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Abstract 

Over the last few decades the incidence of obesity has increased remarkably in Canada and in the 

rest of the world, with the highest increases occurring in the excessive weight categories class II 

(BMI 35– 39.9) and class III (BMI ≥ 40). By 2019, it is anticipated that over 20% of the Canadian 

adult population will be obese. Obese patients pose significant challenges to anesthesiologists in 

terms of dose accuracy of anesthetics due to potentially altered pharmacokinetics. In our research 

project, we aim to investigate the influence of obesity on the proteins level of drug metabolizing 

enzymes as well as the drug pharmacokinetics parameters of propofol and lidocaine which are 

commonly used drugs for the induction and maintenance of general and local anesthesia. In 

addition, we aim to assess the impact of obesity on drug metabolizing enzymes after high fat 

feedings, and after a switch back to a normal diet.  

For lidocaine study, male and female rats (n=8 for each group) were fed high fat diet (HF) for 14 

weeks. At the end of 14 weeks period, half of each male and female group were euthanized. In 

the remaining rats, the diet was switched to standard rat chow. Four weeks after, those rats were 

euthanized. For each 14 & 18 week groups, control rats (n=4 each) were fed standard chow.  

Afterwards, we investigated the impact of obesity on the activity of phase I drug metabolizing 

enzymes using lidocaine as well as the protein contents of cytochrome P450 (CYP) enzymes in 

female rats. What we found is that after 14 weeks on high fat diet, MEGX (lidocaine active 

metabolite) maximum formation rate was reduced significantly. Moreover, Expressions of 

CYP3A1, CYP1A2 and CYP2C12 were also significantly lower compared to control group. 

Interestingly, the expressions were returned to normal levels when the normal diet was 

implemented from weeks 14 to 18. We also examined the influence of obesity on phase II 

enzymes using propofol as well as the protein expression of UGT1A1 (phase II) and CYP2D1 

(phase I). In this part of experiment, the animal model comprised male rats fed 14 weeks of either 
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standard (normal) chow with water (control), 45% high fat chow (HF) and water, normal chow 

with high fructose corn syrup water (HFCS), and HFCS and HF combined. After 14 weeks on 

high caloric diet, hepatic microsomal rate of glucuronidation of propofol was significantly low 

in HF group while HFCS and HFCS+HF showed the opposite effect on glucuronidation activity. 

Diet rich in fat led to reduction in the activity of UGT1A1 and CYP2D1. 

Our findings indicate that diet-induced obesity was associated with reduction in the hepatic 

microsomal rates of MEGX formation and expression of some metabolizing enzymes. Hepatic 

microsomal rate of glucuronidation demonstrated a different trend in the enzyme activities with 

different diet (HF, HFCS and HF+HFCS). Reduction in the fat content of the diet reversed the 

changes in CYP expression.   
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1.1 Obesity  

Over the last few decades the prevalence of obesity has increased remarkably in Canada and 

worldwide, with the highest increases occurring in the excessive weight categories class II 

(BMI 35– 39.9) and class III (BMI ≥ 40) [1][2]. By 2019, it is anticipated that over 20% of 

the Canadian adult population will be obese [1]. Thus, it is critical to realize the definition of 

obesity. Obesity can be defined based on the method used to determine the presence of obesity 

(waist circumference, body mass index, BMI). The World Health Organization (WHO) relies 

on BMI to classify the obesity which takes into consideration the individual’s weight in 

kilograms divided by individual’s height in meters squared (kg/m2) (Table 1) [3]. 

Table 1: International classification of adult overweight and obesity according to 

body mass index  

 

 BMI (kg/m2) 

Classification  Principal Cutoff Points Additional Cutoff Points 

Overweight ≥ 25.00 ≥ 25.00 

   Preobese 25.00-29.99 25.00-27.49 

27.50-29.99 

Obese  ≥30.00 ≥30.00 

   Obese class Ⅰ 30.00-34.99 30.00-32.49 

32.50-34.99 

   Obese class Ⅱ 35.00-39.99 35.00-37.49 

37.50-39.99 

   Obese class Ⅲ ≥40.00 ≥40 

 

BMI classification by World Health Organization. 2016. 
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Obesity has negative consequences on the cardiovascular (CV) system as it triggers chronic 

accumulation of excess body fat which leads to not only metabolic changes and cardiovascular 

diseases (CVD), but also influencing systems modulating inflammation [4]. It poses a risk 

factor since it associates with other comorbid diseases including hypertension, dyslipidemia, 

glucose intolerance, obstructive sleep apnea or hypoventilation, and inflammatory condition 

[5].  

