmful vasoconstriction leading to compromised blood flow 

regulation in an already compromised system. The result of decreased NE required may 

have important consequences for the elderly who often have more cardiac comorbidity and 

may be increasingly intolerant of arrhythmia, a common side effect of NE.  

In ex-vivo experiments and under non-septic conditions, the aged carotids 

demonstrated increased sensitivity to MCH and SNP to produce the same maximal dilation 

as in the young. As the carotids are larger capacitance vessels, they may rely more on NO 

than EDHF.552 But it is also important to consider that maintaining blood flow to the brain 

under times of stress is critically important. Therefore, the influence of EDHF on carotid 

arteries may be greater than in other larger capacitance vessels553,554 and aged carotid 

arteries have been shown to demonstrate increased reliance on EDHF.555 As the 

endothelial-dependent vasorelaxation was more sensitive in the aged than the young, it 

could be inferred that the MCH induced a greater change than would generally be seen in 

the young, potentially secondary to increased MCH-EDHF stimulation. Chronic 

inflammation including the increased ROS seen in the aged may decrease reliance on the 

NOS signalling system (due to uncoupled eNOS and oxidized sGC) and upregulate the 

EDHF response. As the aged mice were deficient in bioavailable NO, a smaller dose of 

SNP would likely produce a larger reaction than in the young with a functional NO 
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signalling axis (Figure 2-8). When septic carotid arteries were examined ex-vivo, the same 

amount of MCH was required to produce a similar maximal vasorelaxation in both age 

groups. Although sepsis can impair EDHF243 through the actions of NO produced by iNOS, 

ROS and bradykinin (present due to sepsis) can upregulate the EDHF system.234,556,557  

Therefore, increased MCH-EDHF stimulation may be seen in the young due to greater 

impairment of signalling through the sepsis-damaged NO signalling pathway, as is 

normally present in the aged.  

 Considering SNP administration, aged septic carotid arteries were observed to 

possess increased sensitivity to produce similar maximal dilation. In this case, the aged 

likely displayed increased sGC sensitivity to NO due to baseline decreases in bioavailable 

NO as well as having EDHF pathways that were likely highly functional to compensate for 

poor baseline NO signalling.  

Mesenteric arteries are known as resistance vessels and have a greater reliance on 

EDHF mechanisms than NO signalling.558 In our aged non-septic mesenterics, MCH 

produced a lesser amount of maximal vasorelaxation with a decreased concentration than 

observed in the young. This may be as above, where mesenteric arteries rely more heavily 

on EDHF. Therefore, in the aged, where the NO signalling is impaired at baseline, EDHF 

is of particular importance. Thus, the greater EDHF signal attempts to compensate for the 

more minor input from the NO signalling system secondary to MCH stimulation. In sepsis, 

the MCH stimulation should and did produce similar amounts of maximal vasorelaxation 

with similar MCH doses (Figure 2-9). This is likely related to sepsis-damaged NO 

signalling pathways as well as septic bradykinin stimulation resulting in increased reliance 
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of the young on EDHF pathways.559,560 In non-septic mesenteric arteries, the aged required 

a similar SNP dose to produce similar maximal vasodilation. Sepsis was observed to 

similarly effect the young and aged mesenteric arteries such that no difference in SNP 

sensitivity or maximal vasorelaxation was noted (Figure 2-10). 

We used LNAME (100 µmol/L) as a tool to examine how the absence of NOS-

generated NO affects aged vascular function. We observed that NOS inhibition in non-

septic carotid arteries resulted in no change in sensitivity to MCH or SNP dose; as well, no 

change in maximal relaxation was observed for either MCH or SNP. However, impairing 

NO bioavailability with NOS inhibition in mesenterics may have decreased sGC sensitivity 

as there was decreased NO available and sGC may have been oxidized by age-associated 

ROS. LNAME also equalized the maximal relaxation of both groups. NOS inhibition with 

LNAME resulted in the aged septic carotid and mesenteric arteries displaying increased 

maximal relaxation in response to similar doses of MCH. This was potentially secondary 

due to increased reliance on EDHF. Aged septic carotids were more sensitive to SNP 

without a change in maximal dilation, likely due to SNP-donated NO restoring some level 

of function in the highly damaged signalling system (Figures 2-10, 2-11). 

There were no differences in the dose of PE required to produce a maximal 

vasoconstriction response between the young and aged in either carotid or mesenteric 

arteries. Sepsis also did not affect a change in PE dose between the young and aged (Figure 

2-12). There is some evidence that α1-adrenergic receptor sensitivity is decreased in the 

elderly.561 However, aged vessels may be more reactive to α1-adrenergic receptor 

activation,562 potentially compensating for the reduced sensitivity. Sepsis can also lead to 
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desensitization of α1-adrenergic receptors, but as the elderly remain more reactive to α1-

adrenergic receptor activation, the response to phenylephrine could be similar. 

In the young, sepsis increased cGMP production in the lung as an indirect 

measurement of sGC activity. This was a likely outcome due to increased iNOS-induced 

NO production due to sepsis. This NO can then stimulate sGC to produce cGMP. The aged 

mice did not display an increase in cGMP production in the lung when exposed to sepsis. 

cGMP levels did not increase in either the young or aged kidneys.  Although NO signalling 

is essential for renal function, sepsis decreases blood flow to the kidney as an ‘expendable’ 

organ to maintain perfusion to ‘vital’ organs such as the brain and the heart.563,564 This data 

suggests that the sGC activity in tissues other than the vasculature may be what is impacting 

survival (Figure 2-14). 

2.5 Limitations 

This study used a model of septic shock with an intra-abdominal source. The fecal slurry 

dose (1.3 mg/g body weight) may have resulted in a septic shock phenotype too severe to 

elicit all changes in in-vivo hemodynamic and ex-vivo vascular dysfunction. Potentially a 

less acute model may demonstrate more subtle findings. Other models of sepsis may 

demonstrate different findings. Aged mice were 22-24 months old. Perhaps further survival 

and vascular findings would be evident with an older group; however, as above, this murine 

age approximates a human age when sepsis is common and therefore of interest to our 

group. This study omitted the use of antibiotics in these first series of experiments included 

herein as antibiotics may themselves impact vascular function565 and the interest was in 
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observing the isolated effects of sepsis. Future studies will include use of antibiotics for 

comparison to these initial findings. 

2.6 Conclusion 

The elderly have increased morbidity and mortality in sepsis. The observation included 

herein have shown aged mice have a baseline exaggerated blood pressure response to 

MCH-induced vasodilation. When septic, the aged lose this response. This study 

demonstrated that aged mice had reduced septic survival compared to the young and 

improved survival when treated with NE. In wire myography experiments, the response to 

MCH and SNP were impacted by age, sepsis, and NOS inhibition by LNAME. Levels of 

cGMP increased in young septic lungs but did not increase in young septic kidneys. Aged 

lungs and kidneys did not produce more cGMP in response to sepsis. Further delineation 

of the contribution of NO and EDHF signalling pathways in the aged vascular response to 

sepsis will improve our understanding of why the aged septic population is at higher risk 

of organ failure and mortality. 
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Chapter 3 

Cinaciguat Improves Blood Pressure and Survival in a Murine Model of Sepsis 

3.1 Background 

Nitric oxide (NO) is an important vasodilatory molecule with many functions including 

inhibition of smooth muscle proliferation, platelet aggregation, and leukocyte 

recruitment.566 Importantly, NO can also affect blood vessel tone by stimulating the 

production of cyclic guanosine monophosphate (cGMP) by activation of the downstream 

enzyme soluble guanylate cyclase (sGC).567 cGMP ultimately induces vasodilation.567 

However, in states of oxidative stress, dysfunctional sGC is increasingly recognized as a  

contributor to many disease states involving the cardiovascular system.568 One such disease 

affecting sGC function is sepsis, a life-threatening condition of organ dysfunction 

secondary to infection.1 In sepsis, high NO levels are produced secondary to increased 

inducible nitric oxide synthase (iNOS) function.569 However, sepsis also produces high 

levels of reactive oxygen species (ROS) through NADPH-oxidases, which oxidize sGC to 

a heme-free NO-unresponsive form.570-573 Septic ROS production is also associated with 

reduced sGC transcription and instability of sGC mRNA.574 The overall result of disrupting 

the NO-sGC-cGMP signalling pathway is vascular endothelial dysfunction, a major 

contributing factor in developing refractory septic vasodilation known as vasoplegia. 

Two classes of pharmacologic treatments to initiate sGC function have been 

brought to the forefront, the sGC stimulators and the sGC activators.568 sGC stimulators 

have been examined for their role in improving symptoms in patients with pulmonary 

hypertension.575 By binding to the heme-containing reduced form of sGC, sGC stimulators 
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can sensitize sGC to low NO levels.576 Since sGC stimulators target all sGC molecules 

throughout the body, treatment can cause systemic hypotension in addition to reducing 

symptoms of pulmonary hypertension, and therefore is not well tolerated in all patients.577 

sGC activators act differently; they specifically bind and activate the heme-free oxidized 

sGC, thereby preventing is degradation. This restores cGMP signalling in vessels with high 

levels of oxidative stress. Because they preferentially target the heme-free oxidized sGC 

over the native form, sGC activators like cinaciguat may cause less systemic hypotension 

(although non-selective targeting of the native form can occur at high levels of drug578).   

In sepsis, a mainstay of treatment involves ensuring hemodynamic stability (i.e. 

maintaining blood pressure above clinical thresholds). However, doing so without 

consideration of organ blood flow may be misleading. Indeed, many vasopressor 

medications used to maintain blood pressure levels do so by causing vasoconstriction, 

which may reduce end-organ blood flow, and thus compromise patient health and safety.  

Thus, prior to circulatory collapse (when vasopressor medications are needed), agents that 

selectively target damaged vasculature and restore blood flow may improve outcomes in 

sepsis. In this regard, sGC activators are an intriguing potential sepsis treatment to improve 

vascular function, organ function, and survival outcomes. Fully understanding the 

pathophysiologic contribution of dysfunctional sGC in sepsis is important as it provides a 

potential therapeutic target for a disease that remains the leading cause of intensive care 

unit (ICU) admission, morbidity, and death. We hypothesize that early sepsis treatment 

with an sGC activator (cinaciguat) will improve in-vivo and ex-vivo vascular function and 

improve sepsis survival without causing life-threatening hypotension. 
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3.2 Methods 

This study was conducted according to the Canadian Council on Animal Care guidelines, 

with approval from the Animal Care and Use Committee from the University of Alberta 

(Edmonton, Canada), and reported in adherence with the Animal Research: Reporting of 

In Vivo Experiments (ARRIVE) Guidelines. 

3.2.1 Animals and Preparation 

Ninety-six male C57BL/6 mice (procedure- and drug-administration-naïve, with no genetic 

modifications) aged 3-4 months were purchased from Charles-River Inc. (Saint-Constant, 

QC).  Mice were multiply housed (five per cage) in standard shoebox cages containing 

aspen-chip bedding, nesting material, and PVC tubing for environmental enrichment. 

Cages were located in the University of Alberta animal care facility, where a 12h:12h 

light:dark cycle and an ambient temperature of 22±1ºC were maintained. Trained animal 

care personnel routinely performed welfare assessments before experimentation. Mice had 

ad libitum access to tap water and standard grain-based rodent chow (PicoLab 5LOD, 

LabDiet, St. Louis, MO).  

Experiments were conducted in the same laboratory operating theatre during the 

day. Mice were anesthetized with inhaled isoflurane (induction: 5%, maintenance: 1.1-

1.5% in 100% O2) and were kept spontaneously breathing via a nosecone. Throughout the 

experiment, mice were maintained on a warmed surgical table, and body temperature was 

monitored via a rectal thermometer. Following induction of anesthesia, mice were 

instrumented with a polyethylene catheter (PE10; inner diameter 0.58 mm, outer diameter 
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0.97 mm) in the left femoral vein for drug delivery and a glass fibreoptic transducer catheter 

(FISO 0.9 Fr/0.5 Fr; Harvard Apparatus, Harvard BioScience Inc.) in the right carotid 

artery for hemodynamic assessments. The femoral venous catheters contained heparinized 

sterile 0.9% saline (25 units/mL). Following hemodynamic instrumentation, mice were 

allowed 30 minutes to achieve stable baseline temperature and hemodynamic variables. 

The mice were administered hydration with sterile saline (2 mL/kg/hour IV). Arterial blood 

pressure and heart rate were monitored and recorded via the indwelling FISO catheter 

connected to a data acquisition system (Lab Chart Pro 8, ADInstruments, Colorado 

Springs, CO).  

3.2.2 Study Protocol 

Fecal slurry (1.3 mg/g IP) was administered to induce sepsis (dose determined in our pilot 

studies). Blood pressure, heart rate, and temperature were recorded. Mice received 

cinaciguat (15 µg/kg IV – the most effective dose in our pilot studies) 30 minutes after 

fecal slurry injection; age-matched controls received an equivalent volume of vehicle (60% 

phosphate-buffered saline, 20% diethylene glycol monoethyl ether, and 20% cremophor). 

Vascular reactivity was assessed via methacholine (MCH; 1 µg/kg IV – a dose that caused 

hypotension lasting under 10 seconds due to decreased systemic vascular resistance; this 

dose did not affect heart rate – see Figure 2-1) injection every 30 minutes. Subsets of septic 

mice were administered norepinephrine (NE) to assess the reversibility of cardiovascular 

collapse. NE infusion was initiated at 200 µg/kg/hour and advanced by 100 µg/kg/hour in 

five-minute intervals until the mean arterial pressure was greater than 65 mmHg or systolic 
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blood pressure greater than 80 mmHg was reached to a maximum of 600 µg/kg/hour 

(Figure 3-1).   

 

Figure 3-1: Study Protocol 

Schematic of study protocol including methacholine MCH) and norepinephrine (NE) 

administration. 

3.2.3 Wire Myography Protocol 

Mice randomized to wire myography experiments were maintained under anesthesia for 

120 minutes following induction of sepsis and subsequently euthanized by exsanguination 

and excision of the heart. Left common carotid arteries and second-order mesenteric 

arteries were rapidly removed and placed in ice-cold HEPES-buffered physiologic saline 

solution (PSS – composition: (in mM) HEPES 10, glucose 5.5, CaCl2 1.56, KCl 4.7, NaCl 

142, MgSO4 1.17, KH2PO4 1.18, pH 7.45). Vessels were cleaned of extraneous 

perivascular connective tissues, and small vessel sections (2 mm in length) were isolated 

and mounted in an isometric myograph system (DMT, Copenhagen, Denmark); 15 µm 

gold wire was used for mesenteric arteries, and 40 µm tungsten wire was used for the 
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carotid arteries. Vessels were assessed at 37⁰C and normalized to optimal resting tension 

(0.8 IC100: the internal circumference equaling a transmural pressure of 100 mmHg) by 

small incremental increases in diameter. Vessels were then allowed 30 minutes to 

equilibrate to the optimal resting tension before initiating the experiment. Vessels were 

subsequently tested for viability by high potassium PSS (KPSS) treatment. After rinsing, 

vessels were treated with phenylephrine (PE: 10 µmol/L) twice, with a rinse and return to 

baseline tension in between doses; following the second dose of PE, MCH (3 µmol/L) was 

administered to test the integrity of the endothelium. Following endothelial assessment, 

vessels were rinsed and returned to baseline. Concentration-response curves for PE were 

performed. Next, a subset of vessels was incubated with non-selective nitric oxide synthase 

(NOS) inhibitor L-NG-nitro-arginine-methyl ester (LNAME: 100 µmol/L) for 30 minutes 

before performing cumulative concentration-response curves with MCH and sodium 

nitroprusside (SNP); vessels were sub-maximally pre-constricted (80% maximum: EC80) 

with PE. Finally, at the end of each experiment, vascular constriction to KPSS was 

assessed; those vessels with a final KPSS constriction of less than 80% of the first KPSS 

constriction were excluded from analyses.  

3.2.4 Assessment of sGC Production 

sGC activity was assessed indirectly by measuring cGMP production in two end-organs 

commonly acutely affected by sepsis, the lung and the kidney. Fresh left lungs and left 

kidneys were harvested from a subset of non-septic and septic mice 120 minutes post-

vehicle or fecal slurry injection under isoflurane anesthetic. Lungs and kidneys were 

homogenized in EDTA, Tris-HCL, sucrose, dithiothreitol, protease inhibitor cocktail 
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(Sigma, St. Louis, MO), and sodium orthovanadate. Homogenized tissue was centrifuged 

(10,000 x g, 4°C, 20 minutes) and had total protein quantified using the bicinchoninic acid 

protein assay. Cytosolic protein was added to a reaction buffer mixture containing bovine 

serum albumin, benzamidine HCL, SNP, LNAME, 3-isobuyl-1-methylxanthine, L-

cysteine, and GTP (Sigma, St. Louis, MO). This mixture was incubated for 30 minutes at 

37°C in a shaking water bath. The reaction was terminated with zinc acetate and sodium 

carbonate (Sigma, St. Louis, MO). This mixture was then centrifuged (5,000 x g, 4°C, 10 

minutes). cGMP was then quantified with the Cayman Chemical Cyclic GMP ELISA kit 

(Ann Arbor, MI, USA). Samples were assessed under three cinaciguat concentrations 0 

µM, 10 µM, and 100 µM.   

3.2.5 Reagents 

Cinaciguat (Sigma, St. Louis, MO) was prepared in 60% phosphate-buffered saline, 20% 

diethylene glycol monoethyl ether, and 20% cremophor. MCH and NE (Sigma, St. Louis, 

MO) were dissolved in sterile saline (0.9% NaCl) for in-vivo and subsequently diluted in a 

PSS for final use in myography experiments.  PE, SNP, and LNAME (Sigma, St. Louis, 

MO) were also dissolved in sterile saline and diluted in PSS for final use in myography 

experiments. 

3.2.6 Statistical Analysis 

Data are presented as mean±SEM. Patterns of cardiovascular collapse (as depicted by 

Kaplan-Meier curves) were analyzed by log-rank tests.  Continuous variables, including 

arterial pressures, heart rates and hemodynamic responsiveness to exogenous 
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pharmacological agents were analyzed by repeated measures 2-way ANOVA for the 

overall effects of sepsis and time; subjects were matched within the time domain.  The 

remaining data were analyzed by unpaired Student’s t-test.  For collection of septic systolic 

blood pressure, diastolic blood pressure, and heart rate, the most representative five-second 

segment within each 30-second interval was captured from recorded parameters. Percent 

changes in hemodynamic variables in response to MCH administration were calculated as 

the minimum value compared to the baseline in the immediately preceding five-minute 

interval.  For wire myography, concentration-response curves were fitted to the Hill 

equation using a variable slope, and pEC50 (mean effective concentration to produce a 50% 

response) and maximal responses were analyzed by unpaired t-test. cGMP production was 

analyzed with 2-way ANOVA and Tukey’s multiple comparison test. Statistical outliers 

determined by Grubb’s test were not included. Results were considered significant if 

P<0.05. GraphPad Prism 8 software (La Jolla, CA) was employed for statistical analysis.  

3.3 Results 

There were no differences in baseline hemodynamic characteristics (systolic blood 

pressure, diastolic blood pressure, heart rate) between mice randomized to the cinaciguat 

treatment versus the control group (Figure 3-2: A-C). There were also no baseline 

differences (% change in systolic blood pressure, % change in diastolic blood pressure, % 

change in heart rate) between cinaciguat-treated and control groups in response to in-vivo 

administration of MCH (Figure 3-2: D-F).  
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Figure 3-2: Baseline Characteristics 

There were no differences in baseline hemodynamics (A-C) and vascular responses to 

methacholine (MCH) (D-F) in control C57BL/6 mice and those mice randomized to 

treatment with cinaciguat (cin: 15 µg/kg IV). 

 

Following induction of sepsis, systolic blood pressure (P<0.0001), diastolic blood 

pressure (P<0.0001), and heart rate (P<0.0001) decreased in both cinaciguat-treated and 

control mice over time (Figure 3-3: A-C). However, all three parameters remained 

significantly elevated in the cinaciguat-treated group compared to the control (systolic 
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blood pressure P=0.01; diastolic blood pressure: P=0.04; heart rate: P=0.01). Over the time 

course of sepsis, systolic and diastolic blood pressure response to MCH in cinaciguat-

treated and control mice decreased over time (P<0.0001), however heart rate responses 

remained similar (P=0.21). Mice treated with cinaciguat did not experience greater 

decrements in systolic (P=0.10) and diastolic blood pressure (P=0.09), but heart rate in 

response to MCH during sepsis increased (P=0.01) as compared to the control mice 

(Figure 3-3: D-F).  

 

Figure 3-3: Septic Characteristics 

Hemodynamics (A-C) in control (C57BL/6) young and cinaciguat (cin: 15 µg/kg IV) 

treated mice over time as sepsis progresses. Vascular responses (D-F) to methacholine 

(MCH: 1 µg/kg IV) over time (Time=0 minutes). 
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Cinaciguat treatment improved probability of sepsis survival (P=0.005; Figure 3-

4: A) and septic survival time (P=0.03, hazard ratio: 0.1039, 95% confidence interval: 

0.02173 to 0.4968; median survival time – control mice 237 minutes versus 345.5 minutes 

in cinaciguat-treated mice; Figure 3-4: B).  

 

Figure 3-4: Survival 

Survival probability (A) and time (B) depicted in minutes for septic C57BL/6 and 

cinaciguat (cin: 15 µg/kg IV) treated mice. 

 

There was no difference in probability of survival between control and cinaciguat-

treated mice administered NE (P=0.28; hazard ratio: 0.4963, 95% confidence interval: 

0.1380 to 1.784 Figure 3-5: A). There was no difference in survival time in control mice 

who received NE (median survival: 228.5 minutes) versus cinaciguat-treated mice who 

received NE (median survival: 243.5 minutes) (P=0.35) (Figure 3-5: B). However, 

cinaciguat-treated mice required less total NE (control: 1551±178 µg; cinaciguat-treated: 
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368±112 µg; P=0.0002; Figure 3-5: C) and spent less time with NE infusing (control: 

74±8minutes; cinaciguat-treated: 21±9 minutes; P=0.001; Figure 3-5: D).  

 

Figure 3-5: Effects of Norepinephrine 

(A) Survival probability for septic C57BL/6 mice and septic C57BL/6 mice that received 

cinaciguat (cin: 15µg/kg IV) treated with intravenous infusion of norepinephrine (NE). (B) 

Survival time in minutes for septic C57BL/6 mice and septic C57BL/6 mice that received 

cinaciguat (cin: 15µg/kg IV) treated with intravenous infusion of norepinephrine (NE).  (C) 

The total dose of norepinephrine (NE) infused in µg/kg for septic C57BL/6 mice and 
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cinaciguat-treated mice. (D) % of total survival time spent with norepinephrine (NE) 

infusing for septic C57BL/6 and cinaciguat-treated mice.  

 

Wire myography was used to examine ex-vivo vascular dysfunction in response to 

MCH- and SNP-induced vasodilation and PE-induced vasoconstriction. Carotid arteries 

from septic mice had similar sensitivity to MCH (P=0.29) but increased sensitivity to SNP 

(pEC50 control 7.56±0.07; cinaciguat-treated 8.11±0.19; P=0.02). Similar maximal 

vasorelaxation in both control and cinaciguat-treated mice was observed for MCH (P=0.23) 

and SNP (P>0.99) (Figure 3-6).  
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Figure 3-6: Wire Myography Carotid Arteries 

Septic ex-vivo wire myography for carotid arteries depicting vasoactive parameters for 

control (green) and cinaciguat (cin: 15µg/kg IV) treated mice (yellow). (A, D) Carotid 

methacholine (MCH) and sodium nitroprusside (SNP) cumulative concentration-response 

curves. (B, E) pEC50 for carotid MCH and SNP cumulative concentration-response curves. 

(C, F) Maximum relaxation achieved by MCH and SNP administration. 

 

In mesenteric arteries, differences were noted between cinaciguat-treated and 

control mice. Cinaciguat-treated mesenteric arteries displayed no change in sensitivity to 

MCH (P=0.50), but a left-ward shift of the concentration-response curve to SNP, 

corresponding to an increase in sensitivity (pEC50 SNP control: 8.67±0.10; cinaciguat-

treated: 9.35±0.17; P=0.01) albeit but no differences in in maximal dilation were noted for 

either drug (MCH P=0.36; SNP=0.19) (Figure 3-7).  
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Figure 3-7: Wire Myography Mesenteric Arteries 

Septic ex-vivo wire myography for mesenteric arteries depicting vasoactive parameters for 

control (green) and cinaciguat (cin: 15µg/kg IV) treated mice (yellow). (A, D) Mesentery 

methacholine (MCH) and sodium nitroprusside (SNP) cumulative concentration-response 

curves. (B, E) pEC50 for mesentery MCH and SNP cumulative concentration-response 

curves. (C, F) Maximum relaxation achieved by MCH and SNP administration. 

 

In vessels pre-treated with LNAME, there were no differences in septic carotid 

artery pEC50 (MCH P=0.56) or maximal dilation achieved with MCH (P=0.91) or SNP 

(P>0.99) (Figure 3-8). Sensitivity for SNP in cinaciguat-treated septic carotid arteries was 

increased (pEC50 control: 8.04±0.11; cinaciguat-treated: 8.41±0.08). No change was 

observed in septic mesenteric arteries for MCH (P=0.05) or SNP (P=0.06). Maximal 
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dilation achieved with MCH (P=0.27) and SNP (P=0.12) (Figure 3-9) was similar between 

control and cinaciguat-treated vessels.  

 

Figure 3-8: Wire Myography LNAME Carotid Arteries 

Septic ex-vivo wire myography for carotid arteries incubated with L-NG-Nitro arginine 

methyl ester (LNAME) depicting vasoactive parameters for control (green) and cinaciguat 

(cin: 15 µg/kg IV) treated mice (yellow). (A, D) Carotid methacholine (MCH) and sodium 

nitroprusside (SNP) cumulative concentration-response curves. (B, E) pEC50 for carotid 

MCH and SNP cumulative concentration-response curves. (C, F) Maximum relaxation 

achieved by MCH and SNP administration. 
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Figure 3-9: Wire Myography LNAME Mesenteric Arteries 

Septic ex-vivo wire myography for mesenteric arteries incubated with L-NG-Nitro arginine 

methyl ester (LNAME) depicting vasoactive parameters for control (green) and cinaciguat 

(cin: 15 µg/kg IV) treated mice (yellow). (A, D) Mesentery methacholine (MCH) and 

sodium nitroprusside (SNP) cumulative concentration-response curves. (B, E) pEC50 for 

mesentery MCH and SNP cumulative concentration-response curves. (C, F) Maximum 

relaxation achieved by MCH and SNP administration. 

 

Data demonstrating comparison between control and LNAME treated vessels and 

cinaciguat control compared to aged LNAME treated vessels are presented in Figure 3-10 

as percent change in area under the curve. 
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Figure 3-10: Control versus LNAME AUC %Change 

Data depicting ex-vivo wire myography area under the curves (AUC) comparisons for 

control and L-NG-Nitro arginine methyl ester (LNAME) treated vessels incubated with 

methacholine (MCH) and sodium nitroprusside (SNP) in vehicle and cinaciguat-treated 

(Cin) arteries. A, B, C, and D represent carotid arteries. E, F, G, and H represent mesenteric 

arteries.  
 

There was no difference in vasoconstriction in response to PE between the control 

and cinaciguat-treated mice, without (carotid: P=0.14; mesentery: P=0.43) or with 

LNAME (carotid: P=0.82; mesentery: P=0.17). 
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Figure 3-11: Wire Myography Vasoconstriction 

Septic ex-vivo wire myography for aged carotid and mesenteric arteries depicting 

vasoactive parameters for control (green) and cinaciguat-treated (yellow) mice. (A, C) 

Phenylephrine (PE) cumulative concentration-response curves (B, D) pEC50 for PE 

cumulative concentration-response curves. 
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Figure 3-12: Wire Myography LNAME Vasoconstriction 

Septic ex-vivo wire myography for aged carotid and mesenteric arteries incubated with L-

NG-Nitro arginine methyl ester (LNAME) depicting vasoactive parameters for control 

(green) and cinaciguat (yellow) mice. (A, C) Phenylephrine (PE) cumulative 

concentration-response curves (B, D) pEC50 for PE cumulative concentration-response 

curves. 
 

 

End-organ production of cGMP was assessed in lung and kidney. In lung, addition 

of cinaciguat to non-septic tissues failed to increase sGC activity (0 versus 10 µM: P=0.97; 

0 versus 100 µM: P=0.97; 10 versus 100 µM: P>0.99; Figure 3-13: A). In lung tissue of 

septic mice, cinaciguat increased cGMP production (0 versus 10 µM: P=0.23; 0 versus 100 

µM: P<0.0001; 10 versus 100 µM: P<0.0001; Figure 3-13: A). Kidney from non-septic 
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mice exhibited decreased cGMP production when exposed to cinaciguat (0 versus 10 µM: 

P=0.04; 0 versus 100 µM: P=0.049; 10 versus 100 µM: P>0.99; Figure 3-13: B), whereas 

kidneys from septic mice showed no increase in cGMP production when exposed to 

cinaciguat at low concentrations, but did so at higher concentrations (0 versus 10 µM: 

P=0.23; 0 versus 100 µM: P<0.0001; 10 versus 100 µM: P<0.0001; Figure 3-13: B).  

 

Figure 3-13: cGMP Production 

Soluble guanylate cyclase (sGC) activity measured as pmol of cGMP produced per mg of 

protein in 30 minutes from (A) lung and (B) kidney in non-septic and septic C57BL/6 mice 

by ELISA in the presence of cinaciguat (cin) 0 µM, 10 µM, 100 µM. 
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Table 9: Summary of Non-Wire Myography Data 

DBP: diastolic blood pressure; HR: heart rate; MCH: methacholine; NE: norepinephrine; 

SBP: systolic blood pressure; sGC: soluble guanylate cyclase  

 

Summary Effect of Cinaciguat 

SBP-septic ↑ 

DBP-septic ↑ 

HR-septic ↑ 

SBP-septic MCH Nil 

DBP-septic MCH Nil 

HR-septic MCH ↑ 

Survival ↑ 

NE Nil survival, ↓ dose, ↓ time infusing 

sGC Activity Lung ↑ 

sGC Activity Kidney ↑ 

 

 

Table 10: Summary of Wire Myography Data 

MCH: methacholine; SNP: sodium nitroprusside 

Effect of Cinaciguat 

Carotid Arteries Mesenteric Arteries 

Baseline: 

• ↑ sensitivity to SNP 

• No change in sensitivity to MCH 

or PE 

 

Baseline: 

• ↑ sensitivity to SNP 

• No change in sensitivity to MCH 

or PE 

 

Baseline: 

• No change in maximal relaxation 

or vasoconstriction 

 

Baseline: 

• No change in maximal relaxation 

or vasoconstriction 

LNAME:  

• ↑ sensitivity to SNP  

• No change in sensitivity to MCH 

or PE 

 

LNAME: 

• No change in sensitivity to MCH, 

SNP, or PE 

LNAME: 

• No change in maximal 

vasorelaxation or vasoconstriction 

 

LNAME: 

• No change in maximal 

vasorelaxation or vasoconstriction 
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3.4 Discussion 

Herein, we tested the hypothesis that cinaciguat treatment would improve sGC-induced 

vascular dysfunction and thereby improve sepsis survival. We have newly demonstrated 

that intravenous cinaciguat treatment improves blood pressure and heart rate in an 

intraperitoneal murine sepsis model and results in a survival benefit (Figure 3-4). 

Improved in-vivo hemodynamic profiles in septic cinaciguat-treated mice may be 

secondary to restoration/prevention of septic vascular endothelial damage by re-

establishing functional sGC signalling, producing necessary cGMP, and allowing for 

vasodilation as needed.  

We chose to conduct our experiments in a model of intraperitoneal sepsis. It is the 

type of sepsis associated with the highest mortality and is the second-highest cause of 

sepsis in the adult human population.579-581 While this approach will increase our findings' 

clinical relevance, we acknowledge that sepsis is a complex pathophysiologic syndrome 

that induces various effects on numerous signaling pathways, including the NO-sGC-

cGMP signalling system, which may otherwise affect survival and hemodynamics. As 

such, our in-vivo findings may be influenced by other immune and inflammatory responses 

not seen with models of chemically activating the NO-sGC-cGMP signalling system with 

lipopolysaccharide or TLR-4 stimulation. 

We used MCH in a novel fashion to induce a brief (less than 10 seconds) 

hypotensive response secondary to a decrease in systemic vascular response (heart rate 

remains unaffected at our dose developed in pilot studies – see Figure 2-1). MCH 

administration causes a transient hypotensive response secondary to activation of 
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muscarinic receptors on endothelium, causing the release of vasodilatory substances. 

Whereas in large vessels, this endothelial derived vasodilator tends to be NO, in smaller 

resistance vessels, a multitude of mediators, including NO and endothelial-derived 

hyperpolarization factor (EDHF) are thought to contribute. In control mice, it would be 

expected that as sepsis-induced endothelial damage progresses, loss of the brief 

hypotensive response would diminish over time with progressive endothelial damage. In 

cinaciguat treated mice, we expected sGC signalling to be restored and we expected the 

hypotensive response to MCH to be maintained to a greater degree than in control mice. 

However, neither systolic nor diastolic blood pressure response to MCH in cinaciguat-

treated mice was maintained, as seen in Figure 3-3. This may be due to sepsis-damaged 

oxidized endothelial NOS (eNOS) being unresponsive to stimulus by MCH. 

In sepsis, although eNOS is known to be compromised, thereby affecting vascular 

function, overall NO generation is increased, largely due to the actions of iNOS secondary 

to inflammation. This pronounced NO generation (iNOS produces NO at orders of 

magnitude larger than eNOS) during sepsis can result in profound hypotension, organ 

hypoperfusion and dysfunction, and ultimately death.582 Sepsis survivors may suffer from 

long-term complications of organ hypoperfusion including cognitive changes (brain 

hypoperfusion), decreases in pulmonary function (requiring inhaled oxygen support or 

decreased functional tolerance of activity), need for hemodialysis (renal hypoperfusion), 

and inability to return to the workforce.124,428 Paradoxically, despite the excessive systemic 

vasodilation, sepsis is also characterized by a loss of vasodilatory capacity in various 

vascular beds, resulting in inadequate perfusion and regional ischemia.583 In this light, 
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therapeutic interventions to target the excess NO production, or promote vasodilation to 

relieve regional ischemia, are intriguing.   Indeed, vasodilation, especially at injury sites, 

is important,584 as it allows for increased blood flow for enhanced delivery of inflammatory 

mediators to help resolve an inciting infection. Therefore, maintenance of vasodilation 

during sepsis in certain vascular beds, activated by cinaciguat may be desirable if outcomes 

can be improved. 

When septic hypotension is severe and unresponsive to fluid bolus, treatment 

includes vasopressor medications such as NE to induce vasoconstriction and improve 

cardiac output to improve blood pressure.104,585,586 This clinical state is referred to as septic 

shock.1 Improved blood pressure secondary to vasopressor support does not necessarily 

equate to improved outcome. Induced vasoconstriction can be severe and compromise 

blood flow, tissue and organ perfusion, and delivery of oxygen and nutrients. This 

restricted blood flow may contribute to organ injury, dysfunction, and death. Vasopressor 

therapy has other drawbacks. It may result in arrhythmias secondary to β1-adrenergic 

receptor stimulation, which may be especially poorly tolerated in a septic patient 

population.333,587 Vasopressors generally require placement of central venous access and 

have associated potential complications (pneumothorax, infection, bleeding, vascular 

injury).588 Vasopressors are also typically administered in the highest level of care settings, 

usually an ICU, contributing to the high financial cost of care for septic patients.589,590 

Cinaciguat, which may be administered via peripheral intravenous access, may be provided 

in a lower-intensity care setting such as an observation/step-down unit or regular ward bed. 

It may also result in appropriate blood flow to septic tissues and organs, thereby restoring 
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nutrient and oxygen delivery, may improve organ dysfunction, mortality, and long-term 

septic outcomes, and may decrease costly intensive care unit admissions. It was also 

important to demonstrate the combined effect of NE and cinaciguat as peroxynitrite 

generated by NO scavenging during sepsis may deactivate NE.591 We showed a reduction 

in the total amount of NE and the time spent with NE infusing in septic mice treated with 

cinaciguat (Figure 3-5). We theorize that if this finding is translatable to the human septic 

population, patients requiring only mild vasopressor support may improve with cinaciguat 

treatment received in the emergency department care setting and be hemodynamically 

stable enough for admission to a lower-intensity care setting.  

Our results suggest improvements in vascular function may be specific to regionally 

separate vascular beds. We found no improvements in pEC50 or maximal vasodilation 

between controls and cinaciguat-treated mice with MCH in septic carotid arteries (Figure 

3-6). However, cinaciguat-treated carotids demonstrated increased sensitivity to SNP while 

achieving similar maximal vasorelaxation. This increased sensitivity to SNP may be as a 

result of combined relaxation effect of both the SNP and cinaciguat. It was also observed 

that cinaciguat improved vascular sensitivity to SNP administration in septic mesenteric 

arteries. It may be that while cinaciguat increases cGMP production from heme-free sGC, 

SNP provides NO allowing for cGMP production from any reduced sGC available, thereby 

increasing the overall signal to produce cGMP. 