There are many factors that initiate the risk of obesity including medically treatable causes of 

obesity (Table 2) [6], low energy expenditure [7], and food intake when the consumption of 

energy-dense foods is high, especially for those with a high glycemic index (GI), are the 

primary factors leading to increase in the prevalence of the global epidemic of obesity[8]. The 

high-GI carbohydrates enhance the sensation of hunger and increases energy intake 

consequently [9][10].  

Table 2: Medically treatable causes of obesity 

Drug-induced (>97 %) Anti- seizure (Carbamazepine, valproate, gabapentin) 

Anti- depressant: Tricyclics (nortriptyline, amitriptyline, 

doxepin), SSRIs (paroxetine, escitalopram), mirtazapine, 

MAO-inhibitors, lithium. 

Anti- psychotic (Olanzapine, clozapine, quetiapine, 

risperidone). 

Anti- diabetic (Insulin, sulfonylureas,  thiazolidinedione) 

Steroids (Corticosteroids, Depo-Provera) 

 

Genetic syndromes 

(<1 %) 

 

Albright hereditary osteodystrophy 

Alstrom-Hallgren syndrome 

Bardet-Biedl syndrome 

Beckwith-Wiederman syndrome 
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1.2  Physiological changes associated with obesity 

 

Obesity influences drug disposition as it leads to physiological and pathophysiological 

changes in the body. In comparison with healthy individuals of the same age, gender, and 

height, obese patients have larger absolute lean body masses and fat mass. Although the lean 

components represent 20 to 40% of extra weight, the fat mass is doubled in those subjects 

[11]. Other physiological changes occur as differences come in hormonal release, cardiac 

Carpenter syndrome 

Cohen syndrome 

Prader-Willi syndrome 

Single-gene 

disorders (<1 %) 

 

Leptin deficiency (LEP) 

Leptin receptor deficiency (LEPR) 

Proopiomelanocortin deficiency 

Prohormone convertase 1 impairment 

Melanocortin receptor 4 deficiency 

Endocrine disorders 

(<1 %) 

 

Cortisol Excess (corticosteroid medication, 

Cushing syndrome) 

Hypothyroidism 

Growth hormone deficiency 

Acquired hypothalamic lesions 

• Infection 

• Vascular malformation 

• Neoplasm 

• ROHHAD/ROHHADNET syndrome 

• Trauma 
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output, blood flow as well as in the expression of proinflammatory cytokines including IL-6, 

TNF-α and IL-10  [11], [12].  

Those alternations in the body are risk factors for developing of serious comorbid diseases 

including hyperlipidemia, hypertension, insulin resistance and type 2 diabetes, and other 

cardiovascular diseases [13]. Due to the increase of total body weight load on the joints, the 

majority of obese patients have an experience with osteoarthritis [14]. It is common that 

obesity associates with dyspnea as it causes a reduction in chest wall compliance and a 

reduction of respiratory muscle [15]. In terms of gastrointestinal tract function, it has been 

reported that gastric emptying rate and drug permeability through the gut wall are elevated in 

obese subject [16].  

Because of some pathophysiological alterations that concomitant with obesity and the majority 

of obese individuals are treated pharmacologically, it is critical to consider the 

pharmacokinetics and pharmacodynamics changes of administered drugs in these individuals 

[16].    
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1.3  Animal models of obesity 

 

A wide variety of animal models are available to study the impact of obesity on 

pharmacokinetics. One of these models is based on mutation or knock out of one or more 

genes that trigger obesity. Poor lifestyle including consumption of high caloric diet and 

sedentary life style is another factor that boosts weight gain [17].  

 

1.3.1. Diet induced obesity models 

 

Keeping animals on high caloric diet for prolonged periods of time are one of the most 

commonly used models for induction of obesity. This model was adopted to simulate the most 

common factor that induces obesity in human beings. 