We assessed our septic vessels 120 minutes post-sepsis induction as our in-vivo 

blood pressure changes were evident at this point. We aimed to avoid testing vessels so 

severely affected by sepsis that any test would be unlikely to result in a difference (as 
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demonstrated by the blunting of vasodilation induced with our in-vivo MCH administration 

after prolonged sepsis exposure in both control and cinaciguat-treated mice). We used 

MCH to compare endothelial-dependent relaxation, which would be expected to decrease 

over time, and vasodilation resultant from the nitric oxide donor SNP, which may not lose 

effectiveness over time. Cinaciguat treatment did not improve MCH- or SNP-induced ex-

vivo maximal vasorelaxation in either carotid or mesenteric arteries. As cinaciguat-induced 

sGC production may have attenuated vasoconstriction, we tested control and cinaciguat-

treated carotid and mesenteric vessels in response to PE (Figure 3-11). Cinaciguat did not 

affect sensitivity to PE-induced vasoconstriction in either carotid or mesenteric arteries. 

We also examined septic carotid and mesenteric arteries incubated with the non-

specific NOS inhibitor LNAME (Figure 3-8), which demonstrated almost no difference in 

sensitivity or maximal vasorelaxation and no difference in vasoconstriction (Figure 3-12).  

Only septic carotid and mesenteric arteries exhibited an increased sensitivity to SNP with 

no change in maximal vasorelaxation. This may provide further support towards to theory 

that cinaciguat in combination with SNP increases the overall cGMP production signal. 

Physiologically, it may be that the body prioritizes the preservation of blood flow to the 

brain over the gut during a septic hypotensive shock crisis, thereby explaining the regional 

variation in vasoactive control. Also, the septic insult of intraperitoneal fecal slurry to 

mimic the clinical situation of gut rupture places the septic source in proximity to the 

mesenteric vessels, potentially affecting them more severely than the more distant carotid 

arteries.  
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We also examined the amount of cGMP produced in two separate vascular beds 

that may be acutely affected by sepsis. Acute respiratory failure and acute kidney injury 

are common amongst septic patients. Therefore, we examined the lungs and kidneys. Non-

septic lungs failed to produce increased cGMP levels as a measure of sGC activity, even 

in response to a high concentration of 100 µM. This demonstrates a low amount of oxidized 

sGC present in non-septic lungs. In sepsis, cinaciguat 100 µM was able to increase cGMP 

production. This showed that oxidized sGC was present in the septic lungs and was able to 

be activated by cinaciguat to improve the production of cGMP. In contrast, non-septic 

kidneys produced low cGMP levels at both cinaciguat concentrations. Potentially, the 

kidney experiences a baseline of oxidative stress allowing for the presence of oxidized sGC 

to be activated by cinaciguat.592 During sepsis the kidney required higher doses of 

cinaciguat to produce cGMP (low concentration (10 µM) of cinaciguat did not increase 

cGMP production, a higher concentration of cinaciguat (100 µM) did increase cGMP 

production). Potentially as a larger amount of sGC became dysfunctional with sepsis, more 

cinaciguat was needed to activate the larger amounts of dysfunctional sGC. 

3.5 Limitations 

There are limitations to our study. Our fecal slurry dose may have resulted in a severely 

septic phenotype, potentially preventing us from demonstrating a more significant effect 

in less sick mice. Our young septic control mice in Chapter 2 displayed similar systolic 

blood pressure, however, the diastolic blood pressure was lower as compared to Chapter 2 

septic young mice. This may be explained due to potential changes in microbiome as mice 

for the different studies were housed in separate rooms. However, all mice for each study 
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were housed in the same room decreasing risk of difference due to microbiome within each 

study.  

Our dose of cinaciguat (15 µg/kg IV) may have been too high or too low to 

demonstrate a larger effect. However, we did initial pilot studies using doses ranging from 

5-90 µg/kg IV specifically for examining survival. We demonstrated the greatest 

improvement in survival with 15 µg/kg IV and therefore this dose was used for experiments 

(Figure 3-14). 

 

Figure 3-14: Cinaciguat Dose in Young Mice 

 

Our NE protocol was based on clinical guidelines for human septic patients, which 

may not be optimal targets for septic mice. Therefore, although we showed reduced NE 

requirements, different blood pressure targets may have resulted in survival benefit. 

We administered cinaciguat 30 minutes post-induction of sepsis with fecal slurry. 

We wanted to administer the drug following suspected sGC damage by sepsis-induced 
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ROS, but not delay treatment so long into the organ-damaging effects of sepsis, so as to 

negate any intervention being successful. We recognize that potentially later use of 

cinaciguat in the time course of sepsis could result in even more improved hemodynamics 

and survival as there could potentially be more oxidized sGC for cinaciguat to act upon.  

3.6 Conclusion  

Activating oxidized sGC with cinaciguat improves blood pressure and survival during 

intraperitoneal sepsis in mice. Treatment with cinaciguat also decreases dose requirement 

of NE to maintain hemodynamic stability. Taken together, these results suggest cinaciguat 

may be a useful therapeutic strategy to improve outcomes in sepsis. However, the effects 

of cinaciguat may be regionally specific to certain vascular beds depending upon reliance 

on NO for vascular function, and thus more detailed studies are required to elucidate its 

mechanism of action in various models of sepsis. 
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Chapter 4 

Cinaciguat in Aged Septic Mice Improves Vascular Function and Survival 

4.1 Background  

Soluble guanylate cyclase (sGC) is the key heterodimeric enzyme involved in nitric oxide 

(NO) signalling. The sGC prosthetic heme group binds with NO and produces the second 

messenger cyclic guanosine monophosphate (cGMP).593 cGMP is necessary to induce 

vasorelaxation and inhibit leukocyte recruitment, platelet aggregation, and smooth muscle 

proliferation.569 As vasorelaxation plays a pivotal role in maintaining vascular function, its 

impairment can have far-reaching effects. sGC consists of an α-chain and a β-chain. The 

form of sGC in the vascular smooth muscle cell is the α1β1 cytoplasmic form.594 Heme 

binds to the His105 of the β chain. NO is then able to bind to the ferrous iron of the heme 

group. Once NO is bound, the sGC catalytic site can now use guanosine triphosphate (GTP) 

to produce cGMP and pyrophosphate. When the ferrous iron of the heme group is oxidized 

to its ferric form, the heme group becomes desensitized to NO, binding NO with far weaker 

affinity.595 This oxidized or heme-free form of sGC can undergo hydroxide-mediated 

reductive nitrosylation, inhibiting sGC activity.596 Oxidized sGC is also targeted by 

ubiquitination for degradation.597 Though not fully understood, cytochrome b5 reductase 3 

(Cyb5r3) can reduce oxidized sGC and may act as a regulator of cGMP signalling.598 

Aging is known to decrease the expression of sGC and the level of cGMP 

produced.599-601,599,602 The low-grade chronic inflammation associated with aging also 

results in increased baseline oxidative stress and reactive oxygen species (ROS) generation 

(a part of the phenomenon known as inflammaging).603 ROS may subsequently further 
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oxidize sGC, decreasing the sensitivity of the sGC enzyme for NO. In addition, levels of 

bioavailable NO in the elderly are decreased, thereby further limiting cGMP production.604 

Overall, the reduced availability of NO and the decreased sensitivity of sGC to NO 

combine to produce vascular dysfunction and impaired vasorelaxation.  

Sepsis is associated with the excess production of harmful ROS,605 which can lead 

to oxidation of the prosthetic heme group of sGC, rendering it inactive and targeted for 

destruction.606 Sepsis-induced ROS also decreases the transcription and stability of sGC.574 

Therefore, it was hypothesized that the septic elderly would be at a particular disadvantage 

in maintaining blood pressure and flow and subsequent oxygen and nutrient delivery to 

tissues. Reducing vasodilation may seem beneficial in sepsis to prevent vasoplegia and 

septic shock. However, we know that blood flow to tissues is important for delivery of 

inflammatory mediators and removal of toxins. Therefore, elderly patients may have 

increased susceptibility to septic vascular dysfunction as, at baseline they possess a pool of 

dysfunctional, oxidized sGC.  

  There are two classes of drugs that can increase sGC production of cGMP. sGC 

stimulators directly stimulate sGC and stabilize the bond between sGC and NO by targeting 

binding sites in the β1 subunit.607 However, sGC stimulators require the sGC to be in the 

ferrous (reduced) form,  and because they do not target the oxidized sGC, are not likely to 

improve vascular function in sepsis.  In fact, systemic administration of these drugs are 

likely to cause widespread vasodilation and hypotension by activating functional sGC, 

which could have fatal consequences in a septic patients. In contrast, sGC activators, such 

as cinaciguat,  bind to oxidized sGC and activate it.608 As sGC activators function on the 
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heme-free form of sGC, they can be expected to produce vasodilation in a more targeted 

fashion (at the site of injury or infection).609 We therefore hypothesized that administering 

cinaciguat to septic aged mice with a theoretically larger pool of heme-free sGC may 

improve survival by allowing for targeted vasodilation of vessels containing damaged sGC, 

thus improving blood flow to these injured sites.  

4.2 Methods 

This study was conducted according to the Canadian Council on Animal Care guidelines, 

with approval from the Animal Care and Use Committee from the University of Alberta 

(Edmonton, Canada), and reported in adherence with the Animal Research: Reporting of 

In Vivo Experiments (ARRIVE) Guidelines. 

4.2.1 Animals and Preparation 

Ninety-six male C57BL/6 mice (procedure- and drug-administration-naïve, with no genetic 

modifications) were purchased from Charles-River Inc. (Saint-Constant, QC). Mice were 

aged 22-24 months. Mice were multiply housed (five per cage) in standard shoebox cages 

containing aspen-chip bedding, nesting material, and PVC tubing for environmental 

enrichment. Cages were located in the University of Alberta animal care facility, where a 

12h:12h light:dark cycle and an ambient temperature of 22±1ºC were maintained. Trained 

animal care personnel routinely performed welfare assessments before experimentation. 

Mice had ad libitum access to tap water and standard grain-based rodent chow (PicoLab 

5LOD, LabDiet, St. Louis, MO).  
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Experiments were conducted in the same laboratory operating theatre during the 

day. Mice were anesthetized with inhaled isoflurane (induction: 5%, maintenance: 1.1-

1.5% in 100% O2) and were kept spontaneously breathing via a nosecone. We used 

isoflurane as it is administered non-invasively, thereby avoiding the risk of puncture of the 

peritoneum with intraperitoneal (IP) or subcutaneous injections, and provides a constant 

depth of anesthesia for longer experiments.  Following induction of anesthesia, mice were 

instrumented with a polyethylene catheter (PE10; inner diameter 0.58 mm, outer diameter 

0.97 mm) in the left femoral vein for drug delivery and a glass fibreoptic transducer catheter 

(FISO 0.9 Fr/0.5 Fr; Harvard Apparatus, Harvard BioScience Inc.) in the right carotid 

artery for hemodynamic assessments. The femoral venous catheters contained heparinized 

sterile 0.9% saline (25 units/mL). Body temperature was monitored via a rectal 

thermometer and maintained with a warm water circulator. Following hemodynamic 

instrumentation, mice were allowed 30 minutes to achieve stable baseline temperature and 

hemodynamic variables. The mice were administered hydration with sterile saline (2 

mL/kg/hour IV). Arterial blood pressure and heart rate were monitored and recorded via 

the indwelling FISO catheter connected to a data acquisition system (Lab Chart Pro 8, 

ADInstruments, Colorado Springs, CO).  

4.2.2 Study Protocol 

Fecal slurry (1.3 mg/g IP) was administered to induce sepsis (dose determined in our pilot 

studies). Blood pressure, heart rate, and temperature were recorded. Mice received 

cinaciguat (15 µg/kg IV – the most effective dose in our pilot studies) 30 minutes after 

fecal slurry injection; age-matched controls received vehicle treatments. In-vivo vascular 
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reactivity was assessed via methacholine (MCH; 1 µg/kg IV – this dose caused hypotension 

that resolved within 10 seconds and the hypotension was due to decreased systemic 

vascular resistance as the dose did not affect heart rate) injection every 30 minutes. Subsets 

of septic mice were administered norepinephrine (NE) to assess the reversibility of 

cardiovascular collapse. NE infusion was initiated at 200 µg/kg/hour and advanced by 100 

µg/kg/hour in five-minute intervals to a maximum of 600 µg/kg/hour until the mean arterial 

pressure was greater than 65 mmHg or systolic blood pressure was greater than 80 mmHg.   

 

Figure 4-1: Study Protocol 

Schematic of study protocol including methacholine (MCH) and norepinephrine (NE) 

administration. 

 

4.2.3 Wire Myography Protocol 

Mice randomized to wire myography experiments were maintained under anesthesia for 

120 minutes following induction of sepsis and subsequently euthanized by exsanguination 

and excision of the heart. Left common carotid arteries and second-order mesenteric 
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arteries were rapidly removed and placed in ice-cold HEPES-buffered physiologic saline 

solution (PSS – composition: (in mM) HEPES 10, glucose 5.5, CaCl2 1.56, KCl 4.7, NaCl 

142, MgSO4 1.17, KH2PO4 1.18, pH 7.45). Vessels were cleaned of extraneous 

perivascular connective tissues, and small vessel sections (2 mm in length) were isolated 

and mounted in an isometric myograph system (DMT, Copenhagen, Denmark); 15 µm 

gold wire was used for mesenteric arteries, and 40 µm tungsten wire was used for the 

carotid arteries. Vessels were assessed at 37⁰C and normalized to optimal resting tension 

(0.8 IC100: the internal circumference equalling a transmural pressure of 100 mmHg) by 

small incremental increases in diameter. Vessels were then allowed 30 minutes to 

equilibrate to the optimal resting tension before initiating the experiment. Vessels were 

subsequently tested for viability by high potassium physiologic salt solution (KPSS) 

treatment. After rinsing, vessels were treated with phenylephrine (PE: 10 µmol/L) twice, 

with a rinse and return to baseline tension in between doses; following the second dose of 

PE, MCH (3 µmol/L) was administered to test the integrity of the endothelium. Following 

endothelial assessment, vessels were rinsed and returned to baseline. Next, PE 

concentration-response curves were performed. A subset of vessels was then incubated 

with non-selective nitric oxide synthase (NOS) inhibitor L-NG-nitro-arginine-methyl ester 

(LNAME: 100 µmol/L) for 30 minutes prior to performing cumulative concentration-

response curves with MCH and sodium nitroprusside (SNP); vessels were sub-maximally 

pre-constricted (80% maximum: EC80) with phenylephrine. Finally, at the end of each 

experiment, vascular constriction to KPSS was assessed; those vessels with a final KPSS 

constriction of less than 80% of the first KPSS constriction were excluded from analyses.  
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4.2.4 Assessment of sGC Production 

sGC activity was assessed indirectly by measuring cGMP production in two end-organs 

commonly acutely affected by sepsis, the lung and the kidney. Fresh left lungs and left 

kidneys were harvested from a subset of non-septic and septic mice 120 minutes post-

vehicle or fecal slurry injection under isoflurane anesthetic. Lungs and kidneys were 

homogenized in EDTA, Tris-HCL, sucrose, dithiothreitol, protease inhibitor cocktail 

(Sigma, St. Louis, MO), and sodium orthovanadate. Homogenized tissue was centrifuged 

(10,000 x g, 4°C, 20 minutes) and had total protein quantified using the bicinchoninic acid 

protein assay. Cytosolic protein was added to a reaction buffer mixture containing bovine 

serum albumin, benzamidine HCL, SNP, LNAME, 3-isobuyl-1-methylxanthine, L-

cysteine, and GTP (Sigma, St. Louis, MO). This mixture was incubated for 30 minutes at 

37°C in a shaking water bath. The reaction was terminated with zinc acetate and sodium 

carbonate (Sigma, St. Louis, MO). This mixture was then centrifuged (5,000 x g, 4°C, 10 

minutes). cGMP was then quantified with the Cayman Chemical Cyclic GMP ELISA kit 

(Ann Arbor, MI, USA). Samples were assessed under cinaciguat concentrations of 0 µM 

and 10 µM.   

4.2.5 Reagents 

Cinaciguat (Sigma, St. Louis, MO) was prepared in 60% phosphate-buffered saline, 20% 

diethylene glycol monoethyl ether, and 20% cremophor. MCH, SNP, and NE (Sigma, St. 

Louis, MO) were dissolved in sterile saline (0.9% NaCl) for in-vivo experiments and 

subsequently diluted in PSS for final use in myography experiments.  PE and LNAME 
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(Sigma, St. Louis, MO) were also dissolved in sterile saline and diluted in PSS for final 

use in myography experiments. 

4.2.6 Statistical Analysis 

Data are presented as mean±SEM. Patterns of cardiovascular collapse (as depicted by 

Kaplan-Meier curves) were analyzed by log-rank tests.  Continuous variables, including 

arterial pressures, heart rates and hemodynamic responsiveness to exogenous 

pharmacological agents were analyzed by repeated measures 2-way ANOVA for the 

overall effects of sepsis and time; subjects were matched within the time domain.  The 

remaining data were analyzed by unpaired Student’s t-test.  For collection of septic systolic 

blood pressure, diastolic blood pressure, and heart rate, the most representative five-second 

segment within each 30-second interval was captured from recorded parameters. Percent 

changes in hemodynamic variables in response to MCH administration were calculated as 

the minimum value compared to the baseline in the immediately preceding five-minute 

interval.  For wire myography, concentration-response curves were fit to the Hill equation 

using a variable slope, and pEC50 (mean effective concentration to produce a 50% 

response) and maximal responses were analyzed by unpaired t-test. cGMP production was 

analyzed with a t-test. Statistical outliers determined by Grubb’s test were not included. 

Results were considered significant if P<0.05. GraphPad Prism 8 software (La Jolla, CA) 

was employed for statistical analysis.  
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4.3 Results 

The baseline hemodynamics parameters (systolic blood pressure, diastolic blood pressure, 

heart rate) were not different between aged mice randomized to the control group versus 

the cinaciguat group (Figure 4-2: A-C). There were also no baseline differences (% change 

in systolic blood pressure, % change in diastolic blood pressure, % change in heart rate) 

between cinaciguat-treated and control groups in response to in-vivo administration of 

MCH (Figure 4-2: D-F).  
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Figure 4-2: Baseline Characteristics 

There were no differences in baseline hemodynamics (A-C) and vascular responses to 

MCH (D-F) in control aged C57BL/6 mice and aged mice to be treated with cinaciguat 

(cin: 15µg/kg IV). 

 

After induction of sepsis by intraperitoneal injection of fecal slurry, systolic blood pressure 

(P<0.0001), diastolic blood pressure (P<0.0001), and heart rate (P<0.0001) decreased over 

time in both cinaciguat and vehicle-treated groups (Figure 4-3: A-C). There was no 
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improvement in systolic blood pressure (p=0.72), diastolic blood pressure (P=0.96), or 

heart rate (P=0.67) MCH response in the cinaciguat group (Figure 4-3: D-F). 

 

Figure 4-3: Septic Characteristics 

Hemodynamics (A-C) in control (C57BL/6) aged and cinaciguat (cin: 15µg/kg IV) treated 

aged mice over time as sepsis progresses. Vascular responses (D-F) to methacholine 

(MCH: 1µg/kg IV) over time (Time=0 minutes). 

 

Cinaciguat did increase the probability of survival in aged septic mice (P=0.01, hazard 

ratio: 0.1440, 95% confidence interval: 0.03071-0.6753; Figure 4-4: A). Cinaciguat 

treatment in aged mice also increased survival time compared to control, with a mean 

survival time for the untreated aged of 197 minutes and 258 minutes for the aged treated 

with cinaciguat (P=0.04; Figure 4-4: B). 
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Figure 4-4: Survival 

Survival probability (A) and time (B) depicted in minutes for aged septic C57BL/6 and 

aged cinaciguat (cin: 15µg/kg IV) treated mice.  

 

Cinaciguat did not improve the probability of survival (P=0.28, hazard ratio: 3.349, 95% 

confidence interval: 0.8630-13.00; Figure 4-5: A) in aged septic mice also receiving NE 

treatment. Cinaciguat also did not increase mean survival time in addition to NE (P=0.10; 

Figure 4-5: B). However, cinaciguat did decrease the total dose of NE required (P=0.02; 

Figure 4-5: C) and the percent septic time with NE infusing (P=0.04; Figure 4-5: D). 
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Figure 4-5: Effects of Norepinephrine 

(A) Survival probability for aged septic C57BL/6 mice and aged septic C57BL/6 mice that 

received cinaciguat (cin: 15µg/kg IV) treated with intravenous infusion of norepinephrine 

(NE).  (B) Survival time in minutes for aged septic C57BL/6 mice and aged septic C57BL/6 

mice that received cinaciguat (cin: 15µg/kg IV) treated with intravenous infusion of 

norepinephrine (NE).  (C) The total dose of NE infused in µg/kg for aged septic C57BL/6 

mice and aged cinaciguat treated mice. (D) % of total survival time spent with NE infusing 

for aged septic C57BL/6 and aged cinaciguat treated mice. 
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In ex-vivo wire myography studies, there was no difference in the amount of MCH (P=0.06) 

or SNP (P=0.67) required to cause similar maximal vasorelaxation (MCH P=0.13; SNP 

P>0.99) in septic carotids (Figure 4-6). 

 

Figure 4-6: Wire Myography Carotid Arteries 

Septic ex-vivo wire myography for aged carotid arteries depicting vasoactive parameters 

for control (blue) and cinaciguat (cin: 15µg/kg IV) treated mice (red). (A, D) Carotid 

methacholine (MCH) and sodium nitroprusside (SNP) cumulative concentration-response 

curves. (B, E) pEC50 for carotid MCH and SNP cumulative concentration-response curves. 

(C, F) Maximum relaxation achieved by MCH and SNP administration. 
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There was also no difference in the amount of MCH (P=0.46) and SNP (P=0.54) required 

to produce a similar level of maximal vasorelaxation (MCH P=0.06; SNP P>0.99) in septic 

mesenteric arteries (Figure 4-7). 

 

Figure 4-7: Wire Myography Mesenteric Arteries 

Septic ex-vivo wire myography for aged mesenteric arteries depicting vasoactive 

parameters for control (blue) and cinaciguat (cin: 15µg/kg IV) treated mice (red). (A, D) 

Mesentery methacholine (MCH) and sodium nitroprusside (SNP) cumulative 

concentration-response curves. (B, E) pEC50 for mesentery MCH and SNP cumulative 

concentration-response curves. (C, F) Maximum relaxation achieved by MCH and SNP 

administration. 
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No difference was observed between septic control and cinaciguat-treated carotid arteries 

incubated with LNAME for MCH (P=0.59) or SNP (P=0.52) doses to produce similar 

(MCH P=0.44; SNP>0.99) levels of maximal vasorelaxation (Figure 4-8). 

 

Figure 4-8: Wire Myography LNAME Carotid Arteries 

Septic ex-vivo wire myography for aged carotid arteries incubated with L-NG-Nitro 

arginine methyl ester (LNAME) depicting vasoactive parameters for control (blue) and 

cinaciguat (cin: 15µg/kg IV) treated mice (red). (A, D) Carotid methacholine (MCH) and 

sodium nitroprusside (SNP) cumulative concentration-response curves. (B, E) pEC50 for 

carotid MCH and SNP cumulative concentration-response curves. (D, F) Maximum 

relaxation achieved by MCH and SNP administration. 
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No difference was observed between septic control and cinaciguat-treated mesenteric 

arteries incubated with LNAME for MCH (P=0.76) or SNP (P=0.06) doses to produce 

similar (MCH P=0.65; SNP P=0.30) levels of maximal vasorelaxation (Figure 4-9). 

 

Figure 4-9: Wire Myography LNAME Mesenteric Arteries 

Septic ex-vivo wire myography for aged mesenteric arteries incubated with L-NG-Nitro 

arginine methyl ester (LNAME) depicting vasoactive parameters for control (blue) and 

cinaciguat (cin: 15µg/kg IV) treated mice (red). (A, D) Mesentery methacholine (MCH) 

and sodium nitroprusside (SNP) cumulative concentration-response curves. (B, E) pEC50 

for mesentery MCH and SNP cumulative concentration-response curves. (C, F) Maximum 

relaxation achieved by MCH and SNP administration. 
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Data demonstrating comparison between control and LNAME treated vessels and 

cinaciguat control compared to aged LNAME treated vessels are presented in Figure 3-10 

as percent change in area under the curve. 

 

 

Figure 4-10: Control versus LNAME AUC %Change 

Data depicting ex-vivo wire myography area under the curves (AUC) comparisons for 

control and L-NG-Nitro arginine methyl ester (LNAME) treated vessels incubated with 

methacholine (MCH) and sodium nitroprusside (SNP) and cinaciguat-treated (Cin) 

arteries. A, B, C, and D represent carotid arteries. E, F, G, and H represent mesenteric 

arteries.  

 

Vasoconstriction response to PE was not different in septic carotid (P=0.69) or mesenteric 

(P=0.08) arteries between control and cinaciguat-treated aged mice (Figure 4-11). With 
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LNAME, vessels were less sensitive to vasoconstriction with PE (pEC50 carotid control 

6.93±0.05; cinaciguat-treated 6.26±0.18; P=0.006) mesenteric control 6.28±0.10; 

cinaciguat-treated 5.7 ±0.15; P=0.02) (Figure 4-12). 

 

Figure 4-11: Wire Myography Vasoconstriction 

Septic ex-vivo wire myography for aged carotid and mesenteric arteries depicting 

vasoactive parameters for control (blue) and cinaciguat-treated (red) mice. (A, C) 

Phenylephrine (PE) cumulative concentration-response curves (B, D) pEC50 for PE 

cumulative concentration-response curves. 
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Figure 4-12: Wire Myography LNAME Vasoconstriction 

Septic ex-vivo wire myography for aged carotid and mesenteric arteries incubated with L-

NG-Nitro arginine methyl ester (LNAME) depicting vasoactive parameters for control 

(blue) and cinaciguat (red) mice. (A, C) Phenylephrine (PE) cumulative concentration-

response curves (B, D) pEC50 for PE cumulative concentration-response curves. 

 

In aged septic mice, the addition of cinaciguat increased the amount of cGMP (pmol) per 

mg of lung protein (P=0.02) and in the kidney (P=0.02) (Figure 4-13) 
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Figure 4-13: Assessment of sGC Activity 

Soluble guanylate cyclase (sGC) activity measured as pmol of cGMP produced per mg of 

protein in 30 minutes from (A) lung and (B) kidney in non-septic and septic C57BL/6 mice 

by ELISA in the presence of cinaciguat (cin) 0 µM and 10 µM. 

 

Table 11: Summary of Non-Wire Myography Data 

DBP: diastolic blood pressure; HR: heart rate; MCH: methacholine; NE: norepinephrine; 

SBP: systolic blood pressure; sGC: soluble guanylate cyclase  

 

Summary Effect of Cinaciguat 

SBP-septic Nil 

DBP-septic Nil 

HR-septic Nil 

SBP-septic MCH Nil 

DBP-septic MCH Nil 

HR-septic MCH Nil 

Survival ↑ 

NE ↓ dose, ↓ time infusing  

sGC Activity Lung ↑ 

sGC Activity Kidney ↑ 
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Table 12: Summary of Wire Myography Data 

MCH: methacholine; SNP: sodium nitroprusside 

Effect of Cinaciguat 

Carotid Arteries Mesenteric Arteries 

Baseline: 

• No change in sensitivity to MCH, 

SNP, or PE 

 

Baseline: 

• No change in sensitivity to MCH, 

SNP, or PE 

 

Baseline: 

• No change in maximal 

vasorelaxation or vasoconstriction 

 

Baseline: 

• No change in maximal vaso 

relaxation or vasoconstriction 

LNAME:  

• No change in sensitivity for MCH 

or SNP 

• ↑ sensitivity to PE 

 

LNAME: 

• No change in sensitivity for MCH 

or SNP 

• ↑ sensitivity to PE 

 

LNAME: 

• No change in maximal 

vasorelaxation or vasoconstriction 

 

LNAME: 

• No change in maximal 

vasorelaxation or vasoconstriction 

 

4.4 Discussion 

This study examined whether treatment with the sGC activator cinaciguat in septic aged 

mice would improve vascular function and subsequently survival without increasing 

vasopressor requirements. Before sepsis induction, there were no differences between 

control and intervention groups regarding hemodynamic parameters and baseline 

responses to MCH (Figure 4-2: A-F). Septic systolic blood pressure and diastolic blood 

pressure remained the same (Figure 4-3: A-B) between control and cinaciguat-treated aged 

mice. We had hypothesized cinaciguat would improve sGC function in the absence of 

bioavailable NO and thereby improve vascular function. Improved vascular function was 
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then hypothesized to improve blood flow to damaged tissues, improve organ function, and 

subsequently improve blood pressure as we had previously seen in septic young mice (see 

Chapter 3). We speculate the lack of hemodynamic improvement observed herein with 

aged mice, was secondary to increased baseline levels of dysfunctional eNOS producing 

elevated amounts of ROS impacting non-sGC related mechanisms of maintenance of 

vascular tone. These latter effects would not be affected by cinaciguat treatment. Though 

not studied herein, it is also possible that increased cGMP in the aged may preferentially 

affect other vascular pathways upregulated by the chronic absence of bioavailable NO (i.e.: 

hydrogen sulfide – H2S) resulting in increased and widespread vasodilation.610 Response 

to MCH in-vivo was also similar between control and cinaciguat-treated septic aged mice 

(Figure 4-3: D-E). As MCH stimulates NO production from eNOS and the septic aged 

have dysfunctional eNOS, their endothelial-derived hyperpolarization factor (EDHF) 

pathways are likely upregulated and most MCH effect is not from increased NO generation 

by MCH stimulation. 

Despite no observed change in systolic blood pressure or diastolic blood pressure, 

the aged septic mice did experience increased sepsis survival time (Figure 4-4: A, B). 

Improvement in survival may have to do with the non-vascular effects such as improved 

cardiac or renal function, potentially delaying organ failure.611 

Clinically, septic patients with a mean arterial pressure of less than 65 mmHg are 

treated with vasopressor support. This vasopressor is commonly NE as it is a first-line 

recommended vasopressor.42 Cinaciguat-treated mice may also display decreased blood 

pressure due to cGMP-stimulated vasodilation to improve blood flow to organ systems. 
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We suspected cinaciguat-treated mice might require more NE due to preserved cGMP-

signalling to maintain blood pressure. Higher doses of NE may compromise blood flow, 

attenuating any cinaciguat-induced benefit in survival. Therefore, a subset of aged septic 

mice was treated with NE. The addition of NE to cinaciguat-treated septic aged mice did 

not decrease survival (Figure 4-5: A, B). However, the aged septic mice treated with 

cinaciguat required less total NE and spent a reduced time with NE infusing (Figures 4-5: 

C, D). cGMP activation of myosin light chain phosphatase (MLCP) blocks actin-myosin 

interaction leading to relaxation. As cinaciguat is expected to produce increased cGMP, it 

would seem that increased doses of NE would be required. However, cinaciguat has more 

than one effect. cGMP can also increase protein kinase G (PKG) mediated H2S 

production.612 Although H2S can act as an EDHF in mesenteric arteries,613-615 it has also 

been shown to be a vasoconstrictor in other vasculature, including the aorta.254 This 

response can also be upregulated in vessels exposed to NE.616 This may explain why the 

addition of NE to cinaciguat did not improve or decrease survival.  

Ex-vivo myography studies did not demonstrate any effect of cinaciguat in response 

to SNP or MCH in aged septic carotid arteries. As MCH stimulates eNOS production of 

NO, due to the decreased substrate, cofactors, and increased presence of uncoupled eNOS 

as explained above, MCH was unlikely able to produce any change in cGMP production 

in either control or cinaciguat-treated vessels and vasodilation may have relied on similarly 

functional EDHF systems. As the elderly are known to have upregulated EDHF responses, 

the addition of SNP to cinaciguat-treated mice may also not have increased signalling 
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through the NO signalling pathway as much as through EDHF pathways, resulting in 

similar vasorelaxation in both groups (Figure 4-6). 

As demonstrated in Figure 4-7, there were also no changes in response to MCH or 

SNP in the mesenteric arteries of either control or cinaciguat-treated septic aged mice. As 

EDHF pathways are more important in smaller resistance vessels like the mesenteric 

arteries, changes in response to cinaciguat administration were less likely than with the 

larger conduit carotid arteries. As LNAME blocks the function of NOS upstream from the 

site of cinaciguat function at the sGC, it was expected that LNAME would not demonstrate 

an effect, and there was no effect seen for either carotid or mesenteric arteries (Figures 4-

8, 4-9). As cinaciguat-induced H2S may affect vasoconstriction, we assessed for any 

difference in vasoconstriction response to PE. Both septic aged carotid and mesenteric 

arteries from the control and cinaciguat-treated groups possessed the same vasoconstrictive 

activity in response to PE (Figures 4-11, 4-12). In the presence of LNAME, cinaciguat-

treated vessels were less sensitive to vasoconstricting effects of PE. Potentially when NOS 

is inhibited, H2S production is favoured, resulting in vasoconstriction in control vessels; 

whereas, in the presence of cinaciguat, enough cGMP is produced to activate H2S 

production and affect vasorelaxation through MLCP. 

Lastly, to assess sGC activity in response to cinaciguat stimulation, pmol of cGMP 

produced per milligram of protein for lung and kidney using ELISA radioimmunoassay, 

were measured. We demonstrated that cinaciguat increased cGMP production in these two 

organs in aged septic mice. This observation supports the theory that cinaciguat increases 

cGMP, which may have more than vascular effects (as we showed minimal vascular effect) 
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to improve sepsis survival. These results differ from those in young septic mice (as seen in 

Chapter 3). Likely this is secondary to the young possessing “healthier” baseline systems 

of vascular function (including NO-sGC-cGMP signalling) with decreased baseline 

reliance on EDHF. Therefore, restoration of NO-sGC-cGMP signalling may improve 

vascular function and resultant hemodynamics, whereas in the elderly, EDHF and other-

organ effects of cinaciguat-induced cGMP elevations may be at play. 

4.5 Limitations 

There are limitations to our study. A lower dose of fecal slurry used may have caused a 

less severe phenotype, which though less clinically relevant, may have demonstrated a 

more significant effect of cinaciguat. Cinaciguat 15 µg/kg IV may have been ineffective in 

establishing an effect. However, we completed concentration-response studies (5-90 µg/kg 

IV), with the greatest survival advantage demonstrated with 15 µg/kg IV (Figure 4-14). 

We used NE based on human sepsis clinical guidelines, as optimal septic targets for mice 

are unknown. Higher or lower doses may have affected survival. Inhaled anesthetic was 

used and is known to have effects on vascular function.617 However, most anesthetics have 

various effects on vascular function, and isoflurane was chosen as it provides a stable, 

constant anesthetic level non-invasively and does not disrupt the integrity of the 

peritoneum. 

 Cinaciguat was administered 30 minutes post-induction of intraperitoneal sepsis 

with fecal slurry injection. Delaying treatment allows for increased development of 

increased levels of sepsis-induced ROS-damaged oxidized sGC. We previously had 
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administered cinaciguat at this time point in our similar studies involving young septic 

mice (see Chapter 3) with success in demonstrating improvement in several hemodynamic 

and vascular function parameters as well as improving survival. As the aged were 

hypothesized to possess more ROS-damaged sGC at baseline and increase this level as 

time while septic increased, this time point was thought to be appropriate in the aged as 

well. As we did not observe the same hemodynamic and vascular function improvements 

in the aged as we did in the young, it is possible that this time point may not be optimal for 

cinaciguat administration in the aged to fully capture all the benefits. Potentially as the 

aged have baseline elevations in ROS, earlier administration may have demonstrated more 

hemodynamic and vascular function effect. 

 

Figure 4-14: Cinaciguat Dose in Aged Mice 
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4.6 Conclusion 

These studies have demonstrated that cinaciguat improves sepsis survival time in aged 

mice. This effect seems unlikely due to any vasoactive impact as we could not confirm in-

vivo or ex-vivo vascular changes between control and cinaciguat-treated aged mice. As 

increased cGMP production in response to cinaciguat was observed, we speculate other 

organ effects of increased cGMP production are responsible for the improved survival. 
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Chapter 5 

Sex-Specific Vascular and Mortality Outcomes of Oncostatin M Receptor 

Deficiency During Sepsis in Mice 

5.1 Background 

Sepsis is defined as life-threatening organ dysfunction due to a dysregulated response to 

infection.1,618 Despite decades of research, translation of preclinical discoveries has been 

frustratingly elusive,14,15 and the mortality of sepsis remains high.58,62,619 Potentially 

contributing to our poor rate of preclinical success is the lack of inclusion of both biological 

sexes in many endeavours.620,6218,9 Females have historically been under-represented,620 

resulting in an incomplete understanding of the pathophysiology of sepsis and potential 

bias regarding the relevance of specific cytokines in sepsis development.622 The belief that 

being of the female sex is protective during sepsis and that being of the male sex is 

disadvantageous has been emphasized in numerous preclinical and clinical studies.70,73,623 

Interestingly, an early study showed female sex was an independent predictor of increased 

mortality in critically ill septic surgical patients.624 Still, a more recent study showed no 

sex differences in short or late mortality for septic shock.625 Several studies have also 

demonstrated altered cytokine levels between sexes during sepsis,69 although detailed 

studies are lacking in this area.   

Oncostatin M (OSM) belongs to the interleukin-6 cytokine family and is known to 

increase during sepsis.173  It is released by many cell types associated with sepsis, including 

activated monocytes,174 macrophages,175 dendritic cells174 stimulated by pathogen-

associated molecular patterns, and neutrophils176 activated by lipopolysaccharide. The sex-
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specific vascular outcomes of OSM/OSMR (Oncostatin M Receptor) signalling in sepsis 

are unknown, as are the sex-specific effects on sepsis survival outcomes. 

 Oncostatin M could be of particular importance in sepsis due to a high presence of 

OSMR on the vascular endothelium.626 Loss of vascular smooth muscle function 

significantly contributes to the distributive shock state developed in sepsis. It is associated 

with increased nitric oxide (NO) production due to upregulation of inducible nitric oxide 

synthase (iNOS) by OSM via Jak/STAT signalling and subsequent increased TNF-α as 

well as IL-6 production (Figure 5-1).177-179 OSM/OSMR signalling can increase 

endothelial NOS (eNOS)-induced NO generation via PI3K/Akt-mediated 

phosphorylation.180  Altogether, this demonstrates that by preventing OSM/OSMR 

signalling, blood vessels may display impaired vasodilation, which may prevent 

development of the life-threatening vasodilation present in septic shock. 

 

Figure 5-1:OSM Induces NOS Expression 

NO: nitric oxide; NOS: nitric oxide synthase; OSM: Oncostatin M; OSMR: Oncostatin M 

Receptor 
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Figure 5-2: OSMR Signalling Pathway 

Preliminary reports suggest OSMR deficiency may improve survival in males 

during sepsis627 and that recombinant OSM administration to mice with polymicrobial 

intra-abdominal sepsis increased mortality.173 Anti-OSM antibody has also been shown to 

improve survival.173  Our prior work has demonstrated reduced mortality and lung injury 

in male OSMR deficient mice exposed to acute intestinal ischemia-reperfusion injury.628 

We hypothesized that by reducing OSM/OSMR signalling and thereby the production of 

NO, OSMR deficient mice may prevent the development of vascular collapse (also known 

as vasoplegia), resulting in improved survival. We expected OSMR deficiency might 

improve survival and mitigate the vascular dysfunction173 to a greater extent in males than 

females as prior non-OSM cytokine studies have demonstrated a potential link between 

increased cytokine levels and male sex regarding mortality. Also, NO may be of more 
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importance in vasodilation in males,629 whereas females may rely more heavily on 

endothelial-derived hyperpolarizing factors (EDHF).630  

Vascular changes influenced by OSMR deficiency (and subsequent NO deficiency) 

as a mechanism for developing vasodilatory septic shock have not been rigorously 

evaluated, nor has its effect on survival been studied. The impact of sex on OSM/OSMR 

signalling has also not been assessed.  In the present study, we aimed to investigate the sex-

specific role of OSMR signalling related to vascular function through its effects on the 

nitric oxide synthase (NOS) system with both in-vivo and ex-vivo measurements of 

vascular function. We also sought to investigate whether impaired vasodilation (and 

subsequent elevation or stability of in-vivo blood pressure) would ultimately translate into 

a sex-specific survival benefit. 

5.2 Methods 

All studies were carried out in accordance with Canadian Council on Animal Care 

guidelines and the Animal Care and Use Committee at the University of Alberta 

(Edmonton, Canada), and reported as per Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) Guidelines.631  

5.2.1 Animals and Preparation 

Forty-five female and 45 male C57BL/6 mice and 45 female and 45 male OSMR deficient 

mice, drug and procedure naïve, aged 3-4 months, were used. C57BL/6 mice were 

purchased from Charles-River Inc. (St-Constant, QC) and OSMR homozygous knockouts 
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(OSMR-/-) were obtained from the line of B6.129S-Osmr<tm1Mtan> heterozygotes bred by 

Charles River Laboratories. Mice were housed in shoebox cages (five mice per cage – 

separated by sex) containing aspen-chip bedding, nesting material, and PVC tubing. Mice 

were located in the University of Alberta animal care facility, which maintained a 12h:12h 

light:dark cycle and an ambient temperature of 22±1ºC. Trained animal care personnel 

routinely performed welfare assessments before experimentation. Mice had ad libitum 

access to tap water and standard grain-based rodent chow (PicoLab 5LOD, LabDiet, St. 

Louis, MO).  

Experiments were conducted in the same laboratory operating theatre setting during 

the day. Mice were anesthetized with inhaled isoflurane (induction: 5%, maintenance: 1.1-

1.5% in 100% O2) and were kept spontaneously breathing via a nosecone on a warmed 

surgical platform; body temperature was monitored via a rectal thermometer. Following 

induction of anesthesia, mice were instrumented with a fibreoptic pressure sensor 

(0.9Fr/0.5Fr; FISO Technologies Inc.) in the right carotid artery for hemodynamic 

assessments (blood pressure and heart rate) and a polyethylene catheter (PE10; inner 

diameter 0.58 mm, outer diameter 0.97 mm) in the left femoral vein for fluid and drug 

delivery. The mice were administered maintenance hydration with sterile saline (2 

mL/kg/hour IV). Following instrumentation, mice were given 30 minutes to achieve stable 

baseline hemodynamic parameters. Arterial blood pressure and heart rate were monitored 

and recorded using Lab Chart Pro 8 (ADInstruments, Colorado Springs, CO). In non-septic 

and septic mice (see below), vascular reactivity was assessed via bolus administration of 

the endothelial-dependent vasodilator methacholine (MCH) (1 µg/kg IV); this dose of 
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MCH was selected as it causes measurable but transient drops in blood pressure without 

affecting heart rate (as per our preliminary studies – Figure 2-1).   

5.2.2 Study Protocol 

To induce polymicrobial peritonitis, mice were injected with fecal slurry (1.3 mg/g IP – 

dose determined in pilot studies); controls received sterile 0.9% saline as vehicle. Mice 

were allocated to one of three experimental protocols. In the first protocol, hemodynamic 

and vital parameters were assessed continuously via indwelling pressure sensors; in these 

mice, vascular reactivity was also evaluated using intravenous bolus doses of MCH every 

30 minutes. In a second protocol, mice were also instrumented with pressure sensors for 

hemodynamic measurements, but underwent a treatment regimen with the vasopressor 

norepinephrine (NE) when they reached predefined endpoints (mean arterial pressure less 

than 65 mmHg or systolic blood pressure less than 80 mmHg). Intravenous NE infusion 

was initiated at 200 µg/kg/hour and advanced by 100 µg/kg/hour in five-minute intervals 

until the goal of mean arterial pressure greater than 65 mmHg or systolic blood pressure 

greater than 80 mmHg was reached to a maximum of 600 µg/kg/hour.  This protocol aimed 

to mimic a clinical intervention with a vasopressor and evaluate survival as sepsis 

progresses to septic shock. In the third protocol, mice were intraperitoneally injected with 

fecal slurry or saline, euthanized after 120 min, and had vessels harvested to assess vascular 

function ex-vivo by wire myography.   
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Figure 5-3: Study Protocol 

Schematic of study protocol including methacholine (MCH) and norepinephrine (NE) 

administration. 

 

5.2.3 Wire Myography Protocol 

After induction of sepsis by injection of fecal slurry (1.3 mg/g body weight IP) or saline, 

mice were maintained under anesthesia for 120 minutes and subsequently euthanized by 

exsanguination and excision of the heart. Second-order mesenteric arteries were rapidly 

removed and placed in ice-cold HEPES-buffered physiologic saline solution (PSS – 

composition: (in mM) HEPES 10, glucose 5.5, CaCl2 1.56, KCl 4.7, NaCl 142, MgSO4 

1.17, KH2PO4 1.18, pH 7.45). Vessels were cleaned of extraneous perivascular connective 

tissues. Small vessel sections (2 mm in length) were isolated and mounted in an isometric 

myograph system (DMT, Copenhagen, Denmark); 15 µm gold wire was used for 

mesenteric arteries. Vessels were bathed continuously in PSS at 37⁰C for the experiments.  

After mounting, vessels were normalized to optimal resting tension (0.8 IC100: the internal 
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circumference equaling a transmural pressure of 100 mmHg) by small incremental 

increases in diameter. Vessels were then allowed 30 minutes to equilibrate to the optimal 

resting tension before initiating the experiment. Before experimentation, vessel viability 

was assessed by exposing vessels to high potassium PSS (KPSS) treatment. After rinsing, 

vessels were twice treated with phenylephrine (10 µmol/L), with multiple rinses and a 

return to baseline tension between treatments; following the second treatment with 

phenylephrine (PE: 10 µmol/L), MCH (3 µmol/L) was administered to the baths to test the 

integrity of the endothelium. Following these viability assessments, vessels were rinsed 

multiple times and left to return to baseline tension. Next, concentration-response studies 

for PE were performed. Thereafter, a subset of vessels was then incubated with non-

selective NOS inhibitor L-NG-nitro-arginine-methyl ester (LNAME: 100 µmol/L) for 30 

minutes before performing cumulative concentration-response curves with MCH; to do 

this, vessels were first sub-maximally pre-constricted (80% maximum: EC80) with the 

vasoconstrictor PE. Finally, repeat vascular constriction to KPSS was assessed; those 

vessels with final KPSS constriction of less than 80% of the first KPSS constriction were 

excluded from analyses.  

5.2.4 Reagents 

MCH and NE (Sigma, St-Louis, MO) were dissolved in sterile saline (0.9% NaCl) for in-

vivo experiments. MCH was diluted in PSS for use in myography experiments.  PE and 

LNAME (Sigma, St-Louis, MO) were dissolved in sterile saline and diluted in PSS for use 

in myography experiments. 
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5.2.5 Statistical Analysis 

Data are presented as mean±SEM. Patterns of cardiovascular collapse (as depicted by 

Kaplan Meier curves) were analyzed by log-rank tests.  Continuous variables, including 

arterial pressures, heart rates and hemodynamic responsiveness to exogenous 

pharmacological agents were analyzed by repeated measures 2-way ANOVA for the 

overall effects of sepsis and time; subjects were matched within the time domain.  The 

remaining data were analyzed by unpaired Student’s t test.  For collection of septic systolic 

blood pressure, diastolic blood pressure, and heart rate, the most representative five-second 

segment within each 30-second interval was captured from recorded parameters. Percent 

changes in hemodynamic variables in response to MCH administration were calculated as 

the minimum value compared to the baseline in the immediately preceding five-minute 

interval.  For wire myography, concentration-response curves were fitted to the Hill 

equation using a variable slope, and EC50 (mean effective concentration to produce a 50% 

response) and maximal responses were analyzed by unpaired t-test. Statistical outliers 

determined by Grubb’s test were not included. Results were considered significant if 

P<0.05. GraphPad Prism 8 software (La Jolla, CA) was employed for statistical analysis.  

5.3 Results 

Prior to the induction of sepsis, male OSMR deficient mice under isoflurane anesthetic 

displayed a distinct hemodynamic profile with elevated systolic blood pressure (OSMR-/- 

138±8 mmHg; C57BL/6 113±5 mmHg; P=0.02) and diastolic blood pressure (OSMR-/-

100±7 mmHg; C57BL/6 78±5 mmHg; P=0.02) as compared to non-septic C57BL/6 mice 
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(Figure 5-2: A, B). The heart rate in male OSMR deficient mice was also elevated (OSMR-

/- 491±20 beats per minute; C57BL/6 427±15 beats per minute; P=0.03) (Figure 5-2: C). 

The vasodilatory response to the non-selective muscarinic agonist MCH was compared in 

males of both genotypes under non-septic and septic conditions. Here, MCH was 

administered to test vascular reactivity. The dose used does not appreciably affect heart 

rate (tested in our pilot studies – see Chapter 2; Figure 2-1). Therefore, the changes in 

blood pressure largely reflect changes in systemic vascular resistance. Under non-septic 

conditions, MCH produced a sharp decrease in blood pressure which returned to baseline 

within 10 seconds. In male C57BL/6 mice, MCH (1 ug/kg) caused an approximately 15% 

reduction in systolic blood pressure, whereas this effect was mitigated in OSMR deficient 

mice (Figure 5-2: D). Similar outcomes were evident in diastolic blood pressure recordings 

(Figure 5-2: E). MCH also caused greater bradycardic responses in male OSMR deficient 

mice compared to C57BL/6 mice (Figure 5-2: F). 
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Figure 5-4: Baseline Male Characteristics 

Baseline Hemodynamics (A-C) and vascular responses to methacholine (MCH) (D-F) in 

control male (C57BL/6) and OSMR deficient (OSMR-/-) mice. 

 

Female OSMR deficient mice also displayed a distinct non-septic hemodynamic 

phenotype. Systolic blood pressure (in mmHg: OSMR-/-139±10; C57BL/6 98±3; P=0.002; 

Figure 5-3: A), diastolic blood pressure (in mmHg: OSMR-/- 112±10; C57BL/6 85±4; 

P=0.03; Figure 5-3: B), and heart rate (in beats per minute (BPM): OSMR-/- 509±10; 
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C57BL/6 440±3; P=0.03; Figure 5-3: C) were all elevated in female OSMR deficient mice 

as compared to female C57BL/6 mice. The MCH effect on systolic blood pressure was 

blunted in OSMR deficient mice compared to controls (OSMR-/- -21±10%; C57BL/6 -

14±3%, with no effect on diastolic blood pressure (P=0.29) or heart rate (P=0.09). 

 

Figure 5-5: Female Baseline Characteristics 

Baseline Hemodynamics (A-C) and vascular responses to methacholine (MCH) (D-F) in 

control female (C57BL/6) and OSMR deficient (OSMR-/-) mice. 
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Following the induction of sepsis in male mice, both genotypes exhibited gradual 

decreases in systolic blood pressure (P<0.0001; Figure 5-4: A) and diastolic blood 

pressure (P<0.0001; Figure 5-4: B) over time. However, the septic OSMR deficient mice 

displayed a higher systolic and diastolic blood pressure (systolic: P=0.003; diastolic: 

P=0.005; Figure 5-4: A, B) than the C57BL/6 mice throughout the entire septic time 

course. The heart rate of septic male C57BL/6 mice was similar to that of the OSMR 

deficient mice (P=0.05; Figure 5-4: C). After induction of sepsis, the systolic blood 

pressure responses to MCH decreased significantly in both male genotypes but to a greater 

extent in the OSMR deficient mice (P=0.02; Figure 5-4: D). Diastolic blood pressure 

response over time in septic male mice did not decrease over time in either genotype 

(p=0.66); however, the OSMR deficient response remained reduced compared to the 

C57BL/6 (P<0.0001; Figure 5-4: E). Heart rate response over time in septic male mice did 

not appreciably change over time in either genotype (P=0.44), and was not different 

between genotypes (P=0.11; Figure 5-4: F).  
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Figure 5-6: Septic Male Characteristics 

Male hemodynamics (A-C) in control (C57BL/6) and OSMR deficient (OSMR-/-) mice 

over time as sepsis progresses. Male vascular responses (D-F) to methacholine (MCH: 1 

µg/kg IV) beginning at cardiovascular collapse (Time=0 minutes). 

 

In female septic mice, there were fewer genotype-specific differences. Although 

both the systolic (P=0.002; Figure 5-5: A) and diastolic blood pressure (P=0.003; Figure 

5-5: B) decreased over time for both female genotypes, there was no change in heart rate 

(P=0.36; Figure 5-5: C). Female OSMR deficient mice had higher systolic blood pressure 

(P=0.04; Figure 5-5: A) and heart rate (P=0.0002; Figure 5-:5 C) than C57BL/6 mice. 

There was no difference in diastolic blood pressure between the genotypes (P=0.28; Figure 

5-5: B). Similarly, MCH resulted in decreases in systolic (P<0.0001; Figure 5-5: D) and 
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diastolic blood pressure (P<0.0001; Figure 5-5: E) in both genotypes over time, and no 

change in heart rate for either genotype (P=0.50; Figure 5-5: F). There were no genotype-

specific changes in systolic (P=0.47) or diastolic blood pressure (P=0.36) response to 

MCH, or with heart rate (P=0.26; Figure 5-5: F), consistent with results shown in Figure 

5-3: C. 

 

Figure 5-7: Septic Female Characteristics 

Female hemodynamics (A-C) in control (C57BL/6) and OSMR deficient (OSMR-/-) mice 

over time as sepsis progresses. Vascular responses (D-F) to methacholine (MCH: 1 µg/kg 

IV) beginning at cardiovascular collapse (Time=0 minutes). 

 

Despite the altered hemodynamic profile of the OSMR deficient mice, neither sex 

demonstrated a survival advantage associated with OSMR deficiency (Figure 5-6: A-D). 
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Male C57BL/6 mice had a median survival of 249 minutes and male OSMR deficient mice 

had a median survival of 227 minutes (P=0.36, hazard ratio 1.718, 95% confidence interval: 

0.5110-5.774)).  Female C57BL/6 mice had a median survival of 463 minutes and female 

OSMR deficient mice had a median survival of 479 minutes (P=0.52, hazard ratio: 0.6228, 

95% confidence interval 0.1741-2.229). 

 

Figure 5-8: Survival 
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(A) Survival probability for septic male C57BL/6 and OSMR deficient (OSMR-/-) mice. 

(B) Survival time depicted in minutes for septic male C57BL/6 and OSMR deficient 

(OSMR-/-) mice. Survival probability for septic female C57BL/6 and OSMR deficient 

(OSMR-/-) mice. (D) Survival time depicted in minutes for septic female C57BL/6 and 

OSMR deficient (OSMR-/-) mice. 

 

NE treatment was instituted to model the clinical management of sepsis and 

increase translational potential. NE did improve the probability of survival in male OSMR 

deficient mice (P=0.001; Figure 5-7: A, B). Male OSMR deficient mice demonstrated 

significantly improved survival when treated with NE (median survival time: C57BL/6 242 

minutes, OSMR deficient 354 minutes; P=0.0003, hazard ratio: 0.07867, 95% confidence 

interval: 0.01717-0.3606), along with the decreased percent of survival time spent with NE 

infusing (median time spent with NE infusing: C57BL/6 83 minutes, OSMR deficient 44 

minutes; P=0.04)) concomitant with a reduced total amount of NE required (P=0.03) 

(Figure 5-7: C, D). While NE treatment in females failed to improve survival time as 

observed in males (P=0.36, hazard ratio: 1.310, 95% confidence interval 0.3850-4.458; 

Figure 5-8: A, B), OSMR deficiency mice did reduce time spent with NE infusing 

(P=0.002) and a showed a reduction in the total amount of NE infused (P=0.0007) (Figure 

5-8: C, D). 
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Figure 5-9: Effects of Norepinephrine in Males 

(A) Survival probability for male septic C57BL/6 and OSMR deficient (OSMR-/-) mice 

treated with intravenous infusion of norepinephrine (NE). (B) Survival time in minutes for 

male septic C57BL/6 and OSMR deficient (OSMR-/-) mice treated with intravenous 

infusion of norepinephrine (NE).  (C) The total dose of norepinephrine (NE) infused in 

µg/kg for male septic C57BL/6 and OSMR deficient (OSMR-/-) mice. (D) % of total 

survival time spent with norepinephrine (NE) infusing for male septic C57BL/6 and OSMR 

deficient (OSMR-/-) mice. 
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Figure 5-10: Effect of Norepinephrine in Females 

(A) Survival probability for female septic C57BL/6 and OSMR deficient (OSMR-/-) mice 

treated with intravenous infusion of norepinephrine (NE). (B)Survival time in minutes for 

female septic C57BL/6 and OSMR deficient (OSMR-/-) mice treated with intravenous 

infusion of norepinephrine (NE).  (C) The total norepinephrine (NE) dose infused in µg/kg 

for female septic C57BL/6 and OSMR deficient (OSMR-/-) mice. (D) % of total survival 
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time spent with norepinephrine (NE) infusing for female septic C57BL/6 and OSMR 

deficient (OSMR-/-) mice. 

 

Isometric vascular function of isolated mesenteric arteries from control and OSMR 

deficient mice were studied by wire myography. Genotype did not affect the dose of MCH 

required to produce the half-maximal vasodilation (pEC50) in non-septic (P=0.92; Figure 

5-9: A) or septic (P=0.54; Figure 5-9: C) male mice. However, the maximal dilation 

achieved in non-septic (OSMR-/- 80.43±3.20; C57BL/6 91.96±1.79; P<0.0001; Figure 5-

9: B) and septic (OSMR-/- 91.25±; C57BL/6 100.74±3.13; P=0.0003; Figure 5-9: D) male 

OSMR deficient arteries was significantly less than in the C57BL/6 arteries. Like males, 

female genotype did not affect the pEC50 of MCH in either non-septic (P=0.31; Figure 5-

9: E) or septic (P=0.65; Figure 5-9: G) arteries. In contrast to male mice, Female OSMR 

deficient arteries also had no attenuation in maximal dilation achieved (P=0.74; P=0.70; 

Figures 5-9: F, H).  
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Figure 5-11: Wire Myography Male and Female 

Non-septic and septic ex-vivo wire myography for male and female mesenteric arteries 

depicting vasoactive parameters for C57BL/6 (black) and OSMR deficient (OSMR-/-) 

(white) mice. (A, C) pEC50 for methacholine (MCH) cumulative concentration-response 

curves for males. (B, D) Maximum relaxation achieved by MCH administration for males. 

(E, G) pEC50 for MCH cumulative concentration-response curves for females. (F, H) 

Maximum relaxation achieved by MCH administration for females. 

 

MCH-induced vasodilation was also assessed in the presence of the non-selective 

nitric oxide synthase inhibitor LNAME. In the absence of NO production, both male 

control and OSMR deficient mice exhibited similar MCH pEC50s (P=0.30; Figure 5-10: 

A, C). Interestingly, exposure to LNAME under non-septic circumstances increased the 
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maximum dilation achieved by OSMR deficient mice (OSMR-/- 80.48±3.69; C57BL/6 

69.01±3.31; P=0.0001; Figure 5-10: B) while decreasing the maximal dilation in sepsis 

(OSMR-/- 60.67±4.56; C57BL/6 74.75±5.24; P=0.0006; Figure 5-10: D). Female non-

septic OSMR deficient mice had no change in pEC50 (P=0.25; Figure 5-10: E) or 

maximum dilation when treated with MCH compared to C57BL/6 mice (P=0.29; Figure 

5-10: F). LNAME treatment in OSMR deficient septic mice increased the pEC50 (OSMR-

/- 5.90±0.20; C57BL/6 8.05±0.21; P<0.0001; Figure 5-10: G) of MCH with no change in 

maximal dilation (P=0.05; Figure 5-10: H). 
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Figure 5-12: Wire Myography for Males and Females Incubated with LNAME 

Non-septic and septic ex-vivo wire myography for male and female mesenteric arteries 

incubated with L-NG-Nitro arginine methyl ester (LNAME) depicting vasoactive 

parameters for C57BL/6 (black) and OSMR deficient (OSMR-/-) (white) mice. (A, C) 

pEC50 for methacholine (MCH) cumulative concentration-response curves for males. (B, 

D) Maximum relaxation achieved by MCH administration for males. (E, G) pEC50 for 

MCH cumulative concentration-response curves for females. (F, H) Maximum relaxation 

achieved by MCH administration for females. 

 

Sex- and genotype-specific data demonstrating comparison between control and 

LNAME treated vessels are presented in Figure 5-13 as percent change in area under the 

curve. 
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Figure 5-13: Control versus LNAME AUC %Change 

Data depicting ex-vivo wire myography area under the curves (AUC) comparisons for 

control and L-NG-Nitro arginine methyl ester (LNAME) treated vessels incubated with 

methacholine (MCH). A, B, C, and D represent male mesenteric arteries. E, F, G, and H 

represent female mesenteric arteries.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 190 

Table 13: Summary of Non-Wire Myography Data 

DBP: diastolic blood pressure; HR: heart rate; MCH: methacholine; NE: norepinephrine; 

SBP: systolic blood pressure 

 

Summary Effect of OSMR-/- Male Effect of OSMR-/- 

Female 

SBP ↑ ↑ 

DBP ↑ ↑ 

HR ↑ ↑ 

SBP-MCH ↓ ↓ 

DBP-MCH ↓ Nil 

HR-MCH ↓ Nil 

SBP-septic ↑ ↑ 

DBP-septic ↑ Nil 

HR-septic Nil ↑ 

SBP-septic MCH ↓ Nil 

DBP-septic MCH ↓ Nil 

HR-septic MCH Nil Nil 

Survival Nil Nil 

NE ↑ survival, ↓ dose, ↓ time 

infusing 

Nil survival, ↓ dose, ↓ 

time infusing 
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Table 14: Summary of Wire Myography Data 

MCH: methacholine; SNP: sodium nitroprusside 

Male Mesenteric Arteries Female Mesenteric Arteries 

Non-septic: 

• No change in sensitivity to MCH  

• ↓ in maximal vasorelaxation 

 

Non-septic: 

• No change in sensitivity to MCH  

• No change in maximal 

vasorelaxation 

 

Septic: 

• No change in sensitivity to MCH  

• ↓ maximal vasorelaxation 

 

Septic: 

• No change in sensitivity to MCH 

• No change in maximal 

vasorelaxation 

 

LNAME Non-septic: 

• No change in sensitivity to MCH 

• ↑ maximal vasorelaxation 

 

LNAME Non-septic: 

• No change in sensitivity to MCH 

• No change in maximal 

vasorelaxation 

 

LNAME Septic: 

• No change in sensitivity to MCH 

• ↓ maximal vasorelaxation 

 

LNAME Septic: 

• ↓ sensitivity to MCH 

• No change in maximal 

vasorelaxation 

 

 

5.4 Discussion 

Previous work has demonstrated the influence of sex on cytokine profiles in sepsis as they 

relate to morbidity and mortality.73,632-635 OSM is a cytokine known to be elevated in 

sepsis.173 This study assessed whether the absence of OSM/OSMR-induced production of 

NO636 would confer a sex-specific survival advantage, as we showed previously in male 

mice.627 In addition, it was investigated whether OSMR deficiency in both sexes would 

result in an in-vivo hemodynamically distinct phenotype and in-vivo and ex-vivo NO-

related changes in vasodilation. We showed that non-septic male OSMR deficient mice 

have a distinct hemodynamic phenotype characterized systolic and diastolic hypertension 
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and tachycardia compared with C57BL/6 mice. OSMR deficiency was also associated with 

reduced vascular responsiveness to MCH and MCH-induced bradycardia in-vivo, 

accompanied by a lower amount of maximal vasorelaxation ex-vivo in mesenteric arteries. 

This hypertensive phenotype persisted in sepsis; however, heart rate responses were lost.  

Female OSMR deficient non-septic mice displayed a similar phenotype compared 

to male OSMR deficient mice (elevated systolic and diastolic blood pressure and 

tachycardia). However, response to MCH resulted in no change in diastolic blood pressure 

and a relative tachycardia. In contrast to the males, the female OSMR deficient 

hemodynamic phenotype altered with sepsis, demonstrating no change in diastolic blood 

pressure and loss of the blunted diastolic blood pressure response to MCH. This was not 

accompanied by a lower amount of vasorelaxation achieved ex-vivo. 

The hypothesis that the lack of a functional OSM/OSMR signalling pathway may 

result in decreased NO and a relatively hypertensive state was consistent with the findings 

herein, in both sexes. As blood pressure may be described as the product of systemic 

vascular resistance and cardiac output (with cardiac output itself being the product of stroke 

volume and heart rate), the elevated heart rate seen in both sexes may also partially 

contribute to elevations seen in blood pressure. However, the literature suggests that long-

term inhibition of NO results in bradycardia.637 Here, we demonstrated tachycardia in both 

sexes, suggesting the heart rate effect may not be solely attributed to NO deficiency. It is 

also important to note that long-term OSM/OSMR deficiency may have vascular structural 

effects that may impact vascular function. OSM/OSMR signalling can cause increased 
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tissue inhibitors of matrix metalloproteinases-1 (TIMP-1) levels, which is an inhibitor of 

matrix metalloproteinase 1 (MMP1), thereby favouring matrix accumulation.638,639 Losing 

this ability may lead to morphological shape alterations in vascular smooth muscle, 

potentially limiting vasorelaxation.640 The effects of altered TIMP-1 levels and MMP1 

levels may have sex-specific effects which more severely effect male cardiovascular 

development.641 

This study used MCH to examine the reliance of arterial vasodilation on NO 

availability as its administration results in an endothelial-dependent release of NO. MCH 

administration may partially replete a relative NO deficiency in OSMR deficient mice. This 

may result in some vasodilation, although not to the extent seen in C57BL/6 mice, where 

low baseline levels of OSM signalling and septic high-level OSM presence would increase 

NO concentration and induce vasodilation. OSMR deficient mice may also have increased 

reliance on non-NO mechanisms of vasodilation. The effect of prostaglandins (PG) on 

vasodilation may be inhibited as OSM is known to increase cyclooxygenase 2 (COX2) 

production,640 thereby increasing PGI2 levels and resulting in vasodilation. Decreased 

ability to activate NO and PG vasodilatory systems may result in OSMR deficient mice 

having upregulated reliance on other vasodilatory mechanisms such as endothelial-derived 

hyperpolarization factor (EDHF) as a physiologic adaptation. Indeed, it has been shown 

that there is cross-talk between the vasodilatory systems which may be sex-specific, with 

males relying more on NO-mediated vasodilation and females relying more so on EDHF.642 

Decreasing NO by OSMR deficiency may result in further sex-specific imbalance. 

Therefore, MCH administration in OSMR deficient females may induce less vasodilation 
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compared to OSMR deficient males. This is consistent with our finding that in males, MCH 

was unable to cause a similar amount of vasodilation in OSMR deficient mice compared 

to C57BL/6 mice (Figures 5-2, 5-3). In OSMR deficient females, while systolic blood 

pressure response to MCH-induced vasodilation was impaired, diastolic blood pressure 

response to MCH-induced vasodilation was similar. This finding is also consistent with the 

notion that females are less reliant on NO for vasodilation than males.  

Sepsis partially induces endothelial dysfunction due to loss of NO-induced cGMP 

production secondary to dysfunctional oxidized soluble guanylate cyclase (sGC), a 

downstream NO target.569 In septic C57BL/6 mice, loss of vasodilation in response to MCH 

would be expected as NO-sGC-cGMP signalling decreases.643,644 OSM present in high 

concentrations in septic C57BL/6 mice would be expected to increase NO production. 

Initially during sepsis, an elevated NO level may cause vessel vasodilation, scavenging of 

NO, and eNOS uncoupling. Also early in sepsis, administration of MCH may cause a 

further release of NO and cause a maximal vasodilation represented in-vivo as hypotension. 

However, as sepsis progresses, reactive oxygen species will scavenge NO and oxidize sGC 

to an inactive form, resulting in reduced responsiveness. As oxidized sGC will not respond 

to NO to produce vasodilating cGMP, there is a resultant decreased or absent vasodilatory 

response (vasoplegia). Septic OSMR deficient mice would potentially be less sensitive to 

NO stimulated by MCH as they may be more reliant on other vasodilatory mechanisms 

that are less affected by sepsis (such as EDHF). As such, we hypothesized that OSMR 

deficient male mice would maintain their baseline blunted vasodilatory response to MCH 
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due to their higher reliance on NO. In contrast, female OSMR deficient mice would display 

a similar level of MCH-induced vasodilation due to a decreased reliance on NO. 

Our work demonstrated key differences in vasodilation over time consistent with 

the above hypothesis that OSMR deficiency would have a sex-specific vascular function 

effect. Male OSMR deficient mice exhibited a decreased systolic and diastolic response to 

vasodilation stimulated by MCH throughout the septic time course. As septic vasoplegia 

developed over time, systolic blood pressure response to MCH was blunted to a greater 

degree in OSMR deficient males than in the C57BL/6 males. It could be argued that the 

OSMR-deficient males demonstrated end-stage vasoplegia (as above) and were, therefore, 

unable to further vasodilate from their maximally dilated state. However, this would not be 

congruent with the concurrent finding of relative hypertension compared to the C57BL/6 

mice, though this may be attributable to vascular remodelling rather than dynamic vascular 

tone. Altogether, the increased reliance on NO and the impaired responsiveness to MCH 

in OSMR deficient mice suggests an important mechanistic effect of the elevated OSM 

levels seen in sepsis, especially in the males who rely more heavily on NO signalling for 

vasodilation.  

While the female decline in systolic and diastolic blood pressure during sepsis was 

also evident, the lack of differences in response to MCH between genotypes was notable. 

However, as sepsis progressed, all females, irrespective of genotype, exhibited a clear and 

progressive decline in vascular responsiveness to MCH. This loss of responsiveness to 

MCH-induced vasorelaxation in both genotypes, while systolic blood pressure remained 



 

 196 

elevated in the OSMR deficient females, potentially highlights the less prominent role of 

NO signalling in the maintenance of tonic vasodilation in sepsis in females (Figure 5-5). 

Despite promising OSMR deficient hemodynamic profiles in septic males and 

females, in contrast to our previous study,627 these differences did not translate into 

improved survival for either sex without vasopressor support (Figure 5-6). As numerous 

pathophysiologic derangements are present in sepsis, improved blood pressure coupled 

with general decreased vasodilatory capability seems unlikely to improve survival. In fact, 

the inability to vasodilate at injured sites may reduce delivery of necessary inflammatory 

mediators and overall may inflict increased damage.  However, it should be noted that the 

model of sepsis used herein was severe.  Specifically, the dose of the fecal slurry was 

titrated to ensure the development of septic circulatory shock within a shorter timeframe, 

to be conducive to experiments involving continuous blood pressure monitoring in 

anesthetized mice. It may be that the survival advantage was masked by the rapid decline 

in circulatory function. That is, perhaps the model is too severe to observe physiological 

benefit secondary to OSMR deficiency conferring a notable survival advantage. In this 

regard, and to demonstrate consistency with actual sepsis treatment in humans, we 

endeavoured to extend survival by implementing vasopressor support with NE.   

As NE is part of standard care for the patient with septic shock, we were interested 

in how OSMR deficiency and the associated impaired vascular function would affect NE 

use and resultant survival in both sexes. This also increases our findings' generalizability 

and translational capability by mimicking a real clinical scenario. Interestingly, in males, 
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OSMR deficiency coupled with NE treatment improved survival while decreasing the total 

amount of NE used and the amount of time infusion was required (Figure 5-7). Survival 

was unaffected in OSMR deficient females but still resulted in a reduced amount of NE 

used and decreased the time NE was required (Figure 5-8). Potentially, as females may be 

demonstrating a lesser reliance on intact NO signalling for normal vascular function, and 

it has been reported that NO can deactivate NE functioning,645 the survival benefit seen in 

males was not evident. It has also been reported that NE increases NO release,646 which 

can subsequently increase COX2 signalling, PG production, and vasodilation. As we posit 

males are more susceptible to the decreased bioavailability of NO in sepsis, the production 

of NO induced by NE may improve outcomes to a greater extent in males.  

The sex-specific effect of NE in OSMR deficiency is especially interesting in that 

it describes a new combined target of sepsis treatment to improve survival. Reducing 

exposure to NE has clinical relevance. The use of vasopressor support generally requires 

admission to a higher-level of care setting such as an observation unit or intensive care 

unit. Admission to these units often results in a higher cost of care. NE administration also 

requires the placement of a central venous catheter and the risk of associated complications 

including bleeding, infection, and pneumothorax.647 NE is also associated with an 

increased occurrence of arrhythmias which may be poorly tolerated in a critically ill septic 

patient population.333,648 Resultant vasoconstriction secondary to NE is regionally non-

specific and may compromise blood flow to several areas of the body leading to tissue and 

organ ischemia and may impair oxygen and inflammatory mediator delivery to 



 

 198 

injured/infected areas. Limiting the use of NE may therefore be beneficial, even if mortality 

is not improved. 

We then compared our in-vivo results with ex-vivo examinations of vascular 

function to confirm sex-specific findings (Figures 5-9, 5-10). Using wire myography as 

described above, we showed no change in sensitivity to MCH between genotypes for both 

sexes under non-septic and septic conditions. In agreement with our non-septic and septic 

in-vivo findings, we demonstrated that OSMR deficiency resulted in a decreased maximal 

dilation attained in OSMR deficient males, whereas female OSMR deficient maximal 

dilation was similar. We also examined vasodilation in a subset of vessels treated with 

LNAME, a nitric oxide synthase inhibitor. It would be expected that LNAME would 

increase the amount of MCH necessary to produce the same extent of vasodilation under 

non-septic conditions within the same genotype. The sensitivity to MCH between 

genotypes did not differ under non-septic or septic conditions for males. In male vessels 

treated with LNAME, we were able to show an increase in maximal vasodilation in OSMR 

deficient non-septic vessels. We theorize that this ex-vivo result was observed as OSMR 

deficient vessels may be conditioned to vasodilate in response to other MCH-induced 

vasodilatory pathways (EDHF) and therefore NOS inhibition with LNAME may be better 

tolerated. In septic vessels, the rise in OSM may result in increased levels of NO present 

in C57BL/6 mice compared to OSMR deficient mice, such that lesser maximum dilation 

is achieved in OSMR deficient mice.  



 

 199 

 We demonstrated differences in the LNAME treated females, again potentially 

secondary due to a lesser reliance on available NO. Under non-septic conditions, females 

showed no change in sensitivity to MCH or resultant maximal dilation. When septic, 

OSMR deficient vessels had decreased sensitivity to MCH with similar maximal 

vasodilation under septic conditions. Again, we speculate these ex-vivo results are due to a 

lesser reliance on NO. Under non-septic conditions and inhibited by LNAME, even a small 

concentration of NO production induced by MCH may produce a similar maximal dilation 

in female vessels where NO is less critical. When septic and treated with LNAME, it is 

increasingly difficult for OSMR deficient vessels to produce large amounts of bioavailable 

NO due to inactivity of the OSM/OSMR signalling pathway, while OSM signalling may 

increase due to increased OSM production in C57BL/6 mice. As such, the sensitivity to 

MCH would be comparatively low in OSMR deficient female vessels if reliance on NO is 

greater than in males. 