 In this model the animals are fed high fat (HF) or high fructose corn syrup (HFCS), or a 

combination of both (HF+HFCS), which has been reported to exhibit remarkable increases in 

body weight and adiposity compared to control animals on standard show for the same period 

of time [18],[19]. Some studies utilize different types of HF, for example,  they differ in the 

source of fatty acids  (animal or plant origin) and the type of fatty acid (saturated fatty acids 

(SFA), polyunsaturated fatty acids (PUFA))[148]. 

The diet induced obesity models in the literature are distinct from each other in terms of the 

composition of diet that is used to promote the obesity, the diet duration, and species used, 

thereby resulting in different extents of obesity as well as biological and physiological 

changes. Another adopted model is breeding of obese animals from dietary obese models as 

those offspring have a higher chance of being obese [20].   
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1.3.2. Models of obesity involving genetic ablation of leptin  

 

This model is induced by mutation of a specific gene that plays role in regulation of leptin 

signaling pathway and / or leptin receptor. The model where the mutation of ob gene leads to 

termination of leptin secretion is known as “ob/ob” mouse, and it is characterized with 

hyperinsulinemia, hyperglycemia, hypothyroidism and hyperphagia. When there is a mutation 

that causes a defect in leptin receptors, it triggers morbid obesity and is called the leptin 

receptor deficient “db/db” mouse or the leptin receptor-deficient “fa/fa Zucker rat [21], [22]. 

 

1.4. Management of obesity  

Lifestyle changes, pharmacotherapy and bariatric surgery are different strategies used to 

manage obesity.  

1.4.1 Self directed or prescribed lifestyle modifications  

Lifestyle intervention is an essential approach regardless of augmentation by drugs or surgery 

[23]. Its concept mainly relies on increasing the physical activity and restriction on caloric 

intake which has been shown a reduction in body weight from 5 to 7% [24]. Behavioral therapy 

is a complementary part of lifestyle modification which focuses on goal setting for obese 

individuals to minimize and monitor their caloric intake [25]. After lifestyle modification, 

those subjects may experience weight loss in a relatively short period of time; however, they 

are liable to gain weight again [26].  
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1.4.2 Other medical interventions  

1.4.2.1. Pharmacotherapy  

In some cases when the individual is considered to be obese or morbidly obese (BMI ≥ 30 

kg/m2) or overweight (MBI ≥ 27 kg/m2), they are considered high risk for developing 

complications. Thus, medical intervention is required to overcome and manage the obesity. 

There is some medication for short and long-term therapy. Short term therapy which last for 

12 weeks or less includes phendimetrazine, phentermine, diethylpropion, and benzphetamine. 

Those medications work through appetite suppression.  Other available medications used for 

long term are orlistat, liraglutide, lorcaserin, or a combination of naltrexone/bupropion [27].  

1.4.2.2. Bariatric surgery  

Bariatric surgery is recommended when dietary and/or the medical weight loss failed to 

manage the morbidly obese patients (BMI ≥ 35 kg//m2) [27]. Based on a 2011 report, the 

prevalence of metabolic bariatric procedures worldwide was high with the number of 

procedures reaching over 340,000 [28]. Several positive outcomes were observed after 

bariatric surgery in a six year study. Those positive outcomes included sustainable weight loss, 

diabetes remission, and significant improvement of metabolic and cardiovascular risk factors 

[29]. However, there were some negative consequences after surgery including malabsorption 

of essential elements such as vitamin B12 as well as alteration of some drugs disposition [27].     

There are several forms of bariatric surgery, such as laparoscopic sleeve gastrectomy (LSG) 

where a section of stomach is removed, laparoscopic adjustable gastric banding (LAGB), by 

placing an adjustable band around the upper part of the stomach, and bilio-pancreatic 
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diversion with duodenal switch (BPD-DS) which simply works through removing two third 

of distal stomach and connecting ileum to the proximal stomach. In the laparoscopic Roux-

en-Y gastric bypass (LRYGBP), the physician tends to make a small upper pouch and a large 

lower pouch, after which the upper part is connected to small intestine [29]. LRYGBP is the 

most performed procedure used worldwide (47% of procedures); laparoscopic sleeve 

gastrectomy (~28%); laparoscopic adjustable gastric banding (~ 18%); and bilio-pancreatic 

diversion with duodenal switch (2.2%) [30].  