5.5 Limitations 

There are limitations to this study. The dose of fecal slurry used in these experiments may 

have caused a severe septic phenotype, so minor improvements in survival may not have 

been observed, as discussed above. In the OSMR deficient mice, changes may not have 

been as evident as expected due to multiple receptor types. Our mice were deficient in the 

type of OSMR known as OSMR type II, comprised of gp130 and the OSMR complex. In 

these OSMR deficient mice, loxP sites exist on either side of the second exon of the 

OSMRβ gene. Therefore tissue expression of the gene is eliminated when this strain is 
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crossed with a Cre recombinase-expressing strain.649 Our mice were homologous for 

OSMR type II knockout. Therefore, the OSM ligand is present while the OSMR type II is 

absent. The consensus is that mice only possess OSMR type II;650 however, there 

potentially exist low-affinity interactions between OSM and gp130 and with the OSMR 

type I complex (gp130/LIFR) (Table 14). There is also evidence that pro-OSM (post-N-

terminal cleavage and pre-C-terminal cleavage product) may be biologically active. It 

remains to be seen whether this pro-OSM acts on OSMR type I, II, or both. Some evidence 

exists that murine OSM is active in bone651 which may be secondary to low affinity for 

OSMR type I. In addition, other cytokine receptors (i.e.: IL-31R) are known to 

heterodimerize with type II OSMR. Therefore, changes seen in OSMR deficient mice may 

not be solely related to lack of OSM signalling (and resultant vasodilation) but decreased 

signalling in other pathways. Finally, even with improved hemodynamic profiles in sepsis, 

OSMR deficiency may not result in enhanced survival secondary to other effects of OSM 

including decreased macrophage recruitment and decreased production of hepatic acute 

phase reactants. 
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Figure 5-14: Two Types of Oncostatin M Receptors 

OSMR Type I consists of gp130 and LIFR (leukemia inhibitor factor receptor) while 

OSMR Type II consists of gp130 and OSMRβ (Oncostatin M receptor beta). 

 

Table 15: OSM Site of Action in Humans and Mice 

OSM: Oncostatin M, OSMR: Oncostatin M Receptor 

 

 

Human 

OSMR  

Type I 

Human 

OSMR  

Type II 

Murine 

OSMR  

Type I 

Murine 

OSMR  

Type II 

Human OSM + + +  

Mouse OSM    + 

 

5.6 Conclusion 

We have newly demonstrated that both male and female OSMR deficient mice have 

distinct hemodynamic profiles under non-septic and septic conditions. These distinct 

profiles extend to both non-septic and septic derangements in MCH-induced vasodilation. 
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Our results support a greater reliance on NO in vasodilation in males.  OSMR deficiency 

demonstrates some benefit in reducing exposure to NE in both sexes and leads to improved 

sepsis survival, albeit this was only evident in male mice with vasopressor support. 
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Chapter 6 

Summary and Future Directions 

6.1 Summary 

Herein, we have described several new findings contributing to the knowledge base 

surrounding vascular dysfunction in sepsis, particularly as it pertains to the elderly. Aged 

in-vivo vasodilation profiles were distinct from the young, showing increased vasodilation 

in response to MCH in non-septic aged mice, while septic aged mice displayed the opposite 

effect of decreased vasodilation in response to MCH. Myography findings supported these 

in-vivo results, such that mesenteric artery relaxation was greater in response to low doses 

of MCH in non-septic mice. This effect was ablated in aged septic mice, which is also in 

agreement with the in-vivo results. Septic aged mice produced similar amounts of cGMP 

in the lung and kidney as the young, implying sGC activity was impaired to a similar extent. 

Importantly, our results support the hypothesis that aging is associated with worse survival 

in sepsis. These findings lend support to our theory that ROS and functional sGC 

signalling, known to be particularly impaired with increased age, are important in the 

progression of sepsis to septic shock. 

 As the morbidity and mortality burden of sepsis is severe, and this burden is 

unequally shouldered by the aged, it was important to demonstrate the potential clinical 

relevance of these findings by attempting to improve hemodynamic function and thereby 

improve survival in both age groups. We used the sGC activator cinaciguat to restore sGC 

activity and cGMP production. We observed several improvements in septic hemodynamic 

and survival outcomes, suggesting cinaciguat activates the sepsis-damaged sGC-cGMP 
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signalling axis, a phenomenon we hypothesized would be exacerbated in the aged due to 

enhanced ROS production associated with aging. In young mice, cinaciguat improved 

multiple aspects of in-vivo hemodynamic function. Septic systolic and diastolic blood 

pressure, as well as heart rate, were improved. Responses to MCH were unchanged, 

potentially secondary to impaired eNOS function. Notably, survival was improved and 

sGC activity was increased in both the lung and the kidney. Using wire myography, we 

also demonstrated increased sensitivity of mesenteric arteries to MCH and SNP and 

increased sensitivity of carotid arteries to SNP, albeit vessel relaxation from all groups was 

ultimately similar. These findings may indicate that cinaciguat impacts sGC signalling as 

well as having other tissue/organ-specific results. 

 Aged mice also experienced a survival benefit from cinaciguat treatment, but 

without any observable in-vivo hemodynamic or ex-vivo vascular function changes. 

However, sGC activity was increased in both the kidney and the lung with cinaciguat 

treatment. These results, again, lend support to the notion that cinaciguat has other non-

vascular targets that assist in improving mortality. Indeed, sGC is involved in numerous 

processes, ranging from unloading the heart resulting in improved regional blood flow to 

specific organs,611 to preventing fibrosis and inflammation,652 and in reducing ERK1/2 

activity and TGF-ß expression thus influencing glomerular damage in the kidney.653  Thus, 

treatment with cinaciguat, could, for example, improve renal function independent of its 

effect on renal blood flow.  Given that real failure is a primary cause of mortality in sepsis, 

the specific mechanisms by which sGC may improve kidney function warrants future 

investigation.   
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Lastly, we examined whether inhibiting the function of OSM (increased expression 

in sepsis, with receptors prominently located on the vascular endothelium, and influences 

NO levels) would improve non-septic and septic hemodynamics in a sex-specific fashion. 

We were able to demonstrate that OSMR signalling is an important contributor in a sex-

specific fashion to baseline hemodynamic regulation and function with both sexes 

displaying a distinct non-septic hemodynamic profile characterized by systolic and 

diastolic hypertension and tachycardia. However, males also displayed decreased systolic 

and diastolic blood pressure and heart rate responses to MCH while females displayed a 

decreased systolic blood pressure and increased heart rate response. We observed that 

OSMR signalling plays an important role in septic vascular hemodynamic and vascular 

functioning with sex-specific differences. Septic OSMR deficient mice of both sexes 

retained their hypertensive and tachycardic phenotype. The response to MCH still was 

decreased for both systolic and diastolic blood pressure but became increased for heart rate. 

Females lost any blood pressure response to MCH and maintained an elevated heart rate 

response. Wire myography supported the findings that OSMR signalling has sex-specific 

effects in sepsis. Although we were not able to demonstrate a survival advantage in OSMR 

deficient septic mice of either sex, our previous work with a less severe model of sepsis 

has shown a survival advantage in septic male mice, raising the possibility that this model 

was too severe to address subtle effects in less sick mice. However, in the context of these 

experiments examining septic shock (with a known higher severity and mortality than 

simple sepsis as in our previous study), this model was appropriate. 
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Altogether, our results support decreased survival for the aged, likely impacted by 

vascular dysfunction and other organ effects secondary to dysfunctional sGC signalling 

and impaired cGMP production. Treatments directed at restoring sGC function may 

ultimately be translatable to human sepsis treatment. Currently, there is interest in use of 

methylene blue, a medication that blocks sGC action and scavenges NO, instead of 

restoring dysfunctional sGC function as cinaciguat does, for treatment of distributive 

shock.654 Much of the evidence surrounding methylene blue use stems from non-septic 

shock research (i.e.: post-cardiopulmonary bypass vasoplegia) with most studies failing to 

demonstrate mortality benefit in septic shock.655,656 However, one study found 

improvement in mortality if administered to less sick patients who may have been treated 

earlier in the course of sepsis.656 Our results demonstrate that cinaciguat has mortality 

benefit, even when no hemodynamic or vascular function changes are noted. Therefore, 

inhibiting sGC function, especially in the aged, with methylene blue may have detrimental 

effects. We also demonstrated that inflammatory cytokines may alter hemodynamic 

outcomes of sepsis in a sex-specific manner. It is evident from our observations that age 

and biological sex are important factors affecting sepsis hemodynamic and vascular 

function in addition to survival and further research is necessary. 

6.2 Future Directions 

We have defined a hemodynamic response to sepsis in the aged in a model of 

intraperitoneal sepsis. As we have also demonstrated that cytokines affect septic and non-

septic hemodynamic and vascular function profiles in a sex-specific manner, we will need 

to further investigate the effect of age combined with the effect of biological sex by 
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repeating our initial experiments (from Chapters 2-4) in females. The current literature is 

inconclusive regarding the effects of sex on sepsis survival, with no information available 

about sex-specific hemodynamic or vascular function effects on survival.70,657,658 It will 

also be important to assess how certain cytokines are affected by aging and the resultant 

influence on survival and short- and long-term hemodynamic and vascular function.  

While intra-abdominal sepsis is the most lethal form of sepsis, we would like to 

confirm our findings in the most common type of sepsis, pulmonary sepsis.153 To induce 

pulmonary sepsis and lung injury we aim to use the intratracheal injection of streptococcus 

pneumoniae, a common method.659-661 It will also be important to demonstrate what the 

effect of cinaciguat is when combined with antibiotic therapy as it is a mainstay of sepsis 

management. We deliberately omitted antibiotic use in this first set of experiments to 

define the effects of sepsis more accurately as antibiotics may have effects on the 

vasculature, especially those with anti-inflammatory properties. However, we 

acknowledge that as clinical sepsis treatment necessitates the use of antibiotics, we aim to 

use antibiotics in our future studies (now that we have delineated the effects without them) 

to enhance the translational potential of our findings.  

In our studies we used inhaled isoflurane anesthetic as a means to provide a 

consistent depth of anesthetic for a prolonged period of time. We acknowledge isoflurane 

itself may provide anti-inflammatory and pre-conditioning effects that could improve 

survival or hemodynamic and vascular function. Although all animals (non-septic, septic, 

treated) received isoflurane, the effect of isoflurane combined with cinaciguat may have 

affected our outcomes more so than cinaciguat alone. Therefore, it will be important to 
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demonstrate survival, hemodynamic, and vascular outcomes without isoflurane. However, 

due to the nature of these experiments some form of anesthetic is necessary. 

 As discussed extensively in Chapter 1, we know that although improving mortality 

in people with sepsis and septic shock is important, improving long-term septic outcomes 

would be of extreme importance. In all adults, not just the elderly, the organ injury and 

quality of life effects of sepsis can be long-lasting or permanent. So even though cinaciguat 

improved mortality and some aspects short-term vascular function during sepsis, it will be 

important to examine the molecular mechanism(s) of how cinaciguat improves mortality. 

Following determination of molecular mechanism(s), examining other longer-term septic 

outcomes including organ function, quality of life, and ability to live independently will be 

necessary. This will likely require multidisciplinary approaches involving quantitative and 

qualitative studies.    

 

 

 

 

 

 

 

 

 

 

 

 



 

 209 

References 

1. Singer M, Deutschman CS, Seymour CW, et al. The Third International Consensus 

Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. Feb 23 2016;315(8):801-10. 

doi:10.1001/jama.2016.0287 

2. Brizuela V, Bonet M, Trigo Romero CL, et al. Early evaluation of the 'STOP SEPSIS!' 

WHO Global Maternal Sepsis Awareness Campaign implemented for healthcare providers in 46 

low, middle and high-income countries. BMJ Open. May 21 2020;10(5):e036338. 

doi:10.1136/bmjopen-2019-036338 

3. Jabaley CS, Blum JM, Groff RF, O'Reilly-Shah VN. Global trends in the awareness of 

sepsis: insights from search engine data between 2012 and 2017. Crit Care. Jan 17 2018;22(1):7. 

doi:10.1186/s13054-017-1914-8 

4. Reinhart K, Daniels R, Kissoon N, Machado FR, Schachter RD, Finfer S. Recognizing 

Sepsis as a Global Health Priority - A WHO Resolution. N Engl J Med. Aug 3 2017;377(5):414-

417. doi:10.1056/NEJMp1707170 

5. Esme M, Topeli A, Yavuz BB, Akova M. Infections in the Elderly Critically-Ill Patients. 

Front Med (Lausanne). 2019;6:118. doi:10.3389/fmed.2019.00118 

6. Mellhammar L, Kahn F, Whitlow C, Kander T, Christensson B, Linder A. Bacteremic 

sepsis leads to higher mortality when adjusting for confounders with propensity score matching. 

Sci Rep. Mar 26 2021;11(1):6972. doi:10.1038/s41598-021-86346-4 

7. Sparks R, Harada A, Chavada R, Trethewy C. Comparison of different sepsis scoring 

systems and pathways: qSOFA, SIRS, Shapiro criteria and CEC SEPSIS KILLS pathway in 

bacteraemic and non-bacteraemic patients presenting to the emergency department. BMC Infect 

Dis. Jan 22 2022;22(1):76. doi:10.1186/s12879-022-07070-6 



 

 210 

8. Lee HY, Lee J, Jung YS, et al. Preexisting Clinical Frailty Is Associated With Worse 

Clinical Outcomes in Patients With Sepsis. Crit Care Med. Oct 6 

2021;doi:10.1097/CCM.0000000000005360 

9. Kalani C, Venigalla T, Bailey J, Udeani G, Surani S. Sepsis Patients in Critical Care 

Units with Obesity: Is Obesity Protective? Cureus. Feb 10 2020;12(2):e6929. 

doi:10.7759/cureus.6929 

10. Frydrych LM, Fattahi F, He K, Ward PA, Delano MJ. Diabetes and Sepsis: Risk, 

Recurrence, and Ruination. Front Endocrinol (Lausanne). 2017;8:271. 

doi:10.3389/fendo.2017.00271 

11. Hensley MK, Donnelly JP, Carlton EF, Prescott HC. Epidemiology and Outcomes of 

Cancer-Related Versus Non-Cancer-Related Sepsis Hospitalizations. Crit Care Med. Oct 

2019;47(10):1310-1316. doi:10.1097/CCM.0000000000003896 

12. Gudiol C, Albasanz-Puig A, Cuervo G, Carratala J. Understanding and Managing Sepsis 

in Patients With Cancer in the Era of Antimicrobial Resistance. Front Med (Lausanne). 

2021;8:636547. doi:10.3389/fmed.2021.636547 

13. Alrawashdeh M, Klompas M, Kimmel S, et al. Epidemiology, Outcomes, and Trends of 

Patients With Sepsis and Opioid-Related Hospitalizations in U.S. Hospitals. Crit Care Med. Dec 

1 2021;49(12):2102-2111. doi:10.1097/CCM.0000000000005141 

14. Marshall JC. Why have clinical trials in sepsis failed? Trends Mol Med. Apr 

2014;20(4):195-203. doi:10.1016/j.molmed.2014.01.007 

15. Cavaillon JM, Singer M, Skirecki T. Sepsis therapies: learning from 30 years of failure of 

translational research to propose new leads. EMBO Mol Med. Apr 7 2020;12(4):e10128. 

doi:10.15252/emmm.201810128 



 

 211 

16. Martin-Loeches I, Guia MC, Vallecoccia MS, et al. Risk factors for mortality in elderly 

and very elderly critically ill patients with sepsis: a prospective, observational, multicenter cohort 

study. Ann Intensive Care. Feb 4 2019;9(1):26. doi:10.1186/s13613-019-0495-x 

17. Dellinger RP, Carlet JM, Masur H, et al. Surviving Sepsis Campaign guidelines for 

management of severe sepsis and septic shock. Crit Care Med. Mar 2004;32(3):858-73. 

doi:10.1097/01.ccm.0000117317.18092.e4 

18. Dellinger RP, Levy MM, Rhodes A, et al. Surviving sepsis campaign: international 

guidelines for management of severe sepsis and septic shock: 2012. Crit Care Med. Feb 

2013;41(2):580-637. doi:10.1097/CCM.0b013e31827e83af 

19. Bone RC, Balk RA, Cerra FB, et al. Definitions for sepsis and organ failure and 

guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference 

Committee. American College of Chest Physicians/Society of Critical Care Medicine. Chest. Jun 

1992;101(6):1644-55. doi:10.1378/chest.101.6.1644 

20. Levy MM, Fink MP, Marshall JC, et al. 2001 SCCM/ESICM/ACCP/ATS/SIS 

International Sepsis Definitions Conference. Crit Care Med. Apr 2003;31(4):1250-6. 

doi:10.1097/01.CCM.0000050454.01978.3B 

21. Vincent JL, Opal SM, Marshall JC, Tracey KJ. Sepsis definitions: time for change. 

Lancet. Mar 2 2013;381(9868):774-5. doi:10.1016/S0140-6736(12)61815-7 

22. Dulhunty JM, Lipman J, Finfer S, Sepsis Study Investigators for the ACTG. Does severe 

non-infectious SIRS differ from severe sepsis? Results from a multi-centre Australian and New 

Zealand intensive care unit study. Intensive Care Med. Sep 2008;34(9):1654-61. 

doi:10.1007/s00134-008-1160-2 



 

 212 

23. Kaukonen KM, Bailey M, Pilcher D, Cooper DJ, Bellomo R. Systemic inflammatory 

response syndrome criteria in defining severe sepsis. N Engl J Med. Apr 23 2015;372(17):1629-

38. doi:10.1056/NEJMoa1415236 

24. Chakraborty RK BB. Systemic Inflammatory Response Syndrome. In: Publishing S, ed. 

StatPearls [Internet]. 2021. https://www.ncbi.nlm.nih.gov/books/NBK547669/)  

25. Gul F, Arslantas MK, Cinel I, Kumar A. Changing Definitions of Sepsis. Turk J 

Anaesthesiol Reanim. Jun 2017;45(3):129-138. doi:10.5152/TJAR.2017.93753 

26. Marshall JC. The multiple organ dysfunction syndrome. In: Holzheimer RGM, J. A., ed. 

Surgical Treatment: Evidence-Based and Problem-Oriented. 2001. 

27. Chakraborty RK, Burns B. Systemic Inflammatory Response Syndrome. StatPearls. 

2022. 

28. Martin GS, Mannino DM, Moss M. The effect of age on the development and outcome of 

adult sepsis. Crit Care Med. Jan 2006;34(1):15-21. doi:10.1097/01.ccm.0000194535.82812.ba 

29. Wester AL, Dunlop O, Melby KK, Dahle UR, Wyller TB. Age-related differences in 

symptoms, diagnosis and prognosis of bacteremia. BMC Infect Dis. Jul 24 2013;13:346. 

doi:10.1186/1471-2334-13-346 

30. Ferrer R, Martin-Loeches I, Phillips G, et al. Empiric antibiotic treatment reduces 

mortality in severe sepsis and septic shock from the first hour: results from a guideline-based 

performance improvement program. Crit Care Med. Aug 2014;42(8):1749-55. 

doi:10.1097/CCM.0000000000000330 

31. Sankar J, Garg M, Ghimire JJ, Sankar MJ, Lodha R, Kabra SK. Delayed Administration 

of Antibiotics Beyond the First Hour of Recognition Is Associated with Increased Mortality Rates 

in Children with Sepsis/Severe Sepsis and Septic Shock. J Pediatr. Jun 2021;233:183-190 e3. 

doi:10.1016/j.jpeds.2020.12.035 

https://www.ncbi.nlm.nih.gov/books/NBK547669/


 

 213 

32. Freund Y, Lemachatti N, Krastinova E, et al. Prognostic Accuracy of Sepsis-3 Criteria 

for In-Hospital Mortality Among Patients With Suspected Infection Presenting to the Emergency 

Department. JAMA. Jan 17 2017;317(3):301-308. doi:10.1001/jama.2016.20329 

33. Seymour CW, Liu VX, Iwashyna TJ, et al. Assessment of Clinical Criteria for Sepsis: For 

the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. Feb 

23 2016;315(8):762-74. doi:10.1001/jama.2016.0288 

34. Fernando SM, Tran A, Taljaard M, et al. Prognostic Accuracy of the Quick Sequential 

Organ Failure Assessment for Mortality in Patients With Suspected Infection: A Systematic 

Review and Meta-analysis. Ann Intern Med. Feb 20 2018;168(4):266-275. doi:10.7326/M17-

2820 

35. Raith EP, Udy AA, Bailey M, et al. Prognostic Accuracy of the SOFA Score, SIRS 

Criteria, and qSOFA Score for In-Hospital Mortality Among Adults With Suspected Infection 

Admitted to the Intensive Care Unit. JAMA. Jan 17 2017;317(3):290-300. 

doi:10.1001/jama.2016.20328 

36. Perman SM, Mikkelsen ME, Goyal M, et al. The sensitivity of qSOFA calculated at 

triage and during emergency department treatment to rapidly identify sepsis patients. Sci Rep. 

Nov 23 2020;10(1):20395. doi:10.1038/s41598-020-77438-8 

37. Gando S, Shiraishi A, Abe T, et al. The SIRS criteria have better performance for 

predicting infection than qSOFA scores in the emergency department. Sci Rep. May 15 

2020;10(1):8095. doi:10.1038/s41598-020-64314-8 

38. Almutary A, Althunayyan S, Alenazi K, et al. National Early Warning Score (NEWS) as 

Prognostic Triage Tool for Septic Patients. Infect Drug Resist. 2020;13:3843-3851. 

doi:10.2147/IDR.S275390 



 

 214 

39. Ford DW, Goodwin AJ, Simpson AN, Johnson E, Nadig N, Simpson KN. A Severe 

Sepsis Mortality Prediction Model and Score for Use With Administrative Data. Crit Care Med. 

Feb 2016;44(2):319-27. doi:10.1097/CCM.0000000000001392 

40. Adegbite BR, Edoa JR, Ndzebe Ndoumba WF, et al. A comparison of different scores for 

diagnosis and mortality prediction of adults with sepsis in Low-and-Middle-Income Countries: a 

systematic review and meta-analysis. EClinicalMedicine. Dec 2021;42:101184. 

doi:10.1016/j.eclinm.2021.101184 

41. Khwannimit B, Bhurayanontachai R, Vattanavanit V. Comparison of the performance of 

SOFA, qSOFA and SIRS for predicting mortality and organ failure among sepsis patients 

admitted to the intensive care unit in a middle-income country. J Crit Care. Apr 2018;44:156-

160. doi:10.1016/j.jcrc.2017.10.023 

42. Evans L, Rhodes A, Alhazzani W, et al. Surviving sepsis campaign: international 

guidelines for management of sepsis and septic shock 2021. Intensive Care Med. Nov 

2021;47(11):1181-1247. doi:10.1007/s00134-021-06506-y 

43. Herwanto V, Shetty A, Nalos M, et al. Accuracy of Quick Sequential Organ Failure 

Assessment Score to Predict Sepsis Mortality in 121 Studies Including 1,716,017 Individuals: A 

Systematic Review and Meta-Analysis. Crit Care Explor. Sep 2019;1(9):e0043. 

doi:10.1097/CCE.0000000000000043 

44. Serafim R, Gomes JA, Salluh J, Povoa P. A Comparison of the Quick-SOFA and 

Systemic Inflammatory Response Syndrome Criteria for the Diagnosis of Sepsis and Prediction 

of Mortality: A Systematic Review and Meta-Analysis. Chest. Mar 2018;153(3):646-655. 

doi:10.1016/j.chest.2017.12.015 

45. Cinel I, Kasapoglu US, Gul F, Dellinger RP. The initial resuscitation of septic shock. J 

Crit Care. Jun 2020;57:108-117. doi:10.1016/j.jcrc.2020.02.004 



 

 215 

46. Shimabukuro DW, Barton CW, Feldman MD, Mataraso SJ, Das R. Effect of a machine 

learning-based severe sepsis prediction algorithm on patient survival and hospital length of stay: a 

randomised clinical trial. BMJ Open Respir Res. 2017;4(1):e000234. doi:10.1136/bmjresp-2017-

000234 

47. Islam MM, Nasrin T, Walther BA, Wu CC, Yang HC, Li YC. Prediction of sepsis 

patients using machine learning approach: A meta-analysis. Comput Methods Programs Biomed. 

Mar 2019;170:1-9. doi:10.1016/j.cmpb.2018.12.027 

48. Zhang L, Huang T, Xu F, et al. Prediction of prognosis in elderly patients with sepsis 

based on machine learning (random survival forest). BMC Emerg Med. Feb 11 2022;22(1):26. 

doi:10.1186/s12873-022-00582-z 

49. Gordon AC, Perkins GD, Singer M, et al. Levosimendan for the Prevention of Acute 

Organ Dysfunction in Sepsis. N Engl J Med. Oct 27 2016;375(17):1638-1648. 

doi:10.1056/NEJMoa1609409 

50. Bhattacharjee S, Soni KD, Maitra S, Baidya DK. Levosimendan does not provide 

mortality benefit over dobutamine in adult patients with septic shock: A meta-analysis of 

randomized controlled trials. J Clin Anesth. Jun 2017;39:67-72. 

doi:10.1016/j.jclinane.2017.03.011 

51. Liu ZM, Chen J, Kou Q, et al. Terlipressin versus norepinephrine as infusion in patients 

with septic shock: a multicentre, randomised, double-blinded trial. Intensive Care Med. Nov 

2018;44(11):1816-1825. doi:10.1007/s00134-018-5267-9 

52. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United 

States from 1979 through 2000. N Engl J Med. Apr 17 2003;348(16):1546-54. 

doi:10.1056/NEJMoa022139 



 

 216 

53. Dombrovskiy VY, Martin AA, Sunderram J, Paz HL. Rapid increase in hospitalization 

and mortality rates for severe sepsis in the United States: a trend analysis from 1993 to 2003. Crit 

Care Med. May 2007;35(5):1244-50. doi:10.1097/01.CCM.0000261890.41311.E9 

54. Kumar G, Kumar N, Taneja A, et al. Nationwide trends of severe sepsis in the 21st 

century (2000-2007). Chest. Nov 2011;140(5):1223-1231. doi:10.1378/chest.11-0352 

55. Gaieski DF, Edwards JM, Kallan MJ, Carr BG. Benchmarking the incidence and 

mortality of severe sepsis in the United States. Crit Care Med. May 2013;41(5):1167-74. 

doi:10.1097/CCM.0b013e31827c09f8 

56. Rubens M, Saxena A, Ramamoorthy V, et al. Increasing Sepsis Rates in the United 

States: Results From National Inpatient Sample, 2005 to 2014. J Intensive Care Med. Sep 

2020;35(9):858-868. doi:10.1177/0885066618794136 

57. Rhee C, Klompas M. Sepsis trends: increasing incidence and decreasing mortality, or 

changing denominator? J Thorac Dis. Feb 2020;12(Suppl 1):S89-S100. 

doi:10.21037/jtd.2019.12.51 

58. Rudd KE, Johnson SC, Agesa KM, et al. Global, regional, and national sepsis incidence 

and mortality, 1990-2017: analysis for the Global Burden of Disease Study. Lancet. Jan 18 

2020;395(10219):200-211. doi:10.1016/S0140-6736(19)32989-7 

59. Todorovic Markovic M, Pedersen C, Gottfredsson M, Todorovic Mitic M, Gaini S. 

Epidemiology of community-acquired sepsis in the Faroe Islands - a prospective observational 

study. Infect Dis (Lond). Jan 2019;51(1):38-49. doi:10.1080/23744235.2018.1511056 

60. Rhee C, Dantes R, Epstein L, et al. Incidence and Trends of Sepsis in US Hospitals Using 

Clinical vs Claims Data, 2009-2014. JAMA. Oct 3 2017;318(13):1241-1249. 

doi:10.1001/jama.2017.13836 



 

 217 

61. Weng L, Zeng XY, Yin P, et al. Sepsis-related mortality in China: a descriptive analysis. 

Intensive Care Med. Jul 2018;44(7):1071-1080. doi:10.1007/s00134-018-5203-z 

62. Fleischmann C, Scherag A, Adhikari NK, et al. Assessment of Global Incidence and 

Mortality of Hospital-treated Sepsis. Current Estimates and Limitations. Am J Respir Crit Care 

Med. Feb 1 2016;193(3):259-72. doi:10.1164/rccm.201504-0781OC 

63. Angus DC, Seymour CW, Coopersmith CM, et al. A Framework for the Development 

and Interpretation of Different Sepsis Definitions and Clinical Criteria. Crit Care Med. Mar 

2016;44(3):e113-21. doi:10.1097/CCM.0000000000001730 

64. Iwashyna TJ, Odden A, Rohde J, et al. Identifying patients with severe sepsis using 

administrative claims: patient-level validation of the angus implementation of the international 

consensus conference definition of severe sepsis. Med Care. Jun 2014;52(6):e39-43. 

doi:10.1097/MLR.0b013e318268ac86 

65. Rosenstein AH, O'Daniel M, White S, Taylor K. Medicare's value-based payment 

initiatives: impact on and implications for improving physician documentation and coding. Am J 

Med Qual. May-Jun 2009;24(3):250-8. doi:10.1177/1062860609332511 

66. Fleischmann-Struzek C, Mellhammar L, Rose N, et al. Incidence and mortality of 

hospital- and ICU-treated sepsis: results from an updated and expanded systematic review and 

meta-analysis. Intensive Care Med. Aug 2020;46(8):1552-1562. doi:10.1007/s00134-020-06151-

x 

67. Rhee C, Kadri S, Huang SS, et al. Objective Sepsis Surveillance Using Electronic 

Clinical Data. Infect Control Hosp Epidemiol. Feb 2016;37(2):163-71. doi:10.1017/ice.2015.264 

68. Rhee C, Murphy MV, Li L, et al. Comparison of trends in sepsis incidence and coding 

using administrative claims versus objective clinical data. Clin Infect Dis. Jan 1 2015;60(1):88-

95. doi:10.1093/cid/ciu750 



 

 218 

69. Angele MK, Pratschke S, Hubbard WJ, Chaudry IH. Gender differences in sepsis: 

cardiovascular and immunological aspects. Virulence. Jan 1 2014;5(1):12-9. 

doi:10.4161/viru.26982 

70. Xu J, Tong L, Yao J, et al. Association of Sex With Clinical Outcome in Critically Ill 

Sepsis Patients: A Retrospective Analysis of the Large Clinical Database MIMIC-III. Shock. Aug 

2019;52(2):146-151. doi:10.1097/SHK.0000000000001253 

71. Guidet B, Maury E. Sex and severe sepsis. Crit Care. May 15 2013;17(3):144. 

doi:10.1186/cc12690 

72. Zhang M, Montroy J, Sharma R, et al. The Effects of Biological Sex on Sepsis 

Treatments in Animal Models: A Systematic Review and a Narrative Elaboration on Sex- and 

Gender-Dependent Differences in Sepsis. Crit Care Explor. Jun 2021;3(6):e0433. 

doi:10.1097/CCE.0000000000000433 

73. Nasir N, Jamil B, Siddiqui S, Talat N, Khan FA, Hussain R. Mortality in Sepsis and its 

relationship with Gender. Pak J Med Sci. Sep-Oct 2015;31(5):1201-6. 

doi:10.12669/pjms.315.6925 

74. Xerri A, Gallardo F, Kober F, et al. Female hormones prevent sepsis-induced cardiac 

dysfunction: an experimental randomized study. Sci Rep. Mar 23 2022;12(1):4939. 

doi:10.1038/s41598-022-08889-4 

75. Thompson KJ, Finfer SR, Woodward M, Leong RNF, Liu B. Sex differences in sepsis 

hospitalisations and outcomes in older women and men: A prospective cohort study. J Infect. Jun 

2022;84(6):770-776. doi:10.1016/j.jinf.2022.04.035 

76. Antequera A, Madrid-Pascual O, Sola I, et al. Female under-representation in sepsis 

studies: a bibliometric analysis of systematic reviews and guidelines. J Clin Epidemiol. Oct 

2020;126:26-36. doi:10.1016/j.jclinepi.2020.06.014 



 

 219 

77. Liang L MB, Soni A. . National Inpatient Hospital Costs: The Most Expensive 

Conditions by Payer, 2017: Statistical Brief #261. Accessed April 18, 2022. https://www-ncbi-

nlm-nih-gov.login.ezproxy.library.ualberta.ca/books/NBK561141 

78. Torio CM, Moore BJ. National Inpatient Hospital Costs: The Most Expensive Conditions 

by Payer, 2013: Statistical Brief #204. Healthcare Cost and Utilization Project (HCUP) 

Statistical Briefs. 2006. 

79. Arefian H, Heublein S, Scherag A, et al. Hospital-related cost of sepsis: A systematic 

review. J Infect. Feb 2017;74(2):107-117. doi:10.1016/j.jinf.2016.11.006 

80. Paoli CJ, Reynolds MA, Sinha M, Gitlin M, Crouser E. Epidemiology and Costs of 

Sepsis in the United States-An Analysis Based on Timing of Diagnosis and Severity Level. Crit 

Care Med. Dec 2018;46(12):1889-1897. doi:10.1097/CCM.0000000000003342 

81. Letarte J, Longo CJ, Pelletier J, Nabonne B, Fisher HN. Patient characteristics and costs 

of severe sepsis and septic shock in Quebec. J Crit Care. Mar 2002;17(1):39-49. 

doi:10.1053/jcrc.2002.33028 

82. Juneja D, Gupta A, Kulkarni AP. Stress in ICU Caregivers: Does it Lie in the Eyes of the 

Beholder? Indian J Crit Care Med. May 2019;23(5):203-204. doi:10.5005/jp-journals-10071-

23159 

83. Johnson CC, Suchyta MR, Darowski ES, et al. Psychological Sequelae in Family 

Caregivers of Critically III Intensive Care Unit Patients. A Systematic Review. Ann Am Thorac 

Soc. Jul 2019;16(7):894-909. doi:10.1513/AnnalsATS.201808-540SR 

84. Sanderson EAM, Humphreys S, Walker F, et al. Risk factors for complicated grief 

among family members bereaved in intensive care unit settings: A systematic review. PLoS One. 

2022;17(3):e0264971. doi:10.1371/journal.pone.0264971 

https://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/books/NBK561141
https://www-ncbi-nlm-nih-gov.login.ezproxy.library.ualberta.ca/books/NBK561141


 

 220 

85. Davidson JE, Jones C, Bienvenu OJ. Family response to critical illness: postintensive 

care syndrome-family. Crit Care Med. Feb 2012;40(2):618-24. 

doi:10.1097/CCM.0b013e318236ebf9 

86. Lee H, Doig CJ, Ghali WA, Donaldson C, Johnson D, Manns B. Detailed cost analysis of 

care for survivors of severe sepsis. Crit Care Med. Apr 2004;32(4):981-5. 

doi:10.1097/01.ccm.0000120053.98734.2c 

87. Iskander KN, Osuchowski MF, Stearns-Kurosawa DJ, et al. Sepsis: multiple 

abnormalities, heterogeneous responses, and evolving understanding. Physiol Rev. Jul 

2013;93(3):1247-88. doi:10.1152/physrev.00037.2012 

88. Heyland DK, Hopman W, Coo H, Tranmer J, McColl MA. Long-term health-related 

quality of life in survivors of sepsis. Short Form 36: a valid and reliable measure of health-related 

quality of life. Crit Care Med. Nov 2000;28(11):3599-605. doi:10.1097/00003246-200011000-

00006 

89. Iwashyna TJ, Cooke CR, Wunsch H, Kahn JM. Population burden of long-term 

survivorship after severe sepsis in older Americans. J Am Geriatr Soc. Jun 2012;60(6):1070-7. 

doi:10.1111/j.1532-5415.2012.03989.x 

90. Mankowski RT, Anton SD, Ghita GL, et al. Older Sepsis Survivors Suffer Persistent 

Disability Burden and Poor Long-Term Survival. J Am Geriatr Soc. Sep 2020;68(9):1962-1969. 

doi:10.1111/jgs.16435 

91. Karlsson S, Ruokonen E, Varpula T, Ala-Kokko TI, Pettila V, Finnsepsis Study G. Long-

term outcome and quality-adjusted life years after severe sepsis. Crit Care Med. Apr 

2009;37(4):1268-74. doi:10.1097/CCM.0b013e31819c13ac 



 

 221 

92. Winters BD, Eberlein M, Leung J, Needham DM, Pronovost PJ, Sevransky JE. Long-

term mortality and quality of life in sepsis: a systematic review. Crit Care Med. May 

2010;38(5):1276-83. doi:10.1097/CCM.0b013e3181d8cc1d 

93. Lazosky A, Young GB, Zirul S, Phillips R. Quality of life after septic illness. J Crit Care. 

Sep 2010;25(3):406-12. doi:10.1016/j.jcrc.2009.10.001 

94. Rhee C, Jones TM, Hamad Y, et al. Prevalence, Underlying Causes, and Preventability of 

Sepsis-Associated Mortality in US Acute Care Hospitals. JAMA Netw Open. Feb 1 

2019;2(2):e187571. doi:10.1001/jamanetworkopen.2018.7571 

95. Bauer M, Gerlach H, Vogelmann T, Preissing F, Stiefel J, Adam D. Mortality in sepsis 

and septic shock in Europe, North America and Australia between 2009 and 2019- results from a 

systematic review and meta-analysis. Crit Care. May 19 2020;24(1):239. doi:10.1186/s13054-

020-02950-2 

96. Gaini S, Relster MM, Pedersen C, Johansen IS. Prediction of 28-days mortality with 

sequential organ failure assessment (SOFA), quick SOFA (qSOFA) and systemic inflammatory 

response syndrome (SIRS) - A retrospective study of medical patients with acute infectious 

disease. Int J Infect Dis. Jan 2019;78:1-7. doi:10.1016/j.ijid.2018.09.020 

97. Davis JS, He V, Anstey NM, Condon JR. Long term outcomes following hospital 

admission for sepsis using relative survival analysis: a prospective cohort study of 1,092 patients 

with 5 year follow up. PLoS One. 2014;9(12):e112224. doi:10.1371/journal.pone.0112224 

98. Rangel-Frausto MS, Pittet D, Costigan M, Hwang T, Davis CS, Wenzel RP. The natural 

history of the systemic inflammatory response syndrome (SIRS). A prospective study. JAMA. Jan 

11 1995;273(2):117-23.  



 

 222 

99. Pittet D, Rangel-Frausto S, Li N, et al. Systemic inflammatory response syndrome, 

sepsis, severe sepsis and septic shock: incidence, morbidities and outcomes in surgical ICU 

patients. Intensive Care Med. Apr 1995;21(4):302-9. doi:10.1007/BF01705408 

100. Bouza C, Lopez-Cuadrado T. Epidemiology and Trends of Sepsis in Young Adults Aged 

20-44 Years: A Nationwide Population-Based Study. J Clin Med. Dec 27 

2019;9(1)doi:10.3390/jcm9010077 

101. Martin S, Perez A, Aldecoa C. Sepsis and Immunosenescence in the Elderly Patient: A 

Review. Front Med (Lausanne). 2017;4:20. doi:10.3389/fmed.2017.00020 

102. Busani S, Serafini G, Mantovani E, et al. Mortality in Patients With Septic Shock by 

Multidrug Resistant Bacteria: Risk Factors and Impact of Sepsis Treatments. J Intensive Care 

Med. Jan 2019;34(1):48-54. doi:10.1177/0885066616688165 

103. Aygencel G. Does immunosuppression affect the course of septic shock? J Thorac Dis. 

Apr 2018;10(Suppl 9):S1119-S1121. doi:10.21037/jtd.2018.04.14 

104. Investigators A, Group ACT, Peake SL, et al. Goal-directed resuscitation for patients 

with early septic shock. N Engl J Med. Oct 16 2014;371(16):1496-506. 

doi:10.1056/NEJMoa1404380 

105. Jones SL, Ashton CM, Kiehne L, et al. Reductions in Sepsis Mortality and Costs After 

Design and Implementation of a Nurse-Based Early Recognition and Response Program. Jt 

Comm J Qual Patient Saf. Nov 2015;41(11):483-91. doi:10.1016/s1553-7250(15)41063-3 

106. McCoy A, Das R. Reducing patient mortality, length of stay and readmissions through 

machine learning-based sepsis prediction in the emergency department, intensive care unit and 

hospital floor units. BMJ Open Qual. 2017;6(2):e000158. doi:10.1136/bmjoq-2017-000158 



 

 223 

107. Umemura Y, Abe T, Ogura H, et al. Hour-1 bundle adherence was associated with 

reduction of in-hospital mortality among patients with sepsis in Japan. PLoS One. 

2022;17(2):e0263936. doi:10.1371/journal.pone.0263936 

108. Acute Respiratory Distress Syndrome N, Brower RG, Matthay MA, et al. Ventilation 

with lower tidal volumes as compared with traditional tidal volumes for acute lung injury and the 

acute respiratory distress syndrome. N Engl J Med. May 4 2000;342(18):1301-8. 

doi:10.1056/NEJM200005043421801 

109. Govindan S, Iwashyna TJ, Odden A, Flanders SA, Chopra V. Mobilization in severe 

sepsis: an integrative review. J Hosp Med. Jan 2015;10(1):54-9. doi:10.1002/jhm.2281 

110. Atterton B, Paulino MC, Povoa P, Martin-Loeches I. Sepsis Associated Delirium. 

Medicina (Kaunas). May 18 2020;56(5)doi:10.3390/medicina56050240 

111. Chou EH, Mann S, Hsu TC, et al. Incidence, trends, and outcomes of infection sites 

among hospitalizations of sepsis: A nationwide study. PLoS One. 2020;15(1):e0227752. 

doi:10.1371/journal.pone.0227752 

112. Leligdowicz A, Dodek PM, Norena M, et al. Association between source of infection and 

hospital mortality in patients who have septic shock. Am J Respir Crit Care Med. May 15 

2014;189(10):1204-13. doi:10.1164/rccm.201310-1875OC 

113. Hammond NE, Kumar A, Kaur P, et al. Estimates of Sepsis Prevalence and Outcomes in 

Adult Patients in the ICU in India: A Cross-sectional Study. Chest. Jan 31 

2022;doi:10.1016/j.chest.2021.12.673 

114. Yang Y, Yang KS, Hsann YM, Lim V, Ong BC. The effect of comorbidity and age on 

hospital mortality and length of stay in patients with sepsis. J Crit Care. Sep 2010;25(3):398-405. 

doi:10.1016/j.jcrc.2009.09.001 



 

 224 

115. Gritte RB, Souza-Siqueira T, Curi R, Machado MCC, Soriano FG. Why Septic Patients 

Remain Sick After Hospital Discharge? Front Immunol. 2020;11:605666. 

doi:10.3389/fimmu.2020.605666 

116. Perl TM, Dvorak L, Hwang T, Wenzel RP. Long-term survival and function after 

suspected gram-negative sepsis. JAMA. Jul 26 1995;274(4):338-45.  

117. Nesseler N, Defontaine A, Launey Y, Morcet J, Malledant Y, Seguin P. Long-term 

mortality and quality of life after septic shock: a follow-up observational study. Intensive Care 

Med. May 2013;39(5):881-8. doi:10.1007/s00134-013-2815-1 

118. Sasse KC, Nauenberg E, Long A, Anton B, Tucker HJ, Hu TW. Long-term survival after 

intensive care unit admission with sepsis. Crit Care Med. Jun 1995;23(6):1040-7. 

doi:10.1097/00003246-199506000-00008 

119. Wang T, Derhovanessian A, De Cruz S, Belperio JA, Deng JC, Hoo GS. Subsequent 

infections in survivors of sepsis: epidemiology and outcomes. J Intensive Care Med. Mar-Apr 

2014;29(2):87-95. doi:10.1177/0885066612467162 

120. Prescott HC, Langa KM, Liu V, Escobar GJ, Iwashyna TJ. Increased 1-year healthcare 

use in survivors of severe sepsis. Am J Respir Crit Care Med. Jul 1 2014;190(1):62-9. 

doi:10.1164/rccm.201403-0471OC 

121. Iwashyna TJ, Ely EW, Smith DM, Langa KM. Long-term cognitive impairment and 

functional disability among survivors of severe sepsis. JAMA. Oct 27 2010;304(16):1787-94. 

doi:10.1001/jama.2010.1553 

122. Vincent JL, Sakr Y, Sprung CL, et al. Sepsis in European intensive care units: results of 

the SOAP study. Crit Care Med. Feb 2006;34(2):344-53. 

doi:10.1097/01.ccm.0000194725.48928.3a 



 

 225 

123. Schmidt K, Gensichen J, Fleischmann-Struzek C, et al. Long-Term Survival Following 

Sepsis. Dtsch Arztebl Int. Nov 13 2020;117(46):775-782. doi:10.3238/arztebl.2020.0775 

124. Shankar-Hari M, Rubenfeld GD. Understanding Long-Term Outcomes Following Sepsis: 

Implications and Challenges. Curr Infect Dis Rep. Nov 2016;18(11):37. doi:10.1007/s11908-016-

0544-7 

125. Mostel Z, Perl A, Marck M, et al. Post-sepsis syndrome - an evolving entity that afflicts 

survivors of sepsis. Mol Med. Dec 31 2019;26(1):6. doi:10.1186/s10020-019-0132-z 

126. Baggs J, Jernigan JA, Halpin AL, Epstein L, Hatfield KM, McDonald LC. Risk of 

Subsequent Sepsis Within 90 Days After a Hospital Stay by Type of Antibiotic Exposure. Clin 

Infect Dis. Mar 19 2018;66(7):1004-1012. doi:10.1093/cid/cix947 

127. Zilahi G, Artigas A, Martin-Loeches I. What's new in multidrug-resistant pathogens in 

the ICU? Ann Intensive Care. Dec 2016;6(1):96. doi:10.1186/s13613-016-0199-4 

128. Wang HE, Griffin R, Judd S, Shapiro NI, Safford MM. Obesity and risk of sepsis: a 

population-based cohort study. Obesity (Silver Spring). Dec 2013;21(12):E762-9. 

doi:10.1002/oby.20468 

129. Weng L, Fan J, Yu C, et al. Body-mass index and long-term risk of sepsis-related 

mortality: a population-based cohort study of 0.5 million Chinese adults. Crit Care. Aug 31 

2020;24(1):534. doi:10.1186/s13054-020-03229-2 

130. Dremsizov T, Clermont G, Kellum JA, Kalassian KG, Fine MJ, Angus DC. Severe sepsis 

in community-acquired pneumonia: when does it happen, and do systemic inflammatory response 

syndrome criteria help predict course? Chest. Apr 2006;129(4):968-78. 

doi:10.1378/chest.129.4.968 

131. Lu H, Wen D, Wang X, et al. Host genetic variants in sepsis risk: a field synopsis and 

meta-analysis. Crit Care. Jan 25 2019;23(1):26. doi:10.1186/s13054-019-2313-0 



 

 226 

132. Engoren M, Jewell ES, Douville N, Moser S, Maile MD, Bauer ME. Genetic variants 

associated with sepsis. PLoS One. 2022;17(3):e0265052. doi:10.1371/journal.pone.0265052 

133. Mayr FB, Yende S, Angus DC. Epidemiology of severe sepsis. Virulence. Jan 1 

2014;5(1):4-11. doi:10.4161/viru.27372 

134. Knaus WA, Sun X, Nystrom O, Wagner DP. Evaluation of definitions for sepsis. Chest. 

Jun 1992;101(6):1656-62. doi:10.1378/chest.101.6.1656 

135. Kreger BE, Craven DE, McCabe WR. Gram-negative bacteremia. IV. Re-evaluation of 

clinical features and treatment in 612 patients. Am J Med. Mar 1980;68(3):344-55. 

doi:10.1016/0002-9343(80)90102-3 

136. Walkey AJ, Wiener RS, Ghobrial JM, Curtis LH, Benjamin EJ. Incident stroke and 

mortality associated with new-onset atrial fibrillation in patients hospitalized with severe sepsis. 

JAMA. Nov 23 2011;306(20):2248-54. doi:10.1001/jama.2011.1615 

137. O'Brien JM, Jr., Lu B, Ali NA, et al. Alcohol dependence is independently associated 

with sepsis, septic shock, and hospital mortality among adult intensive care unit patients. Crit 

Care Med. Feb 2007;35(2):345-50. doi:10.1097/01.CCM.0000254340.91644.B2 

138. Poutsiaka DD, Davidson LE, Kahn KL, Bates DW, Snydman DR, Hibberd PL. Risk 

factors for death after sepsis in patients immunosuppressed before the onset of sepsis. Scand J 

Infect Dis. 2009;41(6-7):469-79. doi:10.1080/00365540902962756 

139. Girard TD, Opal SM, Ely EW. Insights into severe sepsis in older patients: from 

epidemiology to evidence-based management. Clin Infect Dis. Mar 1 2005;40(5):719-27. 

doi:10.1086/427876 

140. Haase N, Ostrowski SR, Wetterslev J, et al. Thromboelastography in patients with severe 

sepsis: a prospective cohort study. Intensive Care Med. Jan 2015;41(1):77-85. 

doi:10.1007/s00134-014-3552-9 



 

 227 

141. Zahar JR, Timsit JF, Garrouste-Orgeas M, et al. Outcomes in severe sepsis and patients 

with septic shock: pathogen species and infection sites are not associated with mortality. Crit 

Care Med. Aug 2011;39(8):1886-95. doi:10.1097/CCM.0b013e31821b827c 

142. Brun-Buisson C, Doyon F, Carlet J. Bacteremia and severe sepsis in adults: a multicenter 

prospective survey in ICUs and wards of 24 hospitals. French Bacteremia-Sepsis Study Group. 

Am J Respir Crit Care Med. Sep 1996;154(3 Pt 1):617-24. doi:10.1164/ajrccm.154.3.8810595 

143. Shorr AF, Tabak YP, Killian AD, Gupta V, Liu LZ, Kollef MH. Healthcare-associated 

bloodstream infection: A distinct entity? Insights from a large U.S. database. Crit Care Med. Oct 

2006;34(10):2588-95. doi:10.1097/01.CCM.0000239121.09533.09 

144. Labelle A, Juang P, Reichley R, et al. The determinants of hospital mortality among 

patients with septic shock receiving appropriate initial antibiotic treatment*. Crit Care Med. Jul 

2012;40(7):2016-21. doi:10.1097/CCM.0b013e318250aa72 

145. Roh J, Jo EJ, Eom JS, et al. Factors predicting long-term survival of patients with sepsis 

on arrival at the emergency department: A single-center, observational study. Medicine 

(Baltimore). Aug 2019;98(33):e16871. doi:10.1097/MD.0000000000016871 

146. Bone RC, Balk RA, Fein AM, et al. A second large controlled clinical study of E5, a 

monoclonal antibody to endotoxin: results of a prospective, multicenter, randomized, controlled 

trial. The E5 Sepsis Study Group. Crit Care Med. Jun 1995;23(6):994-1006. 

doi:10.1097/00003246-199506000-00003 

147. Osuchowski MF, Welch K, Siddiqui J, Remick DG. Circulating cytokine/inhibitor 

profiles reshape the understanding of the SIRS/CARS continuum in sepsis and predict mortality. 

J Immunol. Aug 1 2006;177(3):1967-74. doi:10.4049/jimmunol.177.3.1967 



 

 228 

148. van Vught LA, Klein Klouwenberg PM, Spitoni C, et al. Incidence, Risk Factors, and 

Attributable Mortality of Secondary Infections in the Intensive Care Unit After Admission for 

Sepsis. JAMA. Apr 12 2016;315(14):1469-79. doi:10.1001/jama.2016.2691 

149. Delano MJ, Ward PA. The immune system's role in sepsis progression, resolution, and 

long-term outcome. Immunol Rev. Nov 2016;274(1):330-353. doi:10.1111/imr.12499 

150. Rink L, Cakman I, Kirchner H. Altered cytokine production in the elderly. Mech Ageing 

Dev. May 15 1998;102(2-3):199-209. doi:10.1016/s0047-6374(97)00153-x 

151. Hotchkiss RS, Karl IE. The pathophysiology and treatment of sepsis. N Engl J Med. Jan 9 

2003;348(2):138-50. doi:10.1056/NEJMra021333 

152. Martin GS. Sepsis, severe sepsis and septic shock: changes in incidence, pathogens and 

outcomes. Expert Rev Anti Infect Ther. Jun 2012;10(6):701-6. doi:10.1586/eri.12.50 

153. King EG, Bauza GJ, Mella JR, Remick DG. Pathophysiologic mechanisms in septic 

shock. Lab Invest. Jan 2014;94(1):4-12. doi:10.1038/labinvest.2013.110 

154. Krystel-Whittemore M, Dileepan KN, Wood JG. Mast Cell: A Multi-Functional Master 

Cell. Front Immunol. 2015;6:620. doi:10.3389/fimmu.2015.00620 

155. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduct 

Target Ther. Aug 4 2021;6(1):291. doi:10.1038/s41392-021-00687-0 

156. Amarante-Mendes GP, Adjemian S, Branco LM, Zanetti LC, Weinlich R, Bortoluci KR. 

Pattern Recognition Receptors and the Host Cell Death Molecular Machinery. Front Immunol. 

2018;9:2379. doi:10.3389/fimmu.2018.02379 

157. Ramachandran G. Gram-positive and gram-negative bacterial toxins in sepsis: a brief 

review. Virulence. Jan 1 2014;5(1):213-8. doi:10.4161/viru.27024 

158. Proft T, Sriskandan S, Yang L, Fraser JD. Superantigens and streptococcal toxic shock 

syndrome. Emerg Infect Dis. Oct 2003;9(10):1211-8. doi:10.3201/eid0910.030042 



 

 229 

159. Tsukamoto H, Takeuchi S, Kubota K, et al. Lipopolysaccharide (LPS)-binding protein 

stimulates CD14-dependent Toll-like receptor 4 internalization and LPS-induced TBK1-IKK-

IRF3 axis activation. J Biol Chem. Jun 29 2018;293(26):10186-10201. 

doi:10.1074/jbc.M117.796631 

160. Branger J, Knapp S, Weijer S, et al. Role of Toll-like receptor 4 in gram-positive and 

gram-negative pneumonia in mice. Infect Immun. Feb 2004;72(2):788-94. 

doi:10.1128/IAI.72.2.788-794.2004 

161. Takeuchi O, Hoshino K, Kawai T, et al. Differential roles of TLR2 and TLR4 in 

recognition of gram-negative and gram-positive bacterial cell wall components. Immunity. Oct 

1999;11(4):443-51. doi:10.1016/s1074-7613(00)80119-3 

162. Kohler J, Maletzki C, Koczan D, et al. Kininogen supports inflammation and bacterial 

spreading during Streptococccus Pyogenes Sepsis. EBioMedicine. Aug 2020;58:102908. 

doi:10.1016/j.ebiom.2020.102908 

163. Amunugama K, Pike DP, Ford DA. The lipid biology of sepsis. J Lipid Res. 

2021;62:100090. doi:10.1016/j.jlr.2021.100090 

164. Bruegel M, Ludwig U, Kleinhempel A, et al. Sepsis-associated changes of the 

arachidonic acid metabolism and their diagnostic potential in septic patients. Crit Care Med. May 

2012;40(5):1478-86. doi:10.1097/CCM.0b013e3182416f05 

165. Mehta D, Malik AB. Signaling mechanisms regulating endothelial permeability. Physiol 

Rev. Jan 2006;86(1):279-367. doi:10.1152/physrev.00012.2005 

166. Cambien B, Wagner DD. A new role in hemostasis for the adhesion receptor P-selectin. 

Trends Mol Med. Apr 2004;10(4):179-86. doi:10.1016/j.molmed.2004.02.007 

167. Uribe-Querol E, Rosales C. Phagocytosis: Our Current Understanding of a Universal 

Biological Process. Front Immunol. 2020;11:1066. doi:10.3389/fimmu.2020.01066 



 

 230 

168. Vorobjeva NV, Chernyak BV. NETosis: Molecular Mechanisms, Role in Physiology and 

Pathology. Biochemistry (Mosc). Oct 2020;85(10):1178-1190. doi:10.1134/S0006297920100065 

169. Zhang JM, An J. Cytokines, inflammation, and pain. Int Anesthesiol Clin. Spring 

2007;45(2):27-37. doi:10.1097/AIA.0b013e318034194e 

170. Pinsky MR, Vincent JL, Deviere J, Alegre M, Kahn RJ, Dupont E. Serum cytokine levels 

in human septic shock. Relation to multiple-system organ failure and mortality. Chest. Feb 

1993;103(2):565-75. doi:10.1378/chest.103.2.565 

171. Tracey KJ, Lowry SF, Cerami A. Cachectin: a hormone that triggers acute shock and 

chronic cachexia. J Infect Dis. Mar 1988;157(3):413-20. doi:10.1093/infdis/157.3.413 

172. Beutler B, Milsark IW, Cerami AC. Passive immunization against cachectin/tumor 

necrosis factor protects mice from lethal effect of endotoxin. Science. Aug 30 

1985;229(4716):869-71. doi:10.1126/science.3895437 

173. Gong Y, Yan X, Sun X, Chen T, Liu Y, Cao J. Oncostatin M Is a Prognostic Biomarker 

and Inflammatory Mediator for Sepsis. J Infect Dis. Jun 11 2020;221(12):1989-1998. 

doi:10.1093/infdis/jiaa009 

174. Suda T, Chida K, Todate A, et al. Oncostatin M production by human dendritic cells in 

response to bacterial products. Cytokine. Mar 21 2002;17(6):335-40. doi:10.1006/cyto.2002.1023 

175. Modur V, Feldhaus MJ, Weyrich AS, et al. Oncostatin M is a proinflammatory mediator. 

In vivo effects correlate with endothelial cell expression of inflammatory cytokines and adhesion 

molecules. J Clin Invest. Jul 1 1997;100(1):158-68. doi:10.1172/JCI119508 

176. Grenier A, Combaux D, Chastre J, et al. Oncostatin M production by blood and alveolar 

neutrophils during acute lung injury. Lab Invest. Feb 2001;81(2):133-41. 

doi:10.1038/labinvest.3780220 



 

 231 

177. Hilbert T, Steinhagen F, Senzig S, et al. Vendor effects on murine gut microbiota 

influence experimental abdominal sepsis. J Surg Res. May 1 2017;211:126-136. 

doi:10.1016/j.jss.2016.12.008 

178. Lauber S, Wong S, Cutz JC, et al. Novel function of Oncostatin M as a potent tumour-

promoting agent in lung. Int J Cancer. Feb 15 2015;136(4):831-43. doi:10.1002/ijc.29055 

179. de Hooge AS, van de Loo FA, Bennink MB, et al. Growth plate damage, a feature of 

juvenile idiopathic arthritis, can be induced by adenoviral gene transfer of oncostatin M: a 

comparative study in gene-deficient mice. Arthritis Rheum. Jun 2003;48(6):1750-61. 

doi:10.1002/art.10972 

180. Miura T, Tanno M, Sato T. Mitochondrial kinase signalling pathways in myocardial 

protection from ischaemia/reperfusion-induced necrosis. Cardiovasc Res. Oct 1 2010;88(1):7-15. 

doi:10.1093/cvr/cvq206 

181. Setiadi H, El-Banayosy AM, George S, et al. Oncostatin M: a Potential Biomarker to 

Predict Infection in Patients with Left Ventricular Assist Devices. ASAIO J. Nov 17 

2021;doi:10.1097/MAT.0000000000001608 

182. Sato T, Kamiyama Y, Jones RT, Cowley RA, Trump BF. Ultrastructural study on kidney 

cell injury following various types of shock in 26 immediate autopsy patients. Adv Shock Res. 

1978;1:55-69.  

183. Lambden S, Creagh-Brown BC, Hunt J, Summers C, Forni LG. Definitions and 

pathophysiology of vasoplegic shock. Crit Care. Jul 6 2018;22(1):174. doi:10.1186/s13054-018-

2102-1 

184. Gamcrlidze MM, Intskirveli NA, Vardosanidze KD, Chikhladze Kh E, Goliadze L, 

Ratiani LR. Vasoplegia in septic shock (review). Georgian Med News. Feb 2015;(239):56-62.  



 

 232 

185. Bucher M, Hobbhahn J, Taeger K, Kurtz A. Cytokine-mediated downregulation of 

vasopressin V(1A) receptors during acute endotoxemia in rats. Am J Physiol Regul Integr Comp 

Physiol. Apr 2002;282(4):R979-84. doi:10.1152/ajpregu.00520.2001 

186. Roth BL, Spitzer JA. Altered hepatic vasopressin and alpha 1-adrenergic receptors after 

chronic endotoxin infusion. Am J Physiol. May 1987;252(5 Pt 1):E699-702. 

doi:10.1152/ajpendo.1987.252.5.E699 

187. Schmidt C, Hocherl K, Kurt B, Bucher M. Role of nuclear factor-kappaB-dependent 

induction of cytokines in the regulation of vasopressin V1A-receptors during cecal ligation and 

puncture-induced circulatory failure. Crit Care Med. Aug 2008;36(8):2363-72. 

doi:10.1097/CCM.0b013e318180b51d 

188. Kimmoun A, Ducrocq N, Levy B. Mechanisms of vascular hyporesponsiveness in septic 

shock. Curr Vasc Pharmacol. Mar 1 2013;11(2):139-49.  

189. Levy B, Collin S, Sennoun N, et al. Vascular hyporesponsiveness to vasopressors in 

septic shock: from bench to bedside. Intensive Care Med. Dec 2010;36(12):2019-29. 

doi:10.1007/s00134-010-2045-8 

190. Haynes WG, Webb DJ. The endothelin family of peptides: local hormones with diverse 

roles in health and disease? Clin Sci (Lond). May 1993;84(5):485-500. doi:10.1042/cs0840485 

191. Dhaun N, Goddard J, Kohan DE, Pollock DM, Schiffrin EL, Webb DJ. Role of 

endothelin-1 in clinical hypertension: 20 years on. Hypertension. Sep 2008;52(3):452-9. 

doi:10.1161/HYPERTENSIONAHA.108.117366 

192. Motte S, McEntee K, Naeije R. Endothelin receptor antagonists. Pharmacol Ther. Jun 

2006;110(3):386-414. doi:10.1016/j.pharmthera.2005.08.012 



 

 233 

193. Sugiura M, Inagami T, Kon V. Endotoxin stimulates endothelin-release in vivo and in 

vitro as determined by radioimmunoassay. Biochem Biophys Res Commun. Jun 30 

1989;161(3):1220-7. doi:10.1016/0006-291x(89)91372-7 

194. Bellisai F, Morozzi G, Scaccia F, et al. Evaluation of the effect of Bosentan treatment on 

proinflammatory cytokine serum levels in patients affected by Systemic Sclerosis. Int J 

Immunopathol Pharmacol. Jan-Mar 2011;24(1):261-4. doi:10.1177/039463201102400134 

195. Hynynen MM, Khalil RA. The vascular endothelin system in hypertension--recent 

patents and discoveries. Recent Pat Cardiovasc Drug Discov. Jan 2006;1(1):95-108. 

doi:10.2174/157489006775244263 

196. Yoshizumi M, Kurihara H, Sugiyama T, et al. Hemodynamic shear stress stimulates 

endothelin production by cultured endothelial cells. Biochem Biophys Res Commun. Jun 15 

1989;161(2):859-64. doi:10.1016/0006-291x(89)92679-x 

197. Shinagawa S, Okazaki T, Ikeda M, et al. T cells upon activation promote endothelin 1 

production in monocytes via IFN-gamma and TNF-alpha. Sci Rep. Nov 3 2017;7(1):14500. 

doi:10.1038/s41598-017-14202-5 

198. Shao D, Park JE, Wort SJ. The role of endothelin-1 in the pathogenesis of pulmonary 

arterial hypertension. Pharmacol Res. Jun 2011;63(6):504-11. doi:10.1016/j.phrs.2011.03.003 

199. Davenport AP, Hyndman KA, Dhaun N, et al. Endothelin. Pharmacol Rev. Apr 

2016;68(2):357-418. doi:10.1124/pr.115.011833 

200. Kedzierski RM, Yanagisawa M. Endothelin system: the double-edged sword in health 

and disease. Annu Rev Pharmacol Toxicol. 2001;41:851-76. 

doi:10.1146/annurev.pharmtox.41.1.851 



 

 234 

201. Dupuis J, Stewart DJ, Cernacek P, Gosselin G. Human pulmonary circulation is an 

important site for both clearance and production of endothelin-1. Circulation. Oct 1 

1996;94(7):1578-84. doi:10.1161/01.cir.94.7.1578 

202. Pan C, Wang J, Liu W, et al. Low tidal volume protects pulmonary vasomotor function 

from "second-hit" injury in acute lung injury rats. Respir Res. Sep 6 2012;13:77. 

doi:10.1186/1465-9921-13-77 

203. Kowalczyk A, Kleniewska P, Kolodziejczyk M, Skibska B, Goraca A. The role of 

endothelin-1 and endothelin receptor antagonists in inflammatory response and sepsis. Arch 

Immunol Ther Exp (Warsz). Feb 2015;63(1):41-52. doi:10.1007/s00005-014-0310-1 

204. Wilson JL, Miranda CA, Knepper MA. Vasopressin and the regulation of aquaporin-2. 

Clin Exp Nephrol. Dec 2013;17(6):751-64. doi:10.1007/s10157-013-0789-5 

205. Scott JH MM, Dunn RJ. StatPearls Internet. Treasure Island Physiology, Aldosterone. 

StatPearls Publishing; 2022. 

206. Bernard GR, Reines HD, Halushka PV, et al. Prostacyclin and thromboxane A2 

formation is increased in human sepsis syndrome. Effects of cyclooxygenase inhibition. Am Rev 

Respir Dis. Nov 1991;144(5):1095-101. doi:10.1164/ajrccm/144.5.1095 

207. Katagiri H, Ito Y, Ishii K, et al. Role of thromboxane derived from COX-1 and -2 in 

hepatic microcirculatory dysfunction during endotoxemia in mice. Hepatology. Jan 

2004;39(1):139-50. doi:10.1002/hep.20000 

208. Boffa JJ, Just A, Coffman TM, Arendshorst WJ. Thromboxane receptor mediates renal 

vasoconstriction and contributes to acute renal failure in endotoxemic mice. J Am Soc Nephrol. 

Sep 2004;15(9):2358-65. doi:10.1097/01.ASN.0000136300.72480.86 



 

 235 

209. Yamada T, Fujino T, Yuhki K, et al. Thromboxane A2 regulates vascular tone via its 

inhibitory effect on the expression of inducible nitric oxide synthase. Circulation. Nov 11 

2003;108(19):2381-6. doi:10.1161/01.CIR.0000093194.21109.EC 

210. Li RHL, Nguyen N, Tablin F. Canine platelets express functional Toll-like receptor-4: 

lipopolysaccharide-triggered platelet activation is dependent on adenosine diphosphate and 

thromboxane A2 in dogs. BMC Vet Res. Jul 15 2019;15(1):245. doi:10.1186/s12917-019-1997-3 

211. Stitham J, Midgett C, Martin KA, Hwa J. Prostacyclin: an inflammatory paradox. Front 

Pharmacol. 2011;2:24. doi:10.3389/fphar.2011.00024 

212. Idzko M, Hammad H, van Nimwegen M, et al. Inhaled iloprost suppresses the cardinal 

features of asthma via inhibition of airway dendritic cell function. J Clin Invest. Feb 

2007;117(2):464-72. doi:10.1172/JCI28949 

213. Bulut D, Liaghat S, Hanefeld C, Koll R, Miebach T, Mugge A. Selective cyclo-

oxygenase-2 inhibition with parecoxib acutely impairs endothelium-dependent vasodilatation in 

patients with essential hypertension. J Hypertens. Sep 2003;21(9):1663-7. doi:10.1097/00004872-

200309000-00015 

214. Szerafin T, Erdei N, Fulop T, et al. Increased cyclooxygenase-2 expression and 

prostaglandin-mediated dilation in coronary arterioles of patients with diabetes mellitus. Circ Res. 

Sep 1 2006;99(5):e12-7. doi:10.1161/01.RES.0000241051.83067.62 

215. Klosterhalfen B, Horstmann-Jungemann K, Vogel P, et al. Hemodynamic variables and 

plasma levels of PGI2, TXA2 and IL-6 in a porcine model of recurrent endotoxemia. Circ Shock. 

Dec 1991;35(4):237-44.  

216. Zou MH, Ullrich V. Peroxynitrite formed by simultaneous generation of nitric oxide and 

superoxide selectively inhibits bovine aortic prostacyclin synthase. FEBS Lett. Mar 11 

1996;382(1-2):101-4. doi:10.1016/0014-5793(96)00160-3 



 

 236 

217. Bachschmid M, Schildknecht S, Ullrich V. Redox regulation of vascular prostanoid 

synthesis by the nitric oxide-superoxide system. Biochem Biophys Res Commun. Dec 9 

2005;338(1):536-42. doi:10.1016/j.bbrc.2005.08.157 

218. van der Poll T, van Deventer SJ, Buller HR, Sturk A, ten Cate JW. Comparison of the 

early dynamics of systemic prostacyclin release after administration of tumor necrosis factor and 

endotoxin to healthy humans. J Infect Dis. Sep 1991;164(3):599-601. 

doi:10.1093/infdis/164.3.599 

219. Higaki T, Sawada S, Kono Y, et al. A role of protein kinase C in the regulation of 

cytosolic phospholipase A(2) in bradykinin-induced PGI(2) synthesis by human vascular 

endothelial cells. Microvasc Res. Sep 1999;58(2):144-55. doi:10.1006/mvre.1999.2163 

220. Wen FQ, Watanabe K, Yoshida M. Inhibitory effects of interleukin-6 on release of PGI2 

by cultured human pulmonary artery smooth muscle cells. Prostaglandins. Aug 1996;52(2):93-

102. doi:10.1016/0090-6980(96)00055-x 

221. Okajima K, Uchiba M. The anti-inflammatory properties of antithrombin III: new 

therapeutic implications. Semin Thromb Hemost. 1998;24(1):27-32. doi:10.1055/s-2007-995820 

222. Uchiba M, Okajima K, Murakami K, Okabe H, Takatsuki K. Attenuation of endotoxin-

induced pulmonary vascular injury by antithrombin III. Am J Physiol. Jun 1996;270(6 Pt 

1):L921-30. doi:10.1152/ajplung.1996.270.6.L921 

223. Gluais P, Lonchampt M, Morrow JD, Vanhoutte PM, Feletou M. Acetylcholine-induced 

endothelium-dependent contractions in the SHR aorta: the Janus face of prostacyclin. Br J 

Pharmacol. Nov 2005;146(6):834-45. doi:10.1038/sj.bjp.0706390 

224. Gomez E, Schwendemann C, Roger S, et al. Aging and prostacyclin responses in aorta 

and platelets from WKY and SHR rats. Am J Physiol Heart Circ Physiol. Nov 

2008;295(5):H2198-211. doi:10.1152/ajpheart.00507.2008 



 

 237 

225. Vanhoutte PM, Tang EH. Endothelium-dependent contractions: when a good guy turns 

bad! J Physiol. Nov 15 2008;586(22):5295-304. doi:10.1113/jphysiol.2008.161430 

226. Garland CJ, Dora KA. Endothelium-Dependent Hyperpolarization: The Evolution of 

Myoendothelial Microdomains. J Cardiovasc Pharmacol. Dec 1 2021;78(Suppl 6):S3-S12. 

doi:10.1097/FJC.0000000000001087 

227. Shimokawa H. Hydrogen peroxide as an endothelium-derived hyperpolarizing factor. 

Pflugers Arch. May 2010;459(6):915-22. doi:10.1007/s00424-010-0790-8 

228. Beltowski J, Jamroz-Wisniewska A. Hydrogen sulfide and endothelium-dependent 

vasorelaxation. Molecules. Dec 16 2014;19(12):21183-99. doi:10.3390/molecules191221183 

229. Michaelis UR, Fleming I. From endothelium-derived hyperpolarizing factor (EDHF) to 

angiogenesis: Epoxyeicosatrienoic acids (EETs) and cell signaling. Pharmacol Ther. Sep 

2006;111(3):584-95. doi:10.1016/j.pharmthera.2005.11.003 

230. Zink MH, Oltman CL, Lu T, et al. 12-lipoxygenase in porcine coronary microcirculation: 

implications for coronary vasoregulation. Am J Physiol Heart Circ Physiol. Feb 

2001;280(2):H693-704. doi:10.1152/ajpheart.2001.280.2.H693 

231. Goto K, Kansui Y, Oniki H, Ohtsubo T, Matsumura K, Kitazono T. Upregulation of 

endothelium-derived hyperpolarizing factor compensates for the loss of nitric oxide in mesenteric 

arteries of Dahl salt-sensitive hypertensive rats. Hypertens Res. Aug 2012;35(8):849-54. 

doi:10.1038/hr.2012.36 

232. Cipolla MJ, Smith J, Kohlmeyer MM, Godfrey JA. SKCa and IKCa Channels, myogenic 

tone, and vasodilator responses in middle cerebral arteries and parenchymal arterioles: effect of 

ischemia and reperfusion. Stroke. Apr 2009;40(4):1451-7. 

doi:10.1161/STROKEAHA.108.535435 



 

 238 

233. Davis CM, Siler DA, Alkayed NJ. Endothelium-derived hyperpolarizing factor in the 

brain: influence of sex, vessel size and disease state. Womens Health (Lond). May 2011;7(3):293-

303. doi:10.2217/whe.11.26 

234. Bryan RM, Jr., You J, Golding EM, Marrelli SP. Endothelium-derived hyperpolarizing 

factor: a cousin to nitric oxide and prostacyclin. Anesthesiology. Jun 2005;102(6):1261-77. 

doi:10.1097/00000542-200506000-00028 

235. Rudyk O, Phinikaridou A, Prysyazhna O, Burgoyne JR, Botnar RM, Eaton P. Protein 

kinase G oxidation is a major cause of injury during sepsis. Proc Natl Acad Sci U S A. Jun 11 

2013;110(24):9909-13. doi:10.1073/pnas.1301026110 

236. Das A, Samidurai A, Hoke NN, Kukreja RC, Salloum FN. Hydrogen sulfide mediates the 

cardioprotective effects of gene therapy with PKG-Ialpha. Basic Res Cardiol. 2015;110(4):42. 

doi:10.1007/s00395-015-0500-y 

237. Zhang H, Zhi L, Moore PK, Bhatia M. Role of hydrogen sulfide in cecal ligation and 

puncture-induced sepsis in the mouse. Am J Physiol Lung Cell Mol Physiol. Jun 

2006;290(6):L1193-201. doi:10.1152/ajplung.00489.2005 

238. Coletta C, Szabo C. Potential role of hydrogen sulfide in the pathogenesis of vascular 

dysfunction in septic shock. Curr Vasc Pharmacol. Mar 1 2013;11(2):208-21.  

239. Kosir M, Podbregar M. Advances in the Diagnosis of Sepsis: Hydrogen Sulfide as a 

Prognostic Marker of Septic Shock Severity. EJIFCC. May 2017;28(2):134-141.  

240. Ferlito M, Wang Q, Fulton WB, et al. Hydrogen sulfide [corrected] increases survival 

during sepsis: protective effect of CHOP inhibition. J Immunol. Feb 15 2014;192(4):1806-14. 

doi:10.4049/jimmunol.1300835 



 

 239 

241. Chen YH, Teng X, Hu ZJ, Tian DY, Jin S, Wu YM. Hydrogen Sulfide Attenuated 

Sepsis-Induced Myocardial Dysfunction Through TLR4 Pathway and Endoplasmic Reticulum 

Stress. Front Physiol. 2021;12:653601. doi:10.3389/fphys.2021.653601 

242. Zhen J, Lu H, Wang XQ, Vaziri ND, Zhou XJ. Upregulation of endothelial and inducible 

nitric oxide synthase expression by reactive oxygen species. Am J Hypertens. Jan 2008;21(1):28-

34. doi:10.1038/ajh.2007.14 

243. Subramani J, Leo MD, Kathirvel K, et al. Essential role of nitric oxide in sepsis-induced 

impairment of endothelium-derived hyperpolarizing factor-mediated relaxation in rat pulmonary 

artery. Eur J Pharmacol. Mar 25 2010;630(1-3):84-91. doi:10.1016/j.ejphar.2009.12.026 

244. Weston AH, Feletou M, Vanhoutte PM, Falck JR, Campbell WB, Edwards G. 

Bradykinin-induced, endothelium-dependent responses in porcine coronary arteries: involvement 

of potassium channel activation and epoxyeicosatrienoic acids. Br J Pharmacol. Jul 

2005;145(6):775-84. doi:10.1038/sj.bjp.0706256 

245. Munzel T, Feil R, Mulsch A, Lohmann SM, Hofmann F, Walter U. Physiology and 

pathophysiology of vascular signaling controlled by guanosine 3',5'-cyclic monophosphate-

dependent protein kinase [corrected]. Circulation. Nov 4 2003;108(18):2172-83. 

doi:10.1161/01.CIR.0000094403.78467.C3 

246. Levine AB, Punihaole D, Levine TB. Characterization of the role of nitric oxide and its 

clinical applications. Cardiology. 2012;122(1):55-68. doi:10.1159/000338150 

247. Bor-Kucukatay M, Wenby RB, Meiselman HJ, Baskurt OK. Effects of nitric oxide on red 

blood cell deformability. Am J Physiol Heart Circ Physiol. May 2003;284(5):H1577-84. 

doi:10.1152/ajpheart.00665.2002 



 

 240 

248. Sato Y, Walley KR, Klut ME, et al. Nitric oxide reduces the sequestration of 

polymorphonuclear leukocytes in lung by changing deformability and CD18 expression. Am J 

Respir Crit Care Med. May 1999;159(5 Pt 1):1469-76. doi:10.1164/ajrccm.159.5.9808063 

249. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator of leukocyte 

adhesion. Proc Natl Acad Sci U S A. Jun 1 1991;88(11):4651-5. doi:10.1073/pnas.88.11.4651 

250. Mitchell DJ, Yu J, Tyml K. Local L-NAME decreases blood flow and increases 

leukocyte adhesion via CD18. Am J Physiol. Apr 1998;274(4):H1264-8. 

doi:10.1152/ajpheart.1998.274.4.H1264 

251. Laszlo F, Whittle BJ, Evans SM, Moncada S. Association of microvascular leakage with 

induction of nitric oxide synthase: effects of nitric oxide synthase inhibitors in various organs. 

Eur J Pharmacol. Sep 5 1995;283(1-3):47-53. doi:10.1016/0014-2999(95)00281-o 

252. Laszlo F, Whittle BJ, Moncada S. Time-dependent enhancement or inhibition of 

endotoxin-induced vascular injury in rat intestine by nitric oxide synthase inhibitors. Br J 

Pharmacol. Apr 1994;111(4):1309-15. doi:10.1111/j.1476-5381.1994.tb14887.x 

253. Kang Y, Liu R, Wu JX, Chen L. Structural insights into the mechanism of human soluble 

guanylate cyclase. Nature. Oct 2019;574(7777):206-210. doi:10.1038/s41586-019-1584-6 

254. Nalli AD, Bhattacharya S, Wang H, Kendig DM, Grider JR, Murthy KS. Augmentation 

of cGMP/PKG pathway and colonic motility by hydrogen sulfide. Am J Physiol Gastrointest 

Liver Physiol. Oct 1 2017;313(4):G330-G341. doi:10.1152/ajpgi.00161.2017 

255. Beasley D, Eldridge M. Interleukin-1 beta and tumor necrosis factor-alpha synergistically 

induce NO synthase in rat vascular smooth muscle cells. Am J Physiol. Apr 1994;266(4 Pt 

2):R1197-203. doi:10.1152/ajpregu.1994.266.4.R1197 



 

 241 

256. Sade K, Schwartz D, Wolman Y, et al. Time course of lipopolysaccharide-induced nitric 

oxide synthase mRNA expression in rat glomeruli. J Lab Clin Med. Nov 1999;134(5):471-7. 

doi:10.1016/s0022-2143(99)90168-3 

257. Harada S, Imaki T, Chikada N, Naruse M, Demura H. Distinct distribution and time-

course changes in neuronal nitric oxide synthase and inducible NOS in the paraventricular 

nucleus following lipopolysaccharide injection. Brain Res. Mar 13 1999;821(2):322-32. 

doi:10.1016/s0006-8993(99)01124-5 

258. Chen K, Inoue M, Okada A. Expression of inducible nitric oxide synthase mRNA in rat 

digestive tissues after endotoxin and its role in intestinal mucosal injury. Biochem Biophys Res 

Commun. Jul 25 1996;224(3):703-8. doi:10.1006/bbrc.1996.1087 

259. Preiser JC, Zhang H, Vray B, Hrabak A, Vincent JL. Time course of inducible nitric 

oxide synthase activity following endotoxin administration in dogs. Nitric Oxide. Apr 

2001;5(2):208-11. doi:10.1006/niox.2001.0342 

260. Kengatharan KM, De Kimpe SJ, Thiemermann C. Role of nitric oxide in the circulatory 

failure and organ injury in a rodent model of gram-positive shock. Br J Pharmacol. Dec 

1996;119(7):1411-21. doi:10.1111/j.1476-5381.1996.tb16053.x 

261. Shieh P, Zhou M, Ornan DA, Chaudry IH, Wang P. Upregulation of inducible nitric 

oxide synthase and nitric oxide occurs later than the onset of the hyperdynamic response during 

sepsis. Shock. 2000;13(4):325-9. doi:10.1097/00024382-200004000-00012 

262. Scott JA, Mehta S, Duggan M, Bihari A, McCormack DG. Functional inhibition of 

constitutive nitric oxide synthase in a rat model of sepsis. Am J Respir Crit Care Med. May 15 

2002;165(10):1426-32. doi:10.1164/rccm.2011144 



 

 242 

263. Lu JL, Schmiege LM, 3rd, Kuo L, Liao JC. Downregulation of endothelial constitutive 

nitric oxide synthase expression by lipopolysaccharide. Biochem Biophys Res Commun. Aug 5 

1996;225(1):1-5. doi:10.1006/bbrc.1996.1121 

264. Broccard A, Hurni JM, Eckert P, et al. Tissue oxygenation and hemodynamic response to 

NO synthase inhibition in septic shock. Shock. Jul 2000;14(1):35-40. doi:10.1097/00024382-

200014010-00007 

265. Kilbourn RG, Gross SS, Jubran A, et al. NG-methyl-L-arginine inhibits tumor necrosis 

factor-induced hypotension: implications for the involvement of nitric oxide. Proc Natl Acad Sci 

U S A. May 1990;87(9):3629-32. doi:10.1073/pnas.87.9.3629 

266. Lorente JA, Landin L, De Pablo R, Renes E, Liste D. L-arginine pathway in the sepsis 

syndrome. Crit Care Med. Sep 1993;21(9):1287-95. doi:10.1097/00003246-199309000-00010 

267. Avontuur JA, Tutein Nolthenius RP, van Bodegom JW, Bruining HA. Prolonged 

inhibition of nitric oxide synthesis in severe septic shock: a clinical study. Crit Care Med. Apr 

1998;26(4):660-7. doi:10.1097/00003246-199804000-00012 

268. Petros A, Bennett D, Vallance P. Effect of nitric oxide synthase inhibitors on hypotension 

in patients with septic shock. Lancet. Dec 21-28 1991;338(8782-8783):1557-8. 

doi:10.1016/0140-6736(91)92376-d 

269. Petros A, Lamb G, Leone A, Moncada S, Bennett D, Vallance P. Effects of a nitric oxide 

synthase inhibitor in humans with septic shock. Cardiovasc Res. Jan 1994;28(1):34-9. 

doi:10.1093/cvr/28.1.34 

270. Nava E, Palmer RM, Moncada S. Inhibition of nitric oxide synthesis in septic shock: how 

much is beneficial? Lancet. Dec 21-28 1991;338(8782-8783):1555-7. doi:10.1016/0140-

6736(91)92375-c 



 

 243 

271. Booke M, Hinder F, McGuire R, Traber LD, Traber DL. Nitric oxide synthase inhibition 

versus norepinephrine for the treatment of hyperdynamic sepsis in sheep. Crit Care Med. May 

1996;24(5):835-44. doi:10.1097/00003246-199605000-00018 

272. Booke M, Hinder F, McGuire R, Traber LD, Traber DL. Selective inhibition of inducible 

nitric oxide synthase: effects on hemodynamics and regional blood flow in healthy and septic 

sheep. Crit Care Med. Jan 1999;27(1):162-7. doi:10.1097/00003246-199901000-00045 

273. Meyer J, Hinder F, Stothert J, Jr., et al. Increased organ blood flow in chronic 

endotoxemia is reversed by nitric oxide synthase inhibition. J Appl Physiol (1985). Jun 

1994;76(6):2785-93. doi:10.1152/jappl.1994.76.6.2785 

274. Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and safety of recombinant human 

activated protein C for severe sepsis. N Engl J Med. Mar 8 2001;344(10):699-709. 

doi:10.1056/NEJM200103083441001 

275. Szabo C, Modis K. Pathophysiological roles of peroxynitrite in circulatory shock. Shock. 

Sep 2010;34 Suppl 1:4-14. doi:10.1097/SHK.0b013e3181e7e9ba 

276. Kuzkaya N, Weissmann N, Harrison DG, Dikalov S. Interactions of peroxynitrite, 

tetrahydrobiopterin, ascorbic acid, and thiols: implications for uncoupling endothelial nitric-oxide 

synthase. J Biol Chem. Jun 20 2003;278(25):22546-54. doi:10.1074/jbc.M302227200 

277. Santhanam AV, d'Uscio LV, Smith LA, Katusic ZS. Uncoupling of eNOS causes 

superoxide anion production and impairs NO signaling in the cerebral microvessels of hph-1 

mice. J Neurochem. Sep 2012;122(6):1211-8. doi:10.1111/j.1471-4159.2012.07872.x 

278. Darcy CJ, Woodberry T, Davis JS, et al. Increased plasma arginase activity in human 

sepsis: association with increased circulating neutrophils. Clin Chem Lab Med. Apr 

2014;52(4):573-81. doi:10.1515/cclm-2013-0698 



 

 244 

279. Barton M, Cosentino F, Brandes RP, Moreau P, Shaw S, Luscher TF. Anatomic 

heterogeneity of vascular aging: role of nitric oxide and endothelin. Hypertension. Oct 

1997;30(4):817-24. doi:10.1161/01.hyp.30.4.817 

280. Santhanam L, Christianson DW, Nyhan D, Berkowitz DE. Arginase and vascular aging. J 

Appl Physiol (1985). Nov 2008;105(5):1632-42. doi:10.1152/japplphysiol.90627.2008 

281. Adler A, Messina E, Sherman B, et al. NAD(P)H oxidase-generated superoxide anion 

accounts for reduced control of myocardial O2 consumption by NO in old Fischer 344 rats. Am J 

Physiol Heart Circ Physiol. Sep 2003;285(3):H1015-22. doi:10.1152/ajpheart.01047.2002 

282. Csiszar A, Ungvari Z, Edwards JG, et al. Aging-induced phenotypic changes and 

oxidative stress impair coronary arteriolar function. Circ Res. Jun 14 2002;90(11):1159-66. 

doi:10.1161/01.res.0000020401.61826.ea 

283. Francia P, delli Gatti C, Bachschmid M, et al. Deletion of p66shc gene protects against 

age-related endothelial dysfunction. Circulation. Nov 2 2004;110(18):2889-95. 

doi:10.1161/01.CIR.0000147731.24444.4D 

284. Lakatta EG, Wang M, Najjar SS. Arterial aging and subclinical arterial disease are 

fundamentally intertwined at macroscopic and molecular levels. Med Clin North Am. May 

2009;93(3):583-604, Table of Contents. doi:10.1016/j.mcna.2009.02.008 

285. Sun D, Huang A, Yan EH, et al. Reduced release of nitric oxide to shear stress in 

mesenteric arteries of aged rats. Am J Physiol Heart Circ Physiol. Jun 2004;286(6):H2249-56. 

doi:10.1152/ajpheart.00854.2003 

286. Delp MD, Behnke BJ, Spier SA, Wu G, Muller-Delp JM. Ageing diminishes 

endothelium-dependent vasodilatation and tetrahydrobiopterin content in rat skeletal muscle 

arterioles. J Physiol. Feb 15 2008;586(4):1161-8. doi:10.1113/jphysiol.2007.147686 



 

 245 

287. Higashi Y, Sasaki S, Nakagawa K, et al. Tetrahydrobiopterin improves aging-related 

impairment of endothelium-dependent vasodilation through increase in nitric oxide production. 

Atherosclerosis. Jun 2006;186(2):390-5. doi:10.1016/j.atherosclerosis.2005.07.025 

288. Vincent JL, Zhang H, Szabo C, Preiser JC. Effects of nitric oxide in septic shock. Am J 

Respir Crit Care Med. Jun 2000;161(6):1781-5. doi:10.1164/ajrccm.161.6.9812004 

289. Zhang H, Rogiers P, Smail N, et al. Effects of nitric oxide on blood flow distribution and 

O2 extraction capabilities during endotoxic shock. J Appl Physiol (1985). Oct 1997;83(4):1164-

73. doi:10.1152/jappl.1997.83.4.1164 

290. Yang S, Cioffi WG, Bland KI, Chaudry IH, Wang P. Differential alterations in systemic 

and regional oxygen delivery and consumption during the early and late stages of sepsis. J 

Trauma. Oct 1999;47(4):706-12. doi:10.1097/00005373-199910000-00015 

291. Lopez A, Lorente JA, Steingrub J, et al. Multiple-center, randomized, placebo-controlled, 

double-blind study of the nitric oxide synthase inhibitor 546C88: effect on survival in patients 

with septic shock. Crit Care Med. Jan 2004;32(1):21-30. 

doi:10.1097/01.CCM.0000105581.01815.C6 

292. Krishnan L, Chang CC, Nunes SS, Williams SK, Weiss JA, Hoying JB. Manipulating the 

microvasculature and its microenvironment. Crit Rev Biomed Eng. 2013;41(2):91-123. 

doi:10.1615/critrevbiomedeng.2013008077 

293. Young JD, Cameron EM. Dynamics of skin blood flow in human sepsis. Intensive Care 

Med. Aug 1995;21(8):669-74. doi:10.1007/BF01711546 

294. Young JD. The heart and circulation in severe sepsis. Br J Anaesth. Jul 2004;93(1):114-

20. doi:10.1093/bja/aeh171 



 

 246 

295. Fruchterman TM, Spain DA, Wilson MA, Harris PD, Garrison RN. Selective 

microvascular endothelial cell dysfunction in the small intestine following resuscitated 

hemorrhagic shock. Shock. Dec 1998;10(6):417-22. doi:10.1097/00024382-199812000-00007 

296. Chaudhry R MJ, Rehman A. Physiology, Cardiovascular. StatPearls. StatPearls 

Publishing; 2021. https://www.ncbi.nlm.nih.gov/books/NBK493197/ 

297. Bateman RM, Sharpe MD, Jagger JE, Ellis CG. Sepsis impairs microvascular 

autoregulation and delays capillary response within hypoxic capillaries. Crit Care. Nov 5 

2015;19:389. doi:10.1186/s13054-015-1102-7 

298. Mignemi NA, McClatchey PM, Kilchrist KV, et al. Rapid changes in the microvascular 

circulation of skeletal muscle impair insulin delivery during sepsis. Am J Physiol Endocrinol 

Metab. Jun 1 2019;316(6):E1012-E1023. doi:10.1152/ajpendo.00501.2018 

299. Bateman RM, Sharpe MD, Ellis CG. Bench-to-bedside review: microvascular 

dysfunction in sepsis--hemodynamics, oxygen transport, and nitric oxide. Crit Care. Oct 

2003;7(5):359-73. doi:10.1186/cc2353 

300. Bateman RM, Walley KR. Microvascular resuscitation as a therapeutic goal in severe 

sepsis. Crit Care. 2005;9 Suppl 4:S27-32. doi:10.1186/cc3756 

301. Shetty S, Lalor PF, Adams DH. Liver sinusoidal endothelial cells - gatekeepers of hepatic 

immunity. Nat Rev Gastroenterol Hepatol. Sep 2018;15(9):555-567. doi:10.1038/s41575-018-

0020-y 

302. Dyson A, Cone S, Singer M, Ackland GL. Microvascular and macrovascular flow are 

uncoupled in early polymicrobial sepsis. Br J Anaesth. Jun 2012;108(6):973-8. 

doi:10.1093/bja/aes093 

https://www.ncbi.nlm.nih.gov/books/NBK493197/


 

 247 

303. Tyml K. Critical role for oxidative stress, platelets, and coagulation in capillary blood 

flow impairment in sepsis. Microcirculation. Feb 2011;18(2):152-62. doi:10.1111/j.1549-

8719.2010.00080.x 

304. Hu B, Chen JCY, Dong Y, et al. Effect of initial infusion rates of fluid resuscitation on 

outcomes in patients with septic shock: a historical cohort study. Crit Care. Apr 7 

2020;24(1):137. doi:10.1186/s13054-020-2819-5 

305. Miranda M, Balarini M, Caixeta D, Bouskela E. Microcirculatory dysfunction in sepsis: 

pathophysiology, clinical monitoring, and potential therapies. Am J Physiol Heart Circ Physiol. 

Jul 1 2016;311(1):H24-35. doi:10.1152/ajpheart.00034.2016 

306. Singer M. The role of mitochondrial dysfunction in sepsis-induced multi-organ failure. 

Virulence. Jan 1 2014;5(1):66-72. doi:10.4161/viru.26907 

307. Baregamian N, Song J, Bailey CE, Papaconstantinou J, Evers BM, Chung DH. Tumor 

necrosis factor-alpha and apoptosis signal-regulating kinase 1 control reactive oxygen species 

release, mitochondrial autophagy, and c-Jun N-terminal kinase/p38 phosphorylation during 

necrotizing enterocolitis. Oxid Med Cell Longev. Nov-Dec 2009;2(5):297-306. 

doi:10.4161/oxim.2.5.9541 

308. Arulkumaran N, Deutschman CS, Pinsky MR, et al. Mitochondrial Function in Sepsis. 

Shock. Mar 2016;45(3):271-81. doi:10.1097/SHK.0000000000000463 

309. Katoh-Semba R, Oohira A, Sano M, Watanabe K, Kitajima S, Kashiwamata S. 

Glycosaminoglycan composition of PC12 pheochromocytoma cells: a comparison with PC12D 

cells, a new subline of PC12 cells. J Neurochem. Mar 1989;52(3):889-95. doi:10.1111/j.1471-

4159.1989.tb02538.x 



 

 248 

310. Gattinoni L, Brazzi L, Pelosi P, et al. A trial of goal-oriented hemodynamic therapy in 

critically ill patients. SvO2 Collaborative Group. N Engl J Med. Oct 19 1995;333(16):1025-32. 

doi:10.1056/NEJM199510193331601 

311. Brealey D, Brand M, Hargreaves I, et al. Association between mitochondrial dysfunction 

and severity and outcome of septic shock. Lancet. Jul 20 2002;360(9328):219-23. 

doi:10.1016/S0140-6736(02)09459-X 

312. Exline MC, Crouser ED. Mitochondrial mechanisms of sepsis-induced organ failure. 

Front Biosci. May 1 2008;13:5030-41. doi:10.2741/3061 

313. Wesche-Soldato DE, Swan RZ, Chung CS, Ayala A. The apoptotic pathway as a 

therapeutic target in sepsis. Curr Drug Targets. Apr 2007;8(4):493-500. 

doi:10.2174/138945007780362764 

314. Cheng Z, Abrams ST, Toh J, et al. The Critical Roles and Mechanisms of Immune Cell 

Death in Sepsis. Front Immunol. 2020;11:1918. doi:10.3389/fimmu.2020.01918 

315. Yin X, Xin H, Mao S, Wu G, Guo L. The Role of Autophagy in Sepsis: Protection and 

Injury to Organs. Front Physiol. 2019;10:1071. doi:10.3389/fphys.2019.01071 

316. Kazune S, Caica A, Volceka K, Suba O, Rubins U, Grabovskis A. Relationship of 

mottling score, skin microcirculatory perfusion indices and biomarkers of endothelial dysfunction 

in patients with septic shock: an observational study. Crit Care. Sep 11 2019;23(1):311. 

doi:10.1186/s13054-019-2589-0 

317. Sonneville R, Verdonk F, Rauturier C, et al. Understanding brain dysfunction in sepsis. 

Ann Intensive Care. May 29 2013;3(1):15. doi:10.1186/2110-5820-3-15 

318. Pope JV, Jones AE, Gaieski DF, et al. Multicenter study of central venous oxygen 

saturation (ScvO(2)) as a predictor of mortality in patients with sepsis. Ann Emerg Med. Jan 

2010;55(1):40-46 e1. doi:10.1016/j.annemergmed.2009.08.014 



 

 249 

319. Callaway DW, Shapiro NI, Donnino MW, Baker C, Rosen CL. Serum lactate and base 

deficit as predictors of mortality in normotensive elderly blunt trauma patients. J Trauma. Apr 

2009;66(4):1040-4. doi:10.1097/TA.0b013e3181895e9e 

320. Howell MD, Donnino M, Clardy P, Talmor D, Shapiro NI. Occult hypoperfusion and 

mortality in patients with suspected infection. Intensive Care Med. Nov 2007;33(11):1892-9. 

doi:10.1007/s00134-007-0680-5 

321. Trzeciak S, Dellinger RP, Parrillo JE, et al. Early microcirculatory perfusion 

derangements in patients with severe sepsis and septic shock: relationship to hemodynamics, 

oxygen transport, and survival. Ann Emerg Med. Jan 2007;49(1):88-98, 98 e1-2. 

doi:10.1016/j.annemergmed.2006.08.021 

322. Levy B, Gibot S, Franck P, Cravoisy A, Bollaert PE. Relation between muscle Na+K+ 

ATPase activity and raised lactate concentrations in septic shock: a prospective study. Lancet. 

Mar 5-11 2005;365(9462):871-5. doi:10.1016/S0140-6736(05)71045-X 

323. Levy B. Bench-to-bedside review: Is there a place for epinephrine in septic shock? Crit 

Care. 2005;9(6):561-5. doi:10.1186/cc3901 

324. DeFronzo R, Fleming GA, Chen K, Bicsak TA. Metformin-associated lactic acidosis: 

Current perspectives on causes and risk. Metabolism. Feb 2016;65(2):20-9. 

doi:10.1016/j.metabol.2015.10.014 

325. Gore DC, Jahoor F, Hibbert JM, DeMaria EJ. Lactic acidosis during sepsis is related to 

increased pyruvate production, not deficits in tissue oxygen availability. Ann Surg. Jul 

1996;224(1):97-102. doi:10.1097/00000658-199607000-00015 

326. Suzuki T, Suzuki Y, Okuda J, et al. Sepsis-induced cardiac dysfunction and beta-

adrenergic blockade therapy for sepsis. J Intensive Care. 2017;5:22. doi:10.1186/s40560-017-

0215-2 



 

 250 

327. de Montmollin E, Aboab J, Mansart A, Annane D. Bench-to-bedside review: Beta-

adrenergic modulation in sepsis. Crit Care. 2009;13(5):230. doi:10.1186/cc8026 

328. Frencken JF, Donker DW, Spitoni C, et al. Myocardial Injury in Patients With Sepsis and 

Its Association With Long-Term Outcome. Circ Cardiovasc Qual Outcomes. Feb 

2018;11(2):e004040. doi:10.1161/CIRCOUTCOMES.117.004040 

329. Dolmatova EV, Wang K, Mandavilli R, Griendling KK. The effects of sepsis on 

endothelium and clinical implications. Cardiovasc Res. Jan 1 2021;117(1):60-73. 

doi:10.1093/cvr/cvaa070 

330. Buijk SE, Bruining HA. Vasopressin deficiency contributes to the vasodilation of septic 

shock. Circulation. Jul 14 1998;98(2):187.  

331. Demiselle J, Fage N, Radermacher P, Asfar P. Vasopressin and its analogues in shock 

states: a review. Ann Intensive Care. Jan 22 2020;10(1):9. doi:10.1186/s13613-020-0628-2 

332. Russell JA, Walley KR, Singer J, et al. Vasopressin versus norepinephrine infusion in 

patients with septic shock. N Engl J Med. Feb 28 2008;358(9):877-87. 

doi:10.1056/NEJMoa067373 

333. Asfar P, Meziani F, Hamel JF, et al. High versus low blood-pressure target in patients 

with septic shock. N Engl J Med. Apr 24 2014;370(17):1583-93. doi:10.1056/NEJMoa1312173 

334. Tracey KJ. The inflammatory reflex. Nature. Dec 19-26 2002;420(6917):853-9. 

doi:10.1038/nature01321 

335. Semmler A, Hermann S, Mormann F, et al. Sepsis causes neuroinflammation and 

concomitant decrease of cerebral metabolism. J Neuroinflammation. Sep 15 2008;5:38. 

doi:10.1186/1742-2094-5-38 



 

 251 

336. Ren C, Yao RQ, Zhang H, Feng YW, Yao YM. Sepsis-associated encephalopathy: a 

vicious cycle of immunosuppression. J Neuroinflammation. Jan 10 2020;17(1):14. 

doi:10.1186/s12974-020-1701-3 

337. Alexander JJ, Jacob A, Cunningham P, Hensley L, Quigg RJ. TNF is a key mediator of 

septic encephalopathy acting through its receptor, TNF receptor-1. Neurochem Int. Feb 

2008;52(3):447-56. doi:10.1016/j.neuint.2007.08.006 

338. Dal-Pizzol F, Tomasi CD, Ritter C. Septic encephalopathy: does inflammation drive the 

brain crazy? Braz J Psychiatry. Sep 2014;36(3):251-8. doi:10.1590/1516-4446-2013-1233 

339. Comim CM, Vilela MC, Constantino LS, et al. Traffic of leukocytes and cytokine up-

regulation in the central nervous system in sepsis. Intensive Care Med. Apr 2011;37(4):711-8. 

doi:10.1007/s00134-011-2151-2 

340. Sharshar T, Gray F, Lorin de la Grandmaison G, et al. Apoptosis of neurons in 

cardiovascular autonomic centres triggered by inducible nitric oxide synthase after death from 

septic shock. Lancet. Nov 29 2003;362(9398):1799-805. doi:10.1016/s0140-6736(03)14899-4 

341. Zampieri FG, Park M, Machado FS, Azevedo LC. Sepsis-associated encephalopathy: not 

just delirium. Clinics (Sao Paulo). 2011;66(10):1825-31. doi:10.1590/s1807-

59322011001000024 

342. Force ADT, Ranieri VM, Rubenfeld GD, et al. Acute respiratory distress syndrome: the 

Berlin Definition. JAMA. Jun 20 2012;307(23):2526-33. doi:10.1001/jama.2012.5669 

343. Sharp C, Millar AB, Medford AR. Advances in understanding of the pathogenesis of 

acute respiratory distress syndrome. Respiration. 2015;89(5):420-34. doi:10.1159/000381102 

344. Chavez A, Smith M, Mehta D. New insights into the regulation of vascular permeability. 

Int Rev Cell Mol Biol. 2011;290:205-48. doi:10.1016/B978-0-12-386037-8.00001-6 



 

 252 

345. Bakowitz M, Bruns B, McCunn M. Acute lung injury and the acute respiratory distress 

syndrome in the injured patient. Scand J Trauma Resusc Emerg Med. Aug 10 2012;20:54. 

doi:10.1186/1757-7241-20-54 

346. Fay KT, Ford ML, Coopersmith CM. The intestinal microenvironment in sepsis. Biochim 

Biophys Acta Mol Basis Dis. Oct 2017;1863(10 Pt B):2574-2583. 

doi:10.1016/j.bbadis.2017.03.005 

347. Peerapornratana S, Manrique-Caballero CL, Gomez H, Kellum JA. Acute kidney injury 

from sepsis: current concepts, epidemiology, pathophysiology, prevention and treatment. Kidney 

Int. Nov 2019;96(5):1083-1099. doi:10.1016/j.kint.2019.05.026 

348. Dellinger RP, Bagshaw SM, Antonelli M, et al. Effect of Targeted Polymyxin B 

Hemoperfusion on 28-Day Mortality in Patients With Septic Shock and Elevated Endotoxin 

Level: The EUPHRATES Randomized Clinical Trial. JAMA. Oct 9 2018;320(14):1455-1463. 

doi:10.1001/jama.2018.14618 

349. Quenot JP, Dargent A, Large A, Roudaut JB, Andreu P, Barbar S. Treatment of sepsis-

induced acute kidney injury in the ICU: the therapeutic targets do not seem to be established yet. 

Ann Transl Med. Sep 2019;7(Suppl 6):S181. doi:10.21037/atm.2019.07.66 

350. Slatnick LR, Thornhill D, Deakyne Davies SJ, et al. Disseminated Intravascular 

Coagulation Is an Independent Predictor of Adverse Outcomes in Children in the Emergency 

Department with Suspected Sepsis. J Pediatr. Oct 2020;225:198-206 e2. 

doi:10.1016/j.jpeds.2020.06.022 

351. Levi M, Schultz MJ. What do sepsis-induced coagulation test result abnormalities mean 

to intensivists? Intensive Care Med. Apr 2017;43(4):581-583. doi:10.1007/s00134-017-4725-0 

352. Christaki E, Giamarellos-Bourboulis EJ. The beginning of personalized medicine in 

sepsis: small steps to a bright future. Clin Genet. Jul 2014;86(1):56-61. doi:10.1111/cge.12368 



 

 253 

353. Kanth SM, Torabi-Parizi P. Personalized Sepsis Treatment: Are We There Yet? Crit 

Care Med. Sep 1 2021;49(9):1576-1582. doi:10.1097/CCM.0000000000005116 

354. Evans L, Rhodes A, Alhazzani W, et al. Executive Summary: Surviving Sepsis 

Campaign: International Guidelines for the Management of Sepsis and Septic Shock 2021. Crit 

Care Med. Nov 1 2021;49(11):1974-1982. doi:10.1097/CCM.0000000000005357 

355. Kumar A, Roberts D, Wood KE, et al. Duration of hypotension before initiation of 

effective antimicrobial therapy is the critical determinant of survival in human septic shock. Crit 

Care Med. Jun 2006;34(6):1589-96. doi:10.1097/01.CCM.0000217961.75225.E9 

356. Corl KA, Zeba F, Caffrey AR, et al. Delay in Antibiotic Administration Is Associated 

With Mortality Among Septic Shock Patients With Staphylococcus aureus Bacteremia. Crit Care 

Med. Apr 2020;48(4):525-532. doi:10.1097/CCM.0000000000004212 

357. Turnbull IR, Javadi P, Buchman TG, Hotchkiss RS, Karl IE, Coopersmith CM. 

Antibiotics improve survival in sepsis independent of injury severity but do not change mortality 

in mice with markedly elevated interleukin 6 levels. Shock. Feb 2004;21(2):121-5. 

doi:10.1097/01.shk.0000108399.56565.e7 

358. Evans L, Rhodes A, Alhazzani W, et al. Surviving Sepsis Campaign: International 

Guidelines for Management of Sepsis and Septic Shock 2021. Crit Care Med. Nov 1 

2021;49(11):e1063-e1143. doi:10.1097/CCM.0000000000005337 

359. Scheer CS, Fuchs C, Grundling M, et al. Impact of antibiotic administration on blood 

culture positivity at the beginning of sepsis: a prospective clinical cohort study. Clin Microbiol 

Infect. Mar 2019;25(3):326-331. doi:10.1016/j.cmi.2018.05.016 

360. Leisman D, Huang V, Zhou Q, et al. Delayed Second Dose Antibiotics for Patients 

Admitted From the Emergency Department With Sepsis: Prevalence, Risk Factors, and 

Outcomes. Crit Care Med. Jun 2017;45(6):956-965. doi:10.1097/CCM.0000000000002377 



 

 254 

361. Saliba-Gustafsson EA, Nyberg A, Borg MA, Rosales-Klintz S, Stalsby Lundborg C. 

Barriers and facilitators to prudent antibiotic prescribing for acute respiratory tract infections: A 

qualitative study with general practitioners in Malta. PLoS One. 2021;16(2):e0246782. 

doi:10.1371/journal.pone.0246782 

362. Schouten JA, Hulscher ME, Natsch S, Kullberg BJ, van der Meer JW, Grol RP. Barriers 

to optimal antibiotic use for community-acquired pneumonia at hospitals: a qualitative study. 

Qual Saf Health Care. Apr 2007;16(2):143-9. doi:10.1136/qshc.2005.017327 

363. Barlow G, Nathwani D, Myers E, et al. Identifying barriers to the rapid administration of 

appropriate antibiotics in community-acquired pneumonia. J Antimicrob Chemother. Feb 

2008;61(2):442-51. doi:10.1093/jac/dkm462 

364. Nagar S, Davey N. Reducing avoidable time delays in immediate medication 

administration - learning from a failed intervention. BMJ Qual Improv Rep. 

2015;4(1)doi:10.1136/bmjquality.u206468.w2612 

365. Mula CT, Middleton L, Human N, Varga C. Assessment of factors that influence timely 

administration of initial antibiotic dose using collaborative process mapping at a referral hospital 

in Malawi: a case study of pneumonia patients. BMC Infect Dis. Dec 27 2018;18(1):697. 

doi:10.1186/s12879-018-3620-9 

366. Cunha BA, Ortega AM. Antibiotic failure. Med Clin North Am. May 1995;79(3):663-72. 

doi:10.1016/s0025-7125(16)30062-1 

367. Hoffken G. Is the use of narrow-spectrum antibiotics too narrow-minded in the treatment 

of severe infections? Clin Microbiol Infect. Aug 2000;6 Suppl 2:7-10. doi:10.1046/j.1469-

0691.2000.00003.x 



 

 255 

368. Kalluru S, Eggers S, Barker A, et al. Risk factors for infection with multidrug-resistant 

organisms in Haryana, India. Am J Infect Control. Mar 2018;46(3):341-345. 

doi:10.1016/j.ajic.2017.08.021 

369. Cardoso T, Ribeiro O, Aragao IC, Costa-Pereira A, Sarmento AE. Additional risk factors 

for infection by multidrug-resistant pathogens in healthcare-associated infection: a large cohort 

study. BMC Infect Dis. Dec 26 2012;12:375. doi:10.1186/1471-2334-12-375 

370. Garey KW, Rege M, Pai MP, et al. Time to initiation of fluconazole therapy impacts 

mortality in patients with candidemia: a multi-institutional study. Clin Infect Dis. Jul 1 

2006;43(1):25-31. doi:10.1086/504810 

371. Kuster SP, Rudnick W, Shigayeva A, et al. Previous antibiotic exposure and 

antimicrobial resistance in invasive pneumococcal disease: results from prospective surveillance. 

Clin Infect Dis. Oct 2014;59(7):944-52. doi:10.1093/cid/ciu497 

372. Heianza Y, Ma W, Li X, et al. Duration and Life-Stage of Antibiotic Use and Risks of 

All-Cause and Cause-Specific Mortality: Prospective Cohort Study. Circ Res. Jan 31 

2020;126(3):364-373. doi:10.1161/CIRCRESAHA.119.315279 

373. Johnson MT, Reichley R, Hoppe-Bauer J, Dunne WM, Micek S, Kollef M. Impact of 

previous antibiotic therapy on outcome of Gram-negative severe sepsis. Crit Care Med. Aug 

2011;39(8):1859-65. doi:10.1097/CCM.0b013e31821b85f4 

374. Chastre J, Wolff M, Fagon JY, et al. Comparison of 8 vs 15 days of antibiotic therapy for 

ventilator-associated pneumonia in adults: a randomized trial. JAMA. Nov 19 2003;290(19):2588-

98. doi:10.1001/jama.290.19.2588 

375. Sawyer RG, Claridge JA, Nathens AB, et al. Trial of short-course antimicrobial therapy 

for intraabdominal infection. N Engl J Med. May 21 2015;372(21):1996-2005. 

doi:10.1056/NEJMoa1411162 



 

 256 

376. Khanna A, Ostermann M, Bellomo R. Angiotensin II for the Treatment of Vasodilatory 

Shock. N Engl J Med. Dec 28 2017;377(26):2604. doi:10.1056/NEJMc1714511 

377. Gordon AC, Mason AJ, Thirunavukkarasu N, et al. Effect of Early Vasopressin vs 

Norepinephrine on Kidney Failure in Patients With Septic Shock: The VANISH Randomized 

Clinical Trial. JAMA. Aug 2 2016;316(5):509-18. doi:10.1001/jama.2016.10485 

378. Di Serafino M, Viscardi D, Iacobellis F, et al. Computed tomography imaging of septic 

shock. Beyond the cause: the "CT hypoperfusion complex". A pictorial essay. Insights Imaging. 

Jun 5 2021;12(1):70. doi:10.1186/s13244-021-01006-5 

379. Barkhausen J, Stoblen F, Dominguez-Fernandez E, Henseke P, Muller RD. Impact of CT 

in patients with sepsis of unknown origin. Acta Radiol. Sep 1999;40(5):552-5. 

doi:10.3109/02841859909175583 

380. Donald G, Donahue T, Reber HA, Hines OJ. The evolving management of infected 

pancreatic necrosis. Am Surg. Oct 2012;78(10):1151-5.  

381. Ranieri VM, Thompson BT, Barie PS, et al. Drotrecogin alfa (activated) in adults with 

septic shock. N Engl J Med. May 31 2012;366(22):2055-64. doi:10.1056/NEJMoa1202290 

382. Venkatesh B, Finfer S, Cohen J, et al. Adjunctive Glucocorticoid Therapy in Patients 

with Septic Shock. N Engl J Med. Mar 1 2018;378(9):797-808. doi:10.1056/NEJMoa1705835 

383. Annane D, Renault A, Brun-Buisson C, et al. Hydrocortisone plus Fludrocortisone for 

Adults with Septic Shock. N Engl J Med. Mar 1 2018;378(9):809-818. 

doi:10.1056/NEJMoa1705716 

384. van den Berghe G, Wouters P, Weekers F, et al. Intensive insulin therapy in critically ill 

patients. N Engl J Med. Nov 8 2001;345(19):1359-67. doi:10.1056/NEJMoa011300 



 

 257 

385. Investigators N-SS, Finfer S, Chittock DR, et al. Intensive versus conventional glucose 

control in critically ill patients. N Engl J Med. Mar 26 2009;360(13):1283-97. 

doi:10.1056/NEJMoa0810625 

386. Investigators CS, Annane D, Cariou A, et al. Corticosteroid treatment and intensive 

insulin therapy for septic shock in adults: a randomized controlled trial. JAMA. Jan 27 

2010;303(4):341-8. doi:10.1001/jama.2010.2 

387. Kelm DJ, Perrin JT, Cartin-Ceba R, Gajic O, Schenck L, Kennedy CC. Fluid overload in 

patients with severe sepsis and septic shock treated with early goal-directed therapy is associated 

with increased acute need for fluid-related medical interventions and hospital death. Shock. Jan 

2015;43(1):68-73. doi:10.1097/SHK.0000000000000268 

388. Brunkhorst FM, Engel C, Bloos F, et al. Intensive insulin therapy and pentastarch 

resuscitation in severe sepsis. N Engl J Med. Jan 10 2008;358(2):125-39. 

doi:10.1056/NEJMoa070716 

389. Myburgh JA, Finfer S, Bellomo R, et al. Hydroxyethyl starch or saline for fluid 

resuscitation in intensive care. N Engl J Med. Nov 15 2012;367(20):1901-11. 

doi:10.1056/NEJMoa1209759 

390. Perner A, Haase N, Guttormsen AB, et al. Hydroxyethyl starch 130/0.42 versus Ringer's 

acetate in severe sepsis. N Engl J Med. Jul 12 2012;367(2):124-34. doi:10.1056/NEJMoa1204242 

391. The French National Registry of HA-1A (Centoxin) in septic shock. A cohort study of 

600 patients. The National Committee for the Evaluation of Centoxin. Arch Intern Med. Nov 14 

1994;154(21):2484-91.  

392. McCloskey RV, Straube RC, Sanders C, Smith SM, Smith CR. Treatment of septic shock 

with human monoclonal antibody HA-1A. A randomized, double-blind, placebo-controlled trial. 



 

 258 

CHESS Trial Study Group. Ann Intern Med. Jul 1 1994;121(1):1-5. doi:10.7326/0003-4819-121-

1-199407010-00001 

393. Angus DC, Birmingham MC, Balk RA, et al. E5 murine monoclonal antiendotoxin 

antibody in gram-negative sepsis: a randomized controlled trial. E5 Study Investigators. JAMA. 

Apr 5 2000;283(13):1723-30. doi:10.1001/jama.283.13.1723 

394. Vincent JL, Marshall JC, Dellinger RP, et al. Talactoferrin in Severe Sepsis: Results 

From the Phase II/III Oral tAlactoferrin in Severe sepsIS Trial. Crit Care Med. Sep 

2015;43(9):1832-8. doi:10.1097/CCM.0000000000001090 

395. Abraham E, Laterre PF, Garbino J, et al. Lenercept (p55 tumor necrosis factor receptor 

fusion protein) in severe sepsis and early septic shock: a randomized, double-blind, placebo-

controlled, multicenter phase III trial with 1,342 patients. Crit Care Med. Mar 2001;29(3):503-10. 

doi:10.1097/00003246-200103000-00006 

396. Abraham E, Wunderink R, Silverman H, et al. Efficacy and safety of monoclonal 

antibody to human tumor necrosis factor alpha in patients with sepsis syndrome. A randomized, 

controlled, double-blind, multicenter clinical trial. TNF-alpha MAb Sepsis Study Group. JAMA. 

Mar 22-29 1995;273(12):934-41.  

397. Fisher CJ, Jr., Dhainaut JF, Opal SM, et al. Recombinant human interleukin 1 receptor 

antagonist in the treatment of patients with sepsis syndrome. Results from a randomized, double-

blind, placebo-controlled trial. Phase III rhIL-1ra Sepsis Syndrome Study Group. JAMA. Jun 15 

1994;271(23):1836-43.  

398. Vincent JL, Sun Q, Dubois MJ. Clinical trials of immunomodulatory therapies in severe 

sepsis and septic shock. Clin Infect Dis. Apr 15 2002;34(8):1084-93. doi:10.1086/339549 



 

 259 

399. Heemskerk S, Masereeuw R, Russel FG, Pickkers P. Selective iNOS inhibition for the 

treatment of sepsis-induced acute kidney injury. Nat Rev Nephrol. Nov 2009;5(11):629-40. 

doi:10.1038/nrneph.2009.155 

400. Qin L, Xie X, Fang P, Lin J. Prophylactic simvastatin treatment modulates the immune 

response and increases survival of mice following induction of lethal sepsis. J Int Med Res. Aug 

2019;47(8):3850-3859. doi:10.1177/0300060519858508 

401. Liappis AP, Kan VL, Rochester CG, Simon GL. The effect of statins on mortality in 

patients with bacteremia. Clin Infect Dis. Oct 15 2001;33(8):1352-7. doi:10.1086/323334 

402. Deshpande A, Pasupuleti V, Rothberg MB. Statin therapy and mortality from sepsis: a 

meta-analysis of randomized trials. Am J Med. Apr 2015;128(4):410-7 e1. 

doi:10.1016/j.amjmed.2014.10.057 

403. Chen M, Ji M, Si X. The effects of statin therapy on mortality in patients with sepsis: A 

meta-analysis of randomized trials. Medicine (Baltimore). Aug 2018;97(31):e11578. 

doi:10.1097/MD.0000000000011578 

404. Nielsson MS, Christiansen CF, Johansen MB, Rasmussen BS, Tonnesen E, Norgaard M. 

Mortality in elderly ICU patients: a cohort study. Acta Anaesthesiol Scand. Jan 2014;58(1):19-26. 

doi:10.1111/aas.12211 

405. Vosylius S, Sipylaite J, Ivaskevicius J. Determinants of outcome in elderly patients 

admitted to the intensive care unit. Age Ageing. Mar 2005;34(2):157-62. 

doi:10.1093/ageing/afi037 

406. Rajapakse S, Rajapakse A. Age bias in clinical trials in sepsis: how relevant are 

guidelines to older people? J Crit Care. Dec 2009;24(4):609-13. doi:10.1016/j.jcrc.2008.11.009 



 

 260 

407. Wong HR, Cvijanovich NZ, Anas N, et al. Developing a clinically feasible personalized 

medicine approach to pediatric septic shock. Am J Respir Crit Care Med. Feb 1 2015;191(3):309-

15. doi:10.1164/rccm.201410-1864OC 

408. Langley RJ, Tsalik EL, van Velkinburgh JC, et al. An integrated clinico-metabolomic 

model improves prediction of death in sepsis. Sci Transl Med. Jul 24 2013;5(195):195ra95. 

doi:10.1126/scitranslmed.3005893 

409. Dupre ME, Liu G, Gu D. Predictors of longevity: evidence from the oldest old in China. 

Am J Public Health. Jul 2008;98(7):1203-8. doi:10.2105/AJPH.2007.113886 

410. Armanios M, de Cabo R, Mannick J, Partridge L, van Deursen J, Villeda S. Translational 

strategies in aging and age-related disease. Nat Med. Dec 2015;21(12):1395-9. 

doi:10.1038/nm.4004 

411. Aging in the United States Population Bulletin 70. 2015. https://www.prb.org/wp-

content/uploads/2016/01/aging-us-population-bulletin-1.pdf 

412. Accessed April 18, 2022. https://www.prb.org/wp-content/uploads/2016/01/aging-us-

population-bulletin-1.pdf 

413. Nasa P, Juneja D, Singh O. Severe sepsis and septic shock in the elderly: An overview. 

World J Crit Care Med. Feb 4 2012;1(1):23-30. doi:10.5492/wjccm.v1.i1.23 

414. Nasa P, Juneja D, Singh O, Dang R, Arora V. Severe sepsis and its impact on outcome in 

elderly and very elderly patients admitted in intensive care unit. J Intensive Care Med. May-Jun 

2012;27(3):179-83. doi:10.1177/0885066610397116 

415. Ogura H, Gando S, Saitoh D, et al. Epidemiology of severe sepsis in Japanese intensive 

care units: a prospective multicenter study. J Infect Chemother. Mar 2014;20(3):157-62. 

doi:10.1016/j.jiac.2013.07.006 

https://www.prb.org/wp-content/uploads/2016/01/aging-us-population-bulletin-1.pdf
https://www.prb.org/wp-content/uploads/2016/01/aging-us-population-bulletin-1.pdf
https://www.prb.org/wp-content/uploads/2016/01/aging-us-population-bulletin-1.pdf
https://www.prb.org/wp-content/uploads/2016/01/aging-us-population-bulletin-1.pdf


 

 261 

416. Husak L, Marcuzzi A, Herring J, et al. National analysis of sepsis hospitalizations and 

factors contributing to sepsis in-hospital mortality in Canada. Healthc Q. 2010;13 Spec No:35-41. 

doi:10.12927/hcq.2010.21963 

417. Dreiher J, Almog Y, Sprung CL, et al. Temporal trends in patient characteristics and 

survival of intensive care admissions with sepsis: a multicenter analysis*. Crit Care Med. Mar 

2012;40(3):855-60. doi:10.1097/CCM.0b013e318236f7b8 

418. Girard TD, Ely EW. Bacteremia and sepsis in older adults. Clin Geriatr Med. Aug 

2007;23(3):633-47, viii. doi:10.1016/j.cger.2007.05.003 

419. Rowe T, Araujo KL, Van Ness PH, Pisani MA, Juthani-Mehta M. Outcomes of Older 

Adults With Sepsis at Admission to an Intensive Care Unit. Open Forum Infect Dis. Jan 

2016;3(1):ofw010. doi:10.1093/ofid/ofw010 

420. Starr ME, Saito H. Sepsis in old age: review of human and animal studies. Aging Dis. 

Apr 2014;5(2):126-36. doi:10.14336/AD.2014.0500126 

421. Thake M, Lowry A. A systematic review of trends in the selective exclusion of older 

participant from randomised clinical trials. Arch Gerontol Geriatr. Sep 2017;72:99-102. 

doi:10.1016/j.archger.2017.05.017 

422. Phillip Dellinger R, Parrillo JE. Mediator modulation therapy of severe sepsis and septic 

shock: does it work? Crit Care Med. Jan 2004;32(1):282-6. 

doi:10.1097/01.CCM.0000105423.06091.8E 

423. Chin-Yee N, D'Egidio G, Thavorn K, Heyland D, Kyeremanteng K. Cost analysis of the 

very elderly admitted to intensive care units. Crit Care. May 16 2017;21(1):109. 

doi:10.1186/s13054-017-1689-y 



 

 262 

424. Ely EW, Angus DC, Williams MD, Bates B, Qualy R, Bernard GR. Drotrecogin alfa 

(activated) treatment of older patients with severe sepsis. Clin Infect Dis. Jul 15 2003;37(2):187-

95. doi:10.1086/375775 

425. Gehlbach BK, Salamanca VR, Levitt JE, et al. Patient-related factors associated with 

hospital discharge to a care facility after critical illness. Am J Crit Care. Sep 2011;20(5):378-86. 

doi:10.4037/ajcc2011827 

426. Jones TK, Fuchs BD, Small DS, et al. Post-Acute Care Use and Hospital Readmission 

after Sepsis. Ann Am Thorac Soc. Jun 2015;12(6):904-13. doi:10.1513/AnnalsATS.201411-

504OC 

427. Prescott HC, Angus DC. Enhancing Recovery From Sepsis: A Review. JAMA. Jan 2 

2018;319(1):62-75. doi:10.1001/jama.2017.17687 

428. Prescott HC, Costa DK. Improving Long-Term Outcomes After Sepsis. Crit Care Clin. 

Jan 2018;34(1):175-188. doi:10.1016/j.ccc.2017.08.013 

429. Sanderson M, Chikhani M, Blyth E, et al. Predicting 30-day mortality in patients with 

sepsis: An exploratory analysis of process of care and patient characteristics. J Intensive Care 

Soc. Nov 2018;19(4):299-304. doi:10.1177/1751143718758975 

430. Chernow B. Variables affecting outcome in critically ill patients. Chest. May 1999;115(5 

Suppl):71S-76S. doi:10.1378/chest.115.suppl_2.71s 

431. Stump TE, Callahan CM, Hendrie HC. Cognitive impairment and mortality in older 

primary care patients. J Am Geriatr Soc. Jul 2001;49(7):934-40. doi:10.1046/j.1532-

5415.2001.49184.x 

432. Park CM, Kim W, Rhim HC, et al. Frailty and hospitalization-associated disability after 

pneumonia: A prospective cohort study. BMC Geriatr. Feb 5 2021;21(1):111. 

doi:10.1186/s12877-021-02049-5 



 

 263 

433. Ueno R, Shiraishi A, Yamamoto R, Kobara S, Hayashi Y. Relationship between 

community walking ability and in-hospital mortality in elderly patients with sepsis: a single-

center retrospective cohort study. J Intensive Care. 2019;7:33. doi:10.1186/s40560-019-0385-1 

434. Kramarow EA. Sepsis-related Mortality Among Adults Aged 65 and Over: United States, 

2019. NCHS Data Brief. Nov 2021;(422):1-8.  

435. Garrouste-Orgeas M, Timsit JF, Montuclard L, et al. Decision-making process, outcome, 

and 1-year quality of life of octogenarians referred for intensive care unit admission. Intensive 

Care Med. Jul 2006;32(7):1045-51. doi:10.1007/s00134-006-0169-7 

436. Joynt GM, Gomersall CD, Tan P, Lee A, Cheng CA, Wong EL. Prospective evaluation of 

patients refused admission to an intensive care unit: triage, futility and outcome. Intensive Care 

Med. Sep 2001;27(9):1459-65. doi:10.1007/s001340101041 

437. Boumendil A, Angus DC, Guitonneau AL, et al. Variability of intensive care admission 

decisions for the very elderly. PLoS One. 2012;7(4):e34387. doi:10.1371/journal.pone.0034387 

438. Flaatten H, De Lange DW, Morandi A, et al. The impact of frailty on ICU and 30-day 

mortality and the level of care in very elderly patients (>/= 80 years). Intensive Care Med. Dec 

2017;43(12):1820-1828. doi:10.1007/s00134-017-4940-8 

439. Lemay AC, Anzueto A, Restrepo MI, Mortensen EM. Predictors of long-term mortality 

after severe sepsis in the elderly. Am J Med Sci. Apr 2014;347(4):282-8. 

doi:10.1097/MAJ.0b013e318295a147 

440. Heyland DK, Garland A, Bagshaw SM, et al. Recovery after critical illness in patients 

aged 80 years or older: a multi-center prospective observational cohort study. Intensive Care 

Med. Nov 2015;41(11):1911-20. doi:10.1007/s00134-015-4028-2 



 

 264 

441. Andersen FH, Flaatten H, Klepstad P, et al. Long-Term Outcomes After ICU Admission 

Triage in Octogenarians. Crit Care Med. Apr 2017;45(4):e363-e371. 

doi:10.1097/CCM.0000000000002098 

442. Wunsch H, Guerra C, Barnato AE, Angus DC, Li G, Linde-Zwirble WT. Three-year 

outcomes for Medicare beneficiaries who survive intensive care. JAMA. Mar 3 2010;303(9):849-

56. doi:10.1001/jama.2010.216 

443. Inouye SK. Creating an anti-ageist healthcare system to improve care for our current and 

future selves. Nature Aging. 2021:150-152.  

444. Tonelli M, Wiebe N, Straus S, et al. Multimorbidity, dementia and health care in older 

people:a population-based cohort study. CMAJ Open. Aug 14 2017;5(3):E623-E631. 

doi:10.9778/cmajo.20170052 

445. Del Duca GF, Silva SG, Thume E, Santos IS, Hallal PC. Predictive factors for 

institutionalization of the elderly: a case-control study. Rev Saude Publica. Feb 2012;46(1):147-

53. doi:10.1590/s0034-89102012000100018 

446. Favaro-Moreira NC, Krausch-Hofmann S, Matthys C, et al. Risk Factors for Malnutrition 

in Older Adults: A Systematic Review of the Literature Based on Longitudinal Data. Adv Nutr. 

May 2016;7(3):507-22. doi:10.3945/an.115.011254 

447. Valenti WM, Trudell RG, Bentley DW. Factors predisposing to oropharyngeal 

colonization with gram-negative bacilli in the aged. N Engl J Med. May 18 1978;298(20):1108-

11. doi:10.1056/NEJM197805182982002 

448. Rajagopalan S, Yoshikawa TT. Tuberculosis in the elderly. Z Gerontol Geriatr. Oct 

2000;33(5):374-80. doi:10.1007/s003910070034 

449. Nicolle LE. Infection control in long-term care facilities. Clin Infect Dis. Sep 

2000;31(3):752-6. doi:10.1086/314010 



 

 265 

450. Jensen GL, McGee M, Binkley J. Nutrition in the elderly. Gastroenterol Clin North Am. 

Jun 2001;30(2):313-34. doi:10.1016/s0889-8553(05)70184-9 

451. Norman K, Hass U, Pirlich M. Malnutrition in Older Adults-Recent Advances and 

Remaining Challenges. Nutrients. Aug 12 2021;13(8)doi:10.3390/nu13082764 

452. Abdu AO, Yimamu ID, Kahsay AA. Predictors of malnutrition among older adults aged 

above 65 years in eastern Ethiopia: neglected public health concern. BMC Geriatr. Nov 23 

2020;20(1):497. doi:10.1186/s12877-020-01911-2 

453. Limpawattana P, Phungoen P, Mitsungnern T, Laosuangkoon W, Tansangworn N. 

Atypical presentations of older adults at the emergency department and associated factors. Arch 

Gerontol Geriatr. Jan-Feb 2016;62:97-102. doi:10.1016/j.archger.2015.08.016 

454. Shibahashi K, Sugiyama K, Kashiura M, Hamabe Y. Decreasing skeletal muscle as a risk 

factor for mortality in elderly patients with sepsis: a retrospective cohort study. J Intensive Care. 

2017;5:8. doi:10.1186/s40560-016-0205-9 

455. Machado Rde L, David CM, Luiz RR, Amitrano Dde A, Salomao Cde S, Oliveira GM. 

Related prognostic factors in elderly patients with severe sepsis and septic shock. Rev Bras Ter 

Intensiva. Mar 2009;21(1):9-17. Analise exploratoria dos fatores relacionados ao prognostico em 

idosos com sepse grave e choque septico.  

456. Julian-Jimenez A, Gonzalez-Del-Castillo J, Martinez-Ortiz-de-Zarate M, et al. Short-term 

prognostic factors in the elderly patients seen in emergency departments due to infections. Enferm 

Infecc Microbiol Clin. Apr 2017;35(4):214-219. Factores pronosticos a corto plazo en los 

ancianos atendidos en urgencias por infeccion. doi:10.1016/j.eimc.2015.10.016 

457. Lee WJ, Woo SH, Kim DH, et al. Are prognostic scores and biomarkers such as 

procalcitonin the appropriate prognostic precursors for elderly patients with sepsis in the 



 

 266 

emergency department? Aging Clin Exp Res. Oct 2016;28(5):917-24. doi:10.1007/s40520-015-

0500-7 

458. Franceschi C, Bonafe M, Valensin S, et al. Inflamm-aging. An evolutionary perspective 

on immunosenescence. Ann N Y Acad Sci. Jun 2000;908:244-54. doi:10.1111/j.1749-

6632.2000.tb06651.x 

459. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a new 

immune-metabolic viewpoint for age-related diseases. Nat Rev Endocrinol. Oct 2018;14(10):576-

590. doi:10.1038/s41574-018-0059-4 

460. Puzianowska-Kuznicka M, Owczarz M, Wieczorowska-Tobis K, et al. Interleukin-6 and 

C-reactive protein, successful aging, and mortality: the PolSenior study. Immun Ageing. 

2016;13:21. doi:10.1186/s12979-016-0076-x 

461. Giovannini S, Onder G, Liperoti R, et al. Interleukin-6, C-reactive protein, and tumor 

necrosis factor-alpha as predictors of mortality in frail, community-living elderly individuals. J 

Am Geriatr Soc. Sep 2011;59(9):1679-85. doi:10.1111/j.1532-5415.2011.03570.x 

462. Byun HO, Lee YK, Kim JM, Yoon G. From cell senescence to age-related diseases: 

differential mechanisms of action of senescence-associated secretory phenotypes. BMB Rep. Oct 

2015;48(10):549-58. doi:10.5483/bmbrep.2015.48.10.122 

463. Biagi E, Candela M, Fairweather-Tait S, Franceschi C, Brigidi P. Aging of the human 

metaorganism: the microbial counterpart. Age (Dordr). Feb 2012;34(1):247-67. 

doi:10.1007/s11357-011-9217-5 

464. Bauer ME, Fuente Mde L. The role of oxidative and inflammatory stress and persistent 

viral infections in immunosenescence. Mech Ageing Dev. Sep 2016;158:27-37. 

doi:10.1016/j.mad.2016.01.001 



 

 267 

465. Fulop T, Larbi A, Dupuis G, et al. Immunosenescence and Inflamm-Aging As Two Sides 

of the Same Coin: Friends or Foes? Front Immunol. 2017;8:1960. 

doi:10.3389/fimmu.2017.01960 

466. Rydyznski Moderbacher C, Ramirez SI, Dan JM, et al. Antigen-Specific Adaptive 

Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease Severity. 

Cell. Nov 12 2020;183(4):996-1012 e19. doi:10.1016/j.cell.2020.09.038 

467. Canaday DH, Amponsah NA, Jones L, Tisch DJ, Hornick TR, Ramachandra L. 

Influenza-induced production of interferon-alpha is defective in geriatric individuals. J Clin 

Immunol. May 2010;30(3):373-83. doi:10.1007/s10875-010-9374-9 

468. van Duin D, Mohanty S, Thomas V, et al. Age-associated defect in human TLR-1/2 

function. J Immunol. Jan 15 2007;178(2):970-5. doi:10.4049/jimmunol.178.2.970 

469. Kollmann TR, Levy O, Montgomery RR, Goriely S. Innate immune function by Toll-like 

receptors: distinct responses in newborns and the elderly. Immunity. Nov 16 2012;37(5):771-83. 

doi:10.1016/j.immuni.2012.10.014 

470. Kong KF, Delroux K, Wang X, et al. Dysregulation of TLR3 impairs the innate immune 

response to West Nile virus in the elderly. J Virol. Aug 2008;82(15):7613-23. 

doi:10.1128/JVI.00618-08 

471. Batista MA, Calvo-Fortes F, Silveira-Nunes G, et al. Inflammaging in Endemic Areas for 

Infectious Diseases. Front Immunol. 2020;11:579972. doi:10.3389/fimmu.2020.579972 

472. Adriaensen W, Mathei C, Vaes B, van Pottelbergh G, Wallemacq P, Degryse JM. 

Interleukin-6 predicts short-term global functional decline in the oldest old: results from the 

BELFRAIL study. Age (Dordr). 2014;36(6):9723. doi:10.1007/s11357-014-9723-3 

473. Adriaensen W, Mathei C, van Pottelbergh G, et al. Significance of serum immune 

markers in identification of global functional impairment in the oldest old: cross-sectional results 



 

 268 

from the BELFRAIL study. Age (Dordr). Feb 2014;36(1):457-67. doi:10.1007/s11357-013-9558-

3 

474. Arai Y, Martin-Ruiz CM, Takayama M, et al. Inflammation, But Not Telomere Length, 

Predicts Successful Ageing at Extreme Old Age: A Longitudinal Study of Semi-

supercentenarians. EBioMedicine. Oct 2015;2(10):1549-58. doi:10.1016/j.ebiom.2015.07.029 

475. Jylha M, Paavilainen P, Lehtimaki T, et al. Interleukin-1 receptor antagonist, interleukin-

6, and C-reactive protein as predictors of mortality in nonagenarians: the vitality 90+ study. J 

Gerontol A Biol Sci Med Sci. Sep 2007;62(9):1016-21. doi:10.1093/gerona/62.9.1016 

476. Kim HO, Kim HS, Youn JC, Shin EC, Park S. Serum cytokine profiles in healthy young 

and elderly population assessed using multiplexed bead-based immunoassays. J Transl Med. Jul 

20 2011;9:113. doi:10.1186/1479-5876-9-113 

477. Lowery EM, Brubaker AL, Kuhlmann E, Kovacs EJ. The aging lung. Clin Interv Aging. 

2013;8:1489-96. doi:10.2147/CIA.S51152 

478. Boyd AR, Orihuela CJ. Dysregulated inflammation as a risk factor for pneumonia in the 

elderly. Aging Dis. Dec 2011;2(6):487-500.  

479. Fedullo AJ, Swinburne AJ. Relationship of patient age to clinical features and outcome 

for in-hospital treatment of pneumonia. J Gerontol. Jan 1985;40(1):29-33. 

doi:10.1093/geronj/40.1.29 

480. Hazeldine J, Lord JM, Hampson P. Immunesenescence and inflammaging: A 

contributory factor in the poor outcome of the geriatric trauma patient. Ageing Res Rev. Nov 

2015;24(Pt B):349-57. doi:10.1016/j.arr.2015.10.003 

481. Olivieri F, Rippo MR, Monsurro V, et al. MicroRNAs linking inflamm-aging, cellular 

senescence and cancer. Ageing Res Rev. Sep 2013;12(4):1056-68. doi:10.1016/j.arr.2013.05.001 



 

 269 

482. Gibson KL, Wu YC, Barnett Y, et al. B-cell diversity decreases in old age and is 

correlated with poor health status. Aging Cell. Feb 2009;8(1):18-25. doi:10.1111/j.1474-

9726.2008.00443.x 

483. Franceschi C, Bonafe M, Valensin S. Human immunosenescence: the prevailing of innate 

immunity, the failing of clonotypic immunity, and the filling of immunological space. Vaccine. 

Feb 25 2000;18(16):1717-20. doi:10.1016/s0264-410x(99)00513-7 

484. Grubeck-Loebenstein B, Della Bella S, Iorio AM, Michel JP, Pawelec G, Solana R. 

Immunosenescence and vaccine failure in the elderly. Aging Clin Exp Res. Jun 2009;21(3):201-9. 

doi:10.1007/BF03324904 

485. Shaw AC, Goldstein DR, Montgomery RR. Age-dependent dysregulation of innate 

immunity. Nat Rev Immunol. Dec 2013;13(12):875-87. doi:10.1038/nri3547 

486. Shaw AC, Joshi S, Greenwood H, Panda A, Lord JM. Aging of the innate immune 

system. Curr Opin Immunol. Aug 2010;22(4):507-13. doi:10.1016/j.coi.2010.05.003 

487. Kovacs EJ, Palmer JL, Fortin CF, Fulop T, Jr., Goldstein DR, Linton PJ. Aging and 

innate immunity in the mouse: impact of intrinsic and extrinsic factors. Trends Immunol. Jul 

2009;30(7):319-24. doi:10.1016/j.it.2009.03.012 

488. Solana R, Pawelec G, Tarazona R. Aging and innate immunity. Immunity. May 

2006;24(5):491-4. doi:10.1016/j.immuni.2006.05.003 

489. Butcher SK, Chahal H, Nayak L, et al. Senescence in innate immune responses: reduced 

neutrophil phagocytic capacity and CD16 expression in elderly humans. J Leukoc Biol. Dec 

2001;70(6):881-6.  

490. Peters T, Weiss JM, Sindrilaru A, et al. Reactive oxygen intermediate-induced 

pathomechanisms contribute to immunosenescence, chronic inflammation and autoimmunity. 

Mech Ageing Dev. Sep 2009;130(9):564-87. doi:10.1016/j.mad.2009.07.003 



 

 270 

491. Fulop T, Jr., Fouquet C, Allaire P, et al. Changes in apoptosis of human 

polymorphonuclear granulocytes with aging. Mech Ageing Dev. Jun 1997;96(1-3):15-34. 

doi:10.1016/s0047-6374(96)01881-7 

492. Solana R, Mariani E. NK and NK/T cells in human senescence. Vaccine. Feb 25 

2000;18(16):1613-20. doi:10.1016/s0264-410x(99)00495-8 

493. Le Garff-Tavernier M, Beziat V, Decocq J, et al. Human NK cells display major 

phenotypic and functional changes over the life span. Aging Cell. Aug 2010;9(4):527-35. 

doi:10.1111/j.1474-9726.2010.00584.x 

494. Solana R, Tarazona R, Gayoso I, Lesur O, Dupuis G, Fulop T. Innate 

immunosenescence: effect of aging on cells and receptors of the innate immune system in 

humans. Semin Immunol. Oct 2012;24(5):331-41. doi:10.1016/j.smim.2012.04.008 

495. Aprahamian T, Takemura Y, Goukassian D, Walsh K. Ageing is associated with 

diminished apoptotic cell clearance in vivo. Clin Exp Immunol. Jun 2008;152(3):448-55. 

doi:10.1111/j.1365-2249.2008.03658.x 

496. Malaguarnera L, Cristaldi E, Malaguarnera M. The role of immunity in elderly cancer. 

Crit Rev Oncol Hematol. Apr 2010;74(1):40-60. doi:10.1016/j.critrevonc.2009.06.002 

497. Rosas GO, Zieman SJ, Donabedian M, Vandegaer K, Hare JM. Augmented age-

associated innate immune responses contribute to negative inotropic and lusitropic effects of 

lipopolysaccharide and interferon gamma. J Mol Cell Cardiol. Oct 2001;33(10):1849-59. 

doi:10.1006/jmcc.2001.1448 

498. Chen H, Xu J, Wang X, Wang Y, Tong F. Early Lactate-Guided Resuscitation of Elderly 

Septic Patients. J Intensive Care Med. May 2022;37(5):686-692. 

doi:10.1177/08850666211023347 



 

 271 

499. Yang Q, Wang Z, Guan J. Effect of simple-bundles management vs. guideline-bundles 

management on elderly patients with septic shock: a retrospective study. Ann Palliat Med. May 

2021;10(5):5198-5204. doi:10.21037/apm-20-2320 

500. Morandi A, Vasilevskis E, Pandharipande PP, et al. Inappropriate medication 

prescriptions in elderly adults surviving an intensive care unit hospitalization. J Am Geriatr Soc. 

Jul 2013;61(7):1128-34. doi:10.1111/jgs.12329 

501. Nemzek JA, Hugunin KM, Opp MR. Modeling sepsis in the laboratory: merging sound 

science with animal well-being. Comp Med. Apr 2008;58(2):120-8.  

502. Warren HS, Tompkins RG, Moldawer LL, et al. Mice are not men. Proc Natl Acad Sci U 

S A. Jan 27 2015;112(4):E345. doi:10.1073/pnas.1414857111 

503. Radermacher P, Haouzi P. A mouse is not a rat is not a man: species-specific metabolic 

responses to sepsis - a nail in the coffin of murine models for critical care research? Intensive 

Care Med Exp. Dec 2013;1(1):26. doi:10.1186/2197-425X-1-7 

504. Zolfaghari PS, Pinto BB, Dyson A, Singer M. The metabolic phenotype of rodent sepsis: 

cause for concern? Intensive Care Med Exp. Dec 2013;1(1):25. doi:10.1186/2197-425X-1-6 

505. Seok J, Warren HS, Cuenca AG, et al. Genomic responses in mouse models poorly 

mimic human inflammatory diseases. Proc Natl Acad Sci U S A. Feb 26 2013;110(9):3507-12. 

doi:10.1073/pnas.1222878110 

506. Dutta S, Sengupta P. Men and mice: Relating their ages. Life Sci. May 1 2016;152:244-8. 

doi:10.1016/j.lfs.2015.10.025 

507. Jackson SJ, Andrews N, Ball D, et al. Does age matter? The impact of rodent age on 

study outcomes. Lab Anim. Apr 2017;51(2):160-169. doi:10.1177/0023677216653984 



 

 272 

508. Toye AA, Lippiat JD, Proks P, et al. A genetic and physiological study of impaired 

glucose homeostasis control in C57BL/6J mice. Diabetologia. Apr 2005;48(4):675-86. 

doi:10.1007/s00125-005-1680-z 

509. Nelson JF, Felicio LS, Osterburg HH, Finch CE. Differential contributions of ovarian and 

extraovarian factors to age-related reductions in plasma estradiol and progesterone during the 

estrous cycle of C57BL/6J mice. Endocrinology. Feb 1992;130(2):805-10. 

doi:10.1210/endo.130.2.1733727 

510. Quesada-Candela C, Loose J, Ghazi A, Yanowitz JL. Molecular basis of reproductive 

senescence: insights from model organisms. J Assist Reprod Genet. Jan 2021;38(1):17-32. 

doi:10.1007/s10815-020-01959-4 

511. Turnbull IR, Wlzorek JJ, Osborne D, Hotchkiss RS, Coopersmith CM, Buchman TG. 

Effects of age on mortality and antibiotic efficacy in cecal ligation and puncture. Shock. Apr 

2003;19(4):310-3. doi:10.1097/00024382-200304000-00003 

512. Turnbull IR, Buchman TG, Javadi P, et al. Age disproportionately increases sepsis-

induced apoptosis in the spleen and gut epithelium. Shock. Oct 2004;22(4):364-8. 

doi:10.1097/01.shk.0000142552.77473.7d 

513. Chorinchath BB, Kong LY, Mao L, McCallum RE. Age-associated differences in TNF-

alpha and nitric oxide production in endotoxic mice. J Immunol. Feb 15 1996;156(4):1525-30.  

514. Tateda K, Matsumoto T, Miyazaki S, Yamaguchi K. Lipopolysaccharide-induced 

lethality and cytokine production in aged mice. Infect Immun. Mar 1996;64(3):769-74. 

doi:10.1128/iai.64.3.769-774.1996 

515. Schuetze S, Manig A, Ribes S, Nau R. Aged mice show an increased mortality after 

anesthesia with a standard dose of ketamine/xylazine. Lab Anim Res. 2019;35:8. 

doi:10.1186/s42826-019-0008-y 



 

 273 

516. Zingarelli B, Coopersmith CM, Drechsler S, et al. Part I: Minimum Quality Threshold in 

Preclinical Sepsis Studies (MQTiPSS) for Study Design and Humane Modeling Endpoints. 

Shock. Jan 2019;51(1):10-22. doi:10.1097/SHK.0000000000001243 

517. Hubbard WJ, Choudhry M, Schwacha MG, et al. Cecal ligation and puncture. Shock. Dec 

2005;24 Suppl 1:52-7. doi:10.1097/01.shk.0000191414.94461.7e 

518. Ebong S, Call D, Nemzek J, Bolgos G, Newcomb D, Remick D. Immunopathologic 

alterations in murine models of sepsis of increasing severity. Infect Immun. Dec 

1999;67(12):6603-10. doi:10.1128/IAI.67.12.6603-6610.1999 

519. Maier S, Traeger T, Entleutner M, et al. Cecal ligation and puncture versus colon 

ascendens stent peritonitis: two distinct animal models for polymicrobial sepsis. Shock. Jun 

2004;21(6):505-11. doi:10.1097/01.shk.0000126906.52367.dd 

520. Traeger T, Koerner P, Kessler W, et al. Colon ascendens stent peritonitis (CASP)--a 

standardized model for polymicrobial abdominal sepsis. J Vis Exp. Dec 18 

2010;(46)doi:10.3791/2299 

521. Sharawy N. Vasoplegia in septic shock: do we really fight the right enemy? J Crit Care. 

Feb 2014;29(1):83-7. doi:10.1016/j.jcrc.2013.08.021 

522. Vandendriessche B, Rogge E, Goossens V, et al. The soluble guanylate cyclase activator 

BAY 58-2667 protects against morbidity and mortality in endotoxic shock by recoupling organ 

systems. PLoS One. 2013;8(8):e72155. doi:10.1371/journal.pone.0072155 

523. Bermejo-Martin JF, Martin-Fernandez M, Lopez-Mestanza C, Duque P, Almansa R. 

Shared Features of Endothelial Dysfunction between Sepsis and Its Preceding Risk Factors 

(Aging and Chronic Disease). J Clin Med. Oct 30 2018;7(11)doi:10.3390/jcm7110400 



 

 274 

524. Abugroun A, Nayyar A, Abdel-Rahman M, Patel P. Impact of Malnutrition on 

Hospitalization Outcomes for Older Adults Admitted for Sepsis. Am J Med. Feb 

2021;134(2):221-226 e1. doi:10.1016/j.amjmed.2020.06.044 

525. Yoshikawa TT. Antimicrobial resistance and aging: beginning of the end of the antibiotic 

era? J Am Geriatr Soc. Jul 2002;50(7 Suppl):S226-9. doi:10.1046/j.1532-5415.50.7s.2.x 

526. Pintado MC, Villa P, Gonzalez-Garcia N, et al. Characteristics and outcomes of elderly 

patients refused to ICU. ScientificWorldJournal. 2013;2013:590837. doi:10.1155/2013/590837 

527. Mortazavi SS, Shati M, Keshtkar A, Malakouti SK, Bazargan M, Assari S. Defining 

polypharmacy in the elderly: a systematic review protocol. BMJ Open. Mar 24 

2016;6(3):e010989. doi:10.1136/bmjopen-2015-010989 

528. Maley JH, Worsham CM, Landon BE, Stevens JP. Association between Palliative Care 

and End-of-Life Resource Use for Older Adults Hospitalized with Septic Shock. Ann Am Thorac 

Soc. Aug 2020;17(8):974-979. doi:10.1513/AnnalsATS.202001-038OC 

529. Singh S, Bajorek B. Defining 'elderly' in clinical practice guidelines for 

pharmacotherapy. Pharm Pract (Granada). Oct 2014;12(4):489. doi:10.4321/s1886-

36552014000400007 

530. Sabharwal S, Wilson H, Reilly P, Gupte CM. Heterogeneity of the definition of elderly 

age in current orthopaedic research. Springerplus. 2015;4:516. doi:10.1186/s40064-015-1307-x 

531. Ince C, Mayeux PR, Nguyen T, et al. The Endothelium in Sepsis. Shock. Mar 

2016;45(3):259-70. doi:10.1097/SHK.0000000000000473 

532. Heiss C, Rodriguez-Mateos A, Kelm M. Central role of eNOS in the maintenance of 

endothelial homeostasis. Antioxid Redox Signal. May 10 2015;22(14):1230-42. 

doi:10.1089/ars.2014.6158 



 

 275 

533. Emami Z, Mesbah Namin A, Kojuri J, Mashayekhi Jalali F, Rasti M. Expression and 

Activity of Platelet Endothelial Nitric Oxide Synthase Are Decreased in Patients with Coronary 

Thrombosis and Stenosis. Avicenna J Med Biotechnol. Jan-Mar 2019;11(1):88-93.  

534. Gao F, Lucke-Wold BP, Li X, et al. Reduction of Endothelial Nitric Oxide Increases the 

Adhesiveness of Constitutive Endothelial Membrane ICAM-1 through Src-Mediated 

Phosphorylation. Front Physiol. 2017;8:1124. doi:10.3389/fphys.2017.01124 

535. Yang YM, Huang A, Kaley G, Sun D. eNOS uncoupling and endothelial dysfunction in 

aged vessels. Am J Physiol Heart Circ Physiol. Nov 2009;297(5):H1829-36. 

doi:10.1152/ajpheart.00230.2009 

536. Chung HY, Kim DH, Lee EK, et al. Redefining Chronic Inflammation in Aging and Age-

Related Diseases: Proposal of the Senoinflammation Concept. Aging Dis. Apr 2019;10(2):367-

382. doi:10.14336/AD.2018.0324 

537. Pinto E. Blood pressure and ageing. Postgrad Med J. Feb 2007;83(976):109-14. 

doi:10.1136/pgmj.2006.048371 

538. Steppan J, Barodka V, Berkowitz DE, Nyhan D. Vascular stiffness and increased pulse 

pressure in the aging cardiovascular system. Cardiol Res Pract. 2011;2011:263585. 

doi:10.4061/2011/263585 

539. Faller S, Strosing KM, Ryter SW, et al. The volatile anesthetic isoflurane prevents 

ventilator-induced lung injury via phosphoinositide 3-kinase/Akt signaling in mice. Anesth Analg. 

Apr 2012;114(4):747-56. doi:10.1213/ANE.0b013e31824762f0 

540. Qin G, Luo H, Yin X, et al. Effects of Sevoflurane on Hemodynamics and Inducible 

Nitric Oxide Synthase/Soluble Guanylate Cyclase Signaling Pathway in a Rat Model of 

Pulmonary Arterial Hypertension. Anesth Analg. Jul 2017;125(1):184-189. 

doi:10.1213/ANE.0000000000001937 



 

 276 

541. Gragasin FS, Bourque SL, Davidge ST. Vascular aging and hemodynamic stability in the 

intraoperative period. Front Physiol. 2012;3:74. doi:10.3389/fphys.2012.00074 

542. Moncada S, Rees DD, Schulz R, Palmer RM. Development and mechanism of a specific 

supersensitivity to nitrovasodilators after inhibition of vascular nitric oxide synthesis in vivo. 

Proc Natl Acad Sci U S A. Mar 15 1991;88(6):2166-70. doi:10.1073/pnas.88.6.2166 

543. Spector AA, Norris AW. Action of epoxyeicosatrienoic acids on cellular function. Am J 

Physiol Cell Physiol. Mar 2007;292(3):C996-1012. doi:10.1152/ajpcell.00402.2006 

544. Feletou M, Vanhoutte PM. EDHF: an update. Clin Sci (Lond). Jul 16 2009;117(4):139-

55. doi:10.1042/CS20090096 

545. Malakul W, Thirawarapan S, Suvitayavat W, Woodman OL. Type 1 diabetes and 

hypercholesterolaemia reveal the contribution of endothelium-derived hyperpolarizing factor to 

endothelium-dependent relaxation of the rat aorta. Clin Exp Pharmacol Physiol. Feb 

2008;35(2):192-200. doi:10.1111/j.1440-1681.2007.04811.x 

546. Meeking DR, Browne DL, Allard S, et al. Effects of cyclo-oxygenase inhibition on 

vasodilatory response to acetylcholine in patients with type 1 diabetes and nondiabetic subjects. 

Diabetes Care. Dec 2000;23(12):1840-3. doi:10.2337/diacare.23.12.1840 

547. Krabbe KS, Bruunsgaard H, Qvist J, et al. Hypotension during endotoxemia in aged 

humans. Eur J Anaesthesiol. Sep 2001;18(9):572-5. doi:10.1046/j.1365-2346.2001.00958.x 

548. Gaubert ML, Sigaudo-Roussel D, Tartas M, Berrut G, Saumet JL, Fromy B. 

Endothelium-derived hyperpolarizing factor as an in vivo back-up mechanism in the cutaneous 

microcirculation in old mice. J Physiol. Dec 1 2007;585(Pt 2):617-26. 

doi:10.1113/jphysiol.2007.143750 



 

 277 

549. Miyauchi T, Yanagisawa M, Iida K, et al. Age- and sex-related variation of plasma 

endothelin-1 concentration in normal and hypertensive subjects. Am Heart J. Apr 1992;123(4 Pt 

1):1092-3. doi:10.1016/0002-8703(92)90734-d 

550. Donato AJ, Gano LB, Eskurza I, et al. Vascular endothelial dysfunction with aging: 

endothelin-1 and endothelial nitric oxide synthase. Am J Physiol Heart Circ Physiol. Jul 

2009;297(1):H425-32. doi:10.1152/ajpheart.00689.2008 

551. Amano A, Tsunoda M, Aigaki T, Maruyama N, Ishigami A. Age-related changes of 

dopamine, noradrenaline and adrenaline in adrenal glands of mice. Geriatr Gerontol Int. Apr 

2013;13(2):490-6. doi:10.1111/j.1447-0594.2012.00929.x 

552. Ozkor MA, Quyyumi AA. Endothelium-derived hyperpolarizing factor and vascular 

function. Cardiol Res Pract. 2011;2011:156146. doi:10.4061/2011/156146 

553. Quignard JF, Feletou M, Edwards G, Duhault J, Weston AH, Vanhoutte PM. Role of 

endothelial cell hyperpolarization in EDHF-mediated responses in the guinea-pig carotid artery. 

Br J Pharmacol. Mar 2000;129(6):1103-12. doi:10.1038/sj.bjp.0703175 

554. Golding EM, Marrelli SP, You J, Bryan RM, Jr. Endothelium-derived hyperpolarizing 

factor in the brain: a new regulator of cerebral blood flow? Stroke. Mar 2002;33(3):661-3.  

555. Rasmussen LE, Vanhoutte PM, Jensen BL, Skott O. Continuous flow augments reactivity 

of rabbit carotid artery by reducing bioavailability of NO despite an increase in release of EDHF. 

Am J Physiol Heart Circ Physiol. Oct 2006;291(4):H1521-8. doi:10.1152/ajpheart.00027.2006 

556. Loot AE, Popp R, Fisslthaler B, Vriens J, Nilius B, Fleming I. Role of cytochrome P450-

dependent transient receptor potential V4 activation in flow-induced vasodilatation. Cardiovasc 

Res. Dec 1 2008;80(3):445-52. doi:10.1093/cvr/cvn207 



 

 278 

557. Fleming I, Rueben A, Popp R, et al. Epoxyeicosatrienoic acids regulate Trp channel 

dependent Ca2+ signaling and hyperpolarization in endothelial cells. Arterioscler Thromb Vasc 

Biol. Dec 2007;27(12):2612-8. doi:10.1161/ATVBAHA.107.152074 

558. Kang KT. Endothelium-derived Relaxing Factors of Small Resistance Arteries in 

Hypertension. Toxicol Res. Sep 2014;30(3):141-8. doi:10.5487/TR.2014.30.3.141 

559. Zhao L, Wang Y, Ma X, Wang Y, Deng X. Oxidative stress impairs IKCa- and SKCa-

mediated vasodilatation in mesenteric arteries from diabetic rats. Nan Fang Yi Ke Da Xue Xue 

Bao. Jul 2013;33(7):939-44.  

560. Liu Y, Gutterman DD. The coronary circulation in diabetes: influence of reactive oxygen 

species on K+ channel-mediated vasodilation. Vascul Pharmacol. Jan 2002;38(1):43-9. 

doi:10.1016/s1537-1891(02)00125-8 

561. Dinenno FA, Dietz NM, Joyner MJ. Aging and forearm postjunctional alpha-adrenergic 

vasoconstriction in healthy men. Circulation. Sep 10 2002;106(11):1349-54. 

doi:10.1161/01.cir.0000028819.64790.be 

562. Cupitra NI, Calderon JC, Narvaez-Sanchez R. Influence of Ageing on Vascular 

Reactivity and Receptor Expression in Rabbit Aorta: A Complement to Elastocalcinosis and 

Smooth Muscle Mechanisms. Clin Interv Aging. 2020;15:537-545. doi:10.2147/CIA.S236173 

563. Ishikawa K, Calzavacca P, Bellomo R, Bailey M, May CN. Effect of selective inhibition 

of renal inducible nitric oxide synthase on renal blood flow and function in experimental 

hyperdynamic sepsis. Crit Care Med. Aug 2012;40(8):2368-75. 

doi:10.1097/CCM.0b013e3182514be9 

564. Langenberg C, Bellomo R, May C, Wan L, Egi M, Morgera S. Renal blood flow in 

sepsis. Crit Care. Aug 2005;9(4):R363-74. doi:10.1186/cc3540 



 

 279 

565. Bayer F, Ascher S, Pontarollo G, Reinhardt C. Antibiotic Treatment Protocols and Germ-

Free Mouse Models in Vascular Research. Front Immunol. 2019;10:2174. 

doi:10.3389/fimmu.2019.02174 

566. Pilz RB, Casteel DE. Regulation of gene expression by cyclic GMP. Circ Res. Nov 28 

2003;93(11):1034-46. doi:10.1161/01.RES.0000103311.52853.48 

567. Francis SH, Busch JL, Corbin JD, Sibley D. cGMP-dependent protein kinases and cGMP 

phosphodiesterases in nitric oxide and cGMP action. Pharmacol Rev. Sep 2010;62(3):525-63. 

doi:10.1124/pr.110.002907 

568. Sandner P, Zimmer DP, Milne GT, Follmann M, Hobbs A, Stasch JP. Soluble Guanylate 

Cyclase Stimulators and Activators. Handb Exp Pharmacol. 2021;264:355-394. 

doi:10.1007/164_2018_197 

569. Stasch JP, Pacher P, Evgenov OV. Soluble guanylate cyclase as an emerging therapeutic 

target in cardiopulmonary disease. Circulation. May 24 2011;123(20):2263-73. 

doi:10.1161/CIRCULATIONAHA.110.981738 

570. Nagar H, Piao S, Kim CS. Role of Mitochondrial Oxidative Stress in Sepsis. Acute Crit 

Care. May 2018;33(2):65-72. doi:10.4266/acc.2018.00157 

571. Victor VM, Espulgues JV, Hernandez-Mijares A, Rocha M. Oxidative stress and 

mitochondrial dysfunction in sepsis: a potential therapy with mitochondria-targeted antioxidants. 

Infect Disord Drug Targets. Aug 2009;9(4):376-89. doi:10.2174/187152609788922519 

572. Lu J, Liu J, Li A. Roles of neutrophil reactive oxygen species (ROS) generation in organ 

function impairment in sepsis. J Zhejiang Univ Sci B. Jun 15 2022;23(6):437-450. 

doi:10.1631/jzus.B2101075 



 

 280 

573. Mantzarlis K, Tsolaki V, Zakynthinos E. Role of Oxidative Stress and Mitochondrial 

Dysfunction in Sepsis and Potential Therapies. Oxid Med Cell Longev. 2017;2017:5985209. 

doi:10.1155/2017/5985209 

574. Sharina IG, Martin E. The Role of Reactive Oxygen and Nitrogen Species in the 

Expression and Splicing of Nitric Oxide Receptor. Antioxid Redox Signal. Jan 20 2017;26(3):122-

136. doi:10.1089/ars.2016.6687 

575. Wardle AJ, Seager MJ, Wardle R, Tulloh RM, Gibbs JS. Guanylate cyclase stimulators 

for pulmonary hypertension. Cochrane Database Syst Rev. Aug 2 2016;(8):CD011205. 

doi:10.1002/14651858.CD011205.pub2 

576. Lian TY, Jiang X, Jing ZC. Riociguat: a soluble guanylate cyclase stimulator for the 

treatment of pulmonary hypertension. Drug Des Devel Ther. 2017;11:1195-1207. 

doi:10.2147/DDDT.S117277 

577. Khaybullina D, Patel A, Zerilli T. Riociguat (adempas): a novel agent for the treatment of 

pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension. P T. Nov 

2014;39(11):749-58.  

578. Sawabe T, Chiba T, Kobayashi A, Nagasaka K, Aihara K, Takaya A. A novel soluble 

guanylate cyclase activator with reduced risk of hypotension by short-acting vasodilation. 

Pharmacol Res Perspect. Apr 2019;7(2):e00463. doi:10.1002/prp2.463 

579. Muresan MG, Balmos IA, Badea I, Santini A. Abdominal Sepsis: An Update. J Crit Care 

Med (Targu Mures). Oct 2018;4(4):120-125. doi:10.2478/jccm-2018-0023 

580. Maciuliene A, Maleckas A, Krisciukaitis A, Maciulis V, Vencius J, Macas A. Predictors 

of 30-Day In-Hospital Mortality in Patients Undergoing Urgent Abdominal Surgery Due to Acute 

Peritonitis Complicated with Sepsis. Med Sci Monit. Aug 23 2019;25:6331-6340. 

doi:10.12659/MSM.915435 



 

 281 

581. Sartelli M, Chichom-Mefire A, Labricciosa FM, et al. The management of intra-

abdominal infections from a global perspective: 2017 WSES guidelines for management of intra-

abdominal infections. World J Emerg Surg. 2017;12:29. doi:10.1186/s13017-017-0141-6 

582. Ziesmann MT, Marshall JC. Multiple Organ Dysfunction: The Defining Syndrome of 

Sepsis. Surg Infect (Larchmt). Feb/Mar 2018;19(2):184-190. doi:10.1089/sur.2017.298 

583. Legrand M, De Backer D, Depret F, Ait-Oufella H. Recruiting the microcirculation in 

septic shock. Ann Intensive Care. Sep 11 2019;9(1):102. doi:10.1186/s13613-019-0577-9 

584. Correa TD, Filho RR, Assuncao MS, Silva E, Lima A. Vasodilators in Septic Shock 

Resuscitation: A Clinical Perspective. Shock. Mar 2017;47(3):269-275. 

doi:10.1097/SHK.0000000000000777 

585. Rhodes A, Evans LE, Alhazzani W, et al. Surviving Sepsis Campaign: International 

Guidelines for Management of Sepsis and Septic Shock: 2016. Intensive Care Med. Mar 

2017;43(3):304-377. doi:10.1007/s00134-017-4683-6 

586. Mouncey PR, Osborn TM, Power GS, et al. Trial of early, goal-directed resuscitation for 

septic shock. N Engl J Med. Apr 2 2015;372(14):1301-11. doi:10.1056/NEJMoa1500896 

587. Lamontagne F, Day AG, Meade MO, et al. Pooled analysis of higher versus lower blood 

pressure targets for vasopressor therapy septic and vasodilatory shock. Intensive Care Med. Jan 

2018;44(1):12-21. doi:10.1007/s00134-017-5016-5 

588. Patel AR, Patel AR, Singh S, Singh S, Khawaja I. Central Line Catheters and Associated 

Complications: A Review. Cureus. May 22 2019;11(5):e4717. doi:10.7759/cureus.4717 

589. Lone NI, Gillies MA, Haddow C, et al. Five-Year Mortality and Hospital Costs 

Associated with Surviving Intensive Care. Am J Respir Crit Care Med. Jul 15 2016;194(2):198-

208. doi:10.1164/rccm.201511-2234OC 



 

 282 

590. Tan SS, Bakker J, Hoogendoorn ME, et al. Direct cost analysis of intensive care unit stay 

in four European countries: applying a standardized costing methodology. Value Health. Jan 

2012;15(1):81-6. doi:10.1016/j.jval.2011.09.007 

591. Takakura K, Xiaohong W, Takeuchi K, Yasuda Y, Fukuda S. Deactivation of 

norepinephrine by peroxynitrite as a new pathogenesis in the hypotension of septic shock. 

Anesthesiology. Apr 2003;98(4):928-34. doi:10.1097/00000542-200304000-00020 

592. Krata N, Zagozdzon R, Foroncewicz B, Mucha K. Oxidative Stress in Kidney Diseases: 

The Cause or the Consequence? Arch Immunol Ther Exp (Warsz). Jun 2018;66(3):211-220. 

doi:10.1007/s00005-017-0496-0 

593. Denninger JW, Marletta MA. Guanylate cyclase and the .NO/cGMP signaling pathway. 

Biochim Biophys Acta. May 05 1999;1411(2-3):334-50. doi:10.1016/s0005-2728(99)00024-9 

594. Derbyshire ER, Marletta MA. Structure and regulation of soluble guanylate cyclase. 

Annu Rev Biochem. 2012;81:533-59. doi:10.1146/annurev-biochem-050410-100030 

595. Zhao Y, Brandish PE, Di Valentin M, Schelvis JP, Babcock GT, Marletta MA. Inhibition 

of soluble guanylate cyclase by ODQ. Biochemistry. Sep 5 2000;39(35):10848-54. 

doi:10.1021/bi9929296 

596. Fernhoff NB, Derbyshire ER, Underbakke ES, Marletta MA. Heme-assisted S-nitrosation 

desensitizes ferric soluble guanylate cyclase to nitric oxide. J Biol Chem. Dec 14 

2012;287(51):43053-62. doi:10.1074/jbc.M112.393892 

597. Meurer S, Pioch S, Pabst T, et al. Nitric oxide-independent vasodilator rescues heme-

oxidized soluble guanylate cyclase from proteasomal degradation. Circ Res. Jul 2 

2009;105(1):33-41. doi:10.1161/CIRCRESAHA.109.198234 



 

 283 

598. Rahaman MM, Nguyen AT, Miller MP, et al. Cytochrome b5 Reductase 3 Modulates 

Soluble Guanylate Cyclase Redox State and cGMP Signaling. Circ Res. Jul 7 2017;121(2):137-

148. doi:10.1161/CIRCRESAHA.117.310705 

599. Kloss S, Bouloumie A, Mulsch A. Aging and chronic hypertension decrease expression 

of rat aortic soluble guanylyl cyclase. Hypertension. Jan 2000;35(1 Pt 1):43-7.  

600. Ma L, Wang K, Shang J, et al. Anti-peroxynitrite treatment ameliorated vasorelaxation of 

resistance arteries in aging rats: involvement with NO-sGC-cGKs pathway. PLoS One. 

2014;9(8):e104788. doi:10.1371/journal.pone.0104788 

601. Guo Y, Xu C, Man AWC, et al. Endothelial SIRT1 prevents age-induced impairment of 

vasodilator responses by enhancing the expression and activity of soluble guanylyl cyclase in 

smooth muscle cells. Cardiovasc Res. Mar 1 2019;115(3):678-690. doi:10.1093/cvr/cvy212 

602. Zhong C, Xu M, Boral S, et al. Age Impairs Soluble Guanylyl Cyclase Function in 

Mouse Mesenteric Arteries. Int J Mol Sci. Oct 22 2021;22(21)doi:10.3390/ijms222111412 

603. Fulop T, Larbi A, Pawelec G, et al. Immunology of Aging: the Birth of Inflammaging. 

Clin Rev Allergy Immunol. Sep 18 2021;doi:10.1007/s12016-021-08899-6 

604. Sverdlov AL, Ngo DT, Chan WP, Chirkov YY, Horowitz JD. Aging of the nitric oxide 

system: are we as old as our NO? J Am Heart Assoc. Aug 18 

2014;3(4)doi:10.1161/JAHA.114.000973 

605. Zhao S, Chen F, Yin Q, Wang D, Han W, Zhang Y. Reactive Oxygen Species Interact 

With NLRP3 Inflammasomes and Are Involved in the Inflammation of Sepsis: From Mechanism 

to Treatment of Progression. Front Physiol. 2020;11:571810. doi:10.3389/fphys.2020.571810 

606. Buys E, Sips P. New insights into the role of soluble guanylate cyclase in blood pressure 

regulation. Curr Opin Nephrol Hypertens. Mar 2014;23(2):135-42. 

doi:10.1097/01.mnh.0000441048.91041.3a 



 

 284 

607. Wales JA, Chen CY, Breci L, et al. Discovery of stimulator binding to a conserved 

pocket in the heme domain of soluble guanylyl cyclase. J Biol Chem. Feb 2 2018;293(5):1850-

1864. doi:10.1074/jbc.RA117.000457 

608. Stasch JP, Schlossmann J, Hocher B. Renal effects of soluble guanylate cyclase 

stimulators and activators: a review of the preclinical evidence. Curr Opin Pharmacol. Apr 

2015;21:95-104. doi:10.1016/j.coph.2014.12.014 

609. Stasch JP, Schmidt PM, Nedvetsky PI, et al. Targeting the heme-oxidized nitric oxide 

receptor for selective vasodilatation of diseased blood vessels. J Clin Invest. Sep 

2006;116(9):2552-61. doi:10.1172/JCI28371 

610. Bibli SI, Yang G, Zhou Z, Wang R, Topouzis S, Papapetropoulos A. Role of cGMP in 

hydrogen sulfide signaling. Nitric Oxide. Apr 30 2015;46:7-13. doi:10.1016/j.niox.2014.12.004 

611. Tamargo J, Duarte J, Caballero R, Delpon E. Cinaciguat, a soluble guanylate cyclase 

activator for the potential treatment of acute heart failure. Curr Opin Investig Drugs. Sep 

2010;11(9):1039-47.  

612. Salloum FN, Das A, Samidurai A, et al. Cinaciguat, a novel activator of soluble 

guanylate cyclase, protects against ischemia/reperfusion injury: role of hydrogen sulfide. Am J 

Physiol Heart Circ Physiol. Mar 15 2012;302(6):H1347-54. doi:10.1152/ajpheart.00544.2011 

613. Matoba T, Shimokawa H, Kubota H, et al. Hydrogen peroxide is an endothelium-derived 

hyperpolarizing factor in human mesenteric arteries. Biochem Biophys Res Commun. Jan 25 

2002;290(3):909-13. doi:10.1006/bbrc.2001.6278 

614. Aekthammarat D, Tangsucharit P, Pannangpetch P. Hydrogen sulfide as a mediator of 

endothelium-dependent relaxation evoked by Moringa oleifera leaf extract in mesenteric arterial 

beds isolated from L-NAME hypertensive rats. J Complement Integr Med. Dec 21 

2020;18(2):287-293. doi:10.1515/jcim-2020-0060 



 

 285 

615. Yuan C, Hou HT, Chen HX, et al. Hydrogen sulfide-mediated endothelial function and 

the interaction with eNOS and PDE5A activity in human internal mammary arteries. J Int Med 

Res. Aug 2019;47(8):3778-3791. doi:10.1177/0300060519847386 

616. Orlov SN, Gusakova SV, Smaglii LV, Koltsova SV, Sidorenko SV. Vasoconstriction 

triggered by hydrogen sulfide: Evidence for Na(+),K(+),2Cl(-)cotransport and L-type Ca(2+) 

channel-mediated pathway. Biochem Biophys Rep. Dec 2017;12:220-227. 

doi:10.1016/j.bbrep.2017.09.010 

617. Akata T. General anesthetics and vascular smooth muscle: direct actions of general 

anesthetics on cellular mechanisms regulating vascular tone. Anesthesiology. Feb 

2007;106(2):365-91. doi:10.1097/00000542-200702000-00026 

618. Shankar-Hari M, Phillips GS, Levy ML, et al. Developing a New Definition and 

Assessing New Clinical Criteria for Septic Shock: For the Third International Consensus 

Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. Feb 23 2016;315(8):775-87. 

doi:10.1001/jama.2016.0289 

619. Fleischmann C, Thomas-Rueddel DO, Hartmann M, et al. Hospital Incidence and 

Mortality Rates of Sepsis. Dtsch Arztebl Int. Mar 11 2016;113(10):159-66. 

doi:10.3238/arztebl.2016.0159 

620. Karp NA, Reavey N. Sex bias in preclinical research and an exploration of how to change 

the status quo. Br J Pharmacol. Nov 2019;176(21):4107-4118. doi:10.1111/bph.14539 

621. Perrin S. Preclinical research: Make mouse studies work. Nature. Mar 27 

2014;507(7493):423-5. doi:10.1038/507423a 

622. Giefing-Kroll C, Berger P, Lepperdinger G, Grubeck-Loebenstein B. How sex and age 

affect immune responses, susceptibility to infections, and response to vaccination. Aging Cell. Jun 

2015;14(3):309-21. doi:10.1111/acel.12326 



 

 286 

623. Diodato MD, Knoferl MW, Schwacha MG, Bland KI, Chaudry IH. Gender differences in 

the inflammatory response and survival following haemorrhage and subsequent sepsis. Cytokine. 

May 7 2001;14(3):162-9. doi:10.1006/cyto.2001.0861 

624. Eachempati SR, Hydo L, Barie PS. Gender-based differences in outcome in patients with 

sepsis. Arch Surg. Dec 1999;134(12):1342-7. doi:10.1001/archsurg.134.12.1342 

625. Luethi N, Bailey M, Higgins A, et al. Gender differences in mortality and quality of life 

after septic shock: A post-hoc analysis of the ARISE study. J Crit Care. Feb 2020;55:177-183. 

doi:10.1016/j.jcrc.2019.11.002 

626. Linsley PS, Bolton-Hanson M, Horn D, et al. Identification and characterization of 

cellular receptors for the growth regulator, oncostatin M. J Biol Chem. Mar 15 1989;264(8):4282-

9.  

627. AlMaki N SS, Churchill T, Khadaroo R. Deficiency in oncostatin M receptor results in 

improved survival in older mice following sepsis through down-regulation of IL-10. 2015. 

628. Young PY, Mueller TF, Sis B, Churchill TA, Khadaroo RG. Oncostatin M Plays a 

Critical Role in Survival after Acute Intestinal Ischemia: Reperfusion Injury. Surg Infect 

(Larchmt). Nov 2020;21(9):799-806. doi:10.1089/sur.2019.193 

629. Tsai BM, Wang M, Pitcher JM, Kher A, Brown JW, Meldrum DR. Endothelium-

dependent pulmonary artery vasorelaxation is dysfunctional in males but not females after acute 

lung injury. Surgery. Jul 2005;138(1):78-84. doi:10.1016/j.surg.2005.03.002 

630. Pessoa BS, Slump DE, Ibrahimi K, et al. Angiotensin II type 2 receptor- and 

acetylcholine-mediated relaxation: essential contribution of female sex hormones and 

chromosomes. Hypertension. Aug 2015;66(2):396-402. 

doi:10.1161/HYPERTENSIONAHA.115.05303 



 

 287 

631. Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE guidelines 2.0: Updated 

guidelines for reporting animal research. BMC Vet Res. Jul 14 2020;16(1):242. 

doi:10.1186/s12917-020-02451-y 

632. Reade MC, Yende S, D'Angelo G, et al. Differences in immune response may explain 

lower survival among older men with pneumonia. Crit Care Med. May 2009;37(5):1655-62. 

doi:10.1097/CCM.0b013e31819da853 

633. Wegner A, Benson S, Rebernik L, et al. Sex differences in the pro-inflammatory cytokine 

response to endotoxin unfold in vivo but not ex vivo in healthy humans. Innate Immun. Jul 

2017;23(5):432-439. doi:10.1177/1753425917707026 

634. Kuo SM. Gender Difference in Bacteria Endotoxin-Induced Inflammatory and Anorexic 

Responses. PLoS One. 2016;11(9):e0162971. doi:10.1371/journal.pone.0162971 

635. Aulock SV, Deininger S, Draing C, Gueinzius K, Dehus O, Hermann C. Gender 

difference in cytokine secretion on immune stimulation with LPS and LTA. J Interferon Cytokine 

Res. Dec 2006;26(12):887-92. doi:10.1089/jir.2006.26.887 

636. Baker BJ, Park KW, Qin H, Ma X, Benveniste EN. IL-27 inhibits OSM-mediated TNF-

alpha and iNOS gene expression in microglia. Glia. Jul 2010;58(9):1082-93. 

doi:10.1002/glia.20989 

637. Manning RD, Jr., Hu L, Mizelle HL, Montani JP, Norton MW. Cardiovascular responses 

to long-term blockade of nitric oxide synthesis. Hypertension. Jul 1993;22(1):40-8. 

doi:10.1161/01.hyp.22.1.40 

638. Weiss TW, Kvakan H, Kaun C, et al. The gp130 ligand oncostatin M regulates tissue 

inhibitor of metalloproteinases-1 through ERK1/2 and p38 in human adult cardiac myocytes and 

in human adult cardiac fibroblasts: a possible role for the gp130/gp130 ligand system in the 



 

 288 

modulation of extracellular matrix degradation in the human heart. J Mol Cell Cardiol. Sep 

2005;39(3):545-51. doi:10.1016/j.yjmcc.2005.03.015 

639. Richards CD, Shoyab M, Brown TJ, Gauldie J. Selective regulation of metalloproteinase 

inhibitor (TIMP-1) by oncostatin M in fibroblasts in culture. J Immunol. Jun 15 

1993;150(12):5596-603.  

640. Bernard C, Merval R, Lebret M, et al. Oncostatin M induces interleukin-6 and 

cyclooxygenase-2 expression in human vascular smooth muscle cells : synergy with interleukin-

1beta. Circ Res. Dec 3-17 1999;85(12):1124-31. doi:10.1161/01.res.85.12.1124 

641. Trentini A, Manfrinato MC, Castellazzi M, Bellini T. Sex-Related Differences of Matrix 

Metalloproteinases (MMPs): New Perspectives for These Biomarkers in Cardiovascular and 

Neurological Diseases. J Pers Med. Jul 22 2022;12(8)doi:10.3390/jpm12081196 

642. McCulloch AI, Randall MD. Sex differences in the relative contributions of nitric oxide 

and EDHF to agonist-stimulated endothelium-dependent relaxations in the rat isolated mesenteric 

arterial bed. Br J Pharmacol. Apr 1998;123(8):1700-6. doi:10.1038/sj.bjp.0701781 

643. Cauwels A. Nitric oxide in shock. Kidney Int. Sep 2007;72(5):557-65. 

doi:10.1038/sj.ki.5002340 

644. Lambden S. Bench to bedside review: therapeutic modulation of nitric oxide in sepsis-an 

update. Intensive Care Med Exp. Dec 2 2019;7(1):64. doi:10.1186/s40635-019-0274-x 

645. Kolo LL, Westfall TC, Macarthur H. Nitric oxide decreases the biological activity of 

norepinephrine resulting in altered vascular tone in the rat mesenteric arterial bed. Am J Physiol 

Heart Circ Physiol. Jan 2004;286(1):H296-303. doi:10.1152/ajpheart.00668.2003 

646. Seilicovich A, Lasaga M, Befumo M, et al. Nitric oxide inhibits the release of 

norepinephrine and dopamine from the medial basal hypothalamus of the rat. Proc Natl Acad Sci 

U S A. Nov 21 1995;92(24):11299-302. doi:10.1073/pnas.92.24.11299 



 

 289 

647. Kornbau C, Lee KC, Hughes GD, Firstenberg MS. Central line complications. Int J Crit 

Illn Inj Sci. Jul-Sep 2015;5(3):170-8. doi:10.4103/2229-5151.164940 

648. McIntyre WF, Um KJ, Alhazzani W, et al. Association of Vasopressin Plus 

Catecholamine Vasopressors vs Catecholamines Alone With Atrial Fibrillation in Patients With 

Distributive Shock: A Systematic Review and Meta-analysis. JAMA. May 8 2018;319(18):1889-

1900. doi:10.1001/jama.2018.4528 

649. J N. Mouse strain datasheet - 011081. Accessed 2018. https://www.jax.org/strain/011081 

650. Chen SH, Benveniste EN. Oncostatin M: a pleiotropic cytokine in the central nervous 

system. Cytokine Growth Factor Rev. Oct 2004;15(5):379-91. doi:10.1016/j.cytogfr.2004.06.002 

651. Walker EC, McGregor NE, Poulton IJ, et al. Oncostatin M promotes bone formation 

independently of resorption when signaling through leukemia inhibitory factor receptor in mice. J 

Clin Invest. Feb 2010;120(2):582-92. doi:10.1172/JCI40568 

652. Hoffmann LS, Kretschmer A, Lawrenz B, Hocher B, Stasch JP. Chronic Activation of 

Heme Free Guanylate Cyclase Leads to Renal Protection in Dahl Salt-Sensitive Rats. PLoS One. 

2015;10(12):e0145048. doi:10.1371/journal.pone.0145048 

653. Czirok S, Fang L, Radovits T, et al. Cinaciguat ameliorates glomerular damage by 

reducing ERK1/2 activity and TGF-ss expression in type-1 diabetic rats. Sci Rep. Sep 11 

2017;7(1):11218. doi:10.1038/s41598-017-10125-3 

654. Puntillo F, Giglio M, Pasqualucci A, Brienza N, Paladini A, Varrassi G. Vasopressor-

Sparing Action of Methylene Blue in Severe Sepsis and Shock: A Narrative Review. Adv Ther. 

Sep 2020;37(9):3692-3706. doi:10.1007/s12325-020-01422-x 

655. Landry DW, Oliver JA. The pathogenesis of vasodilatory shock. N Engl J Med. Aug 23 

2001;345(8):588-95. doi:10.1056/NEJMra002709 

https://www.jax.org/strain/011081


 

 290 

656. Porizka M, Kopecky P, Dvorakova H, et al. Methylene blue administration in patients 

with refractory distributive shock - a retrospective study. Sci Rep. Feb 4 2020;10(1):1828. 

doi:10.1038/s41598-020-58828-4 

657. Kondo Y, Miyazato A, Okamoto K, Tanaka H. Impact of Sex Differences on Mortality in 

Patients With Sepsis After Trauma: A Nationwide Cohort Study. Front Immunol. 

2021;12:678156. doi:10.3389/fimmu.2021.678156 

658. Lin S, He W, Hu Z, Bai L, Zeng M. Sex Differences in Short- and Long-Term Survival 

Among Critically Ill Patients with Sepsis. Int J Gen Med. 2021;14:613-622. 

doi:10.2147/IJGM.S294229 

659. Matute-Bello G, Frevert CW, Martin TR. Animal models of acute lung injury. Am J 

Physiol Lung Cell Mol Physiol. Sep 2008;295(3):L379-99. doi:10.1152/ajplung.00010.2008 

660. Andonegui G, Goring K, Liu D, McCafferty DM, Winston BW. Characterization of S. 

pneumoniae pneumonia-induced multiple organ dysfunction syndrome: an experimental mouse 

model of gram-positive sepsis. Shock. Apr 2009;31(4):423-8. 

doi:10.1097/SHK.0b013e318188c273 

661. Bhowmick R, Maung N, Hurley BP, et al. Systemic disease during Streptococcus 

pneumoniae acute lung infection requires 12-lipoxygenase-dependent inflammation. J Immunol. 

Nov 15 2013;191(10):5115-23. doi:10.4049/jimmunol.1300522 

 