 

1.5. Measures used to calculate drug doses in obese individuals  

At the level of health care, there are some concerns regarding the impact of obesity on the 

pharmacokinetics of drugs and the most suitable measure to calculate safe and effective drug 

doses for those patients.  Some of the used metrics such as body mass index (BMI), lean body 

mass (LBM), body surface area (BSA), ideal bodyweight (IBW), and adjusted bodyweight 

rely on other factors including gender, height, and weight. Those measured are known as 

indirect measures of arthrometrics [31]. 

Body mass index (BMI), an approved measure of body composition which incorporate total 

body weight (TBW) in kilograms and height in meters. BMI classifies people as obese if their 

BMIs greater than or equal to 30 kg/m2 and as morbidly obese if greater than 40 kg/m2 [27].  

Body surface area (BSA) is used to determine the dosage of wide variety of anticancer agents. 

Even though the usage of BSA in dosing obese individuals is not well studied, many 

physicians tend to utilize BSA value of 2m2 for patients whose actual BSA too higher. Since 
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the utility of ideal body weight (IBW) in dosing provides all subjects with the same sex and 

height the same dose regardless the body composition, it is not an optimal metric to use for 

drugs that distribute into fatty tissues [31].  

Lean body weight (LBW) is a size descriptor of weight that  represents the body composition 

apart from  adipose tissue [27]. One of the recently conducted reviews recommends utilizing 

LBW for guiding dosing in obesity [32]. However, the reasoning is rather simplistic as the 

authors did not take into account factors such as lipophilicity of drugs or possible changes in 

factors such as drug metabolizing efficiency in making the conclusion. Indeed, the few drugs 

they examined were very highly water soluble; such drugs are intrinsically best to dose 

according to lean or ideal body weight. Other pharmacokinetics studies on obesity advocated 

that TBW was a good descriptor for assessing dosing needs [33] [34].  

 

1.6. Effect of obesity on drug pharmacokinetics 

Because there is no evidence-based guide for drug dosing in morbidly obese patients, it is 

critical to understand how body composition impacts the pharmacokinetics of drugs [32].  

The volume of distribution (Vd), the rate and extent of absorption, and the elimination rate of 

the drug are all factors that affect the drug concentration in the body [35]. The distribution of 

drug into body compartments depends on several factors including tissue blood flow, plasma 

and tissue protein binding, as well as the physiochemical prosperities of the drug such as the 

molecular size, lipid solubility, and extent of ionization [31]. Other important parameter is 

clearance (CL) which represents the amount of drug removed from the body per unit time, and 
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it relies on the phase Ⅰ and phase Ⅱ metabolizing enzymes, renal tubular reabsorption and 

secretion, and globular filtration rate [36].  

Obesity is associated with pathophysiological changes in total adipose tissue, hepatic blood 

flow, hormone productivity, serum lipid concentrations and enzyme activities. Thus, it could 

influence the pharmacokinetics and pharmacodynamics properties of administered drugs.   

 

1.6.1. Effect of obesity on drug bioavailability and absorption  

Absorption is a process where the drug moves from the site of administration to the circulation 

[37]. Many available studies have studied the effect of obesity on the absorption rate and the 

bioavailability. The observed changes between obese and non-obese volunteers are a 

consequence of pathophysiological changes that associated with obesity.   

It was reported that the oral bioavailability of propranolol was slightly higher in obese subjects 

than normal subjects as the oral clearance of propranolol was low compared to healthy 

volunteers [38]. However, there was no difference in oral absorption rate of cyclosporine, 

moxifloxacin and dexfenfluramine between obese and nonobese patients [39-41].  

In terms of subcutaneous injection, a microdialysis study demonstrated that the penetration 

ratio of injected cefazolin over short period of time was declined by 30% in obese individuals 

[42]. Similarly, the absorption of enoxaparin, a low molecular weight heparin, was reduced in 

obese group compared to control group, but the extent of absorption was completed in all 

groups [43]. In contrast, one study showed that the absorption rate of rapid-acting insulin that 

injected subcutaneously did not differ in obese and those nonobese with type 2 diabetes 



12 
 

mellitus [44]. Further studies are required to investigate the effect of obesity on drug 

absorption.  

 

1.6.2. Effect of obesity on drug distribution  

The extent by which a drug is distributed to tissues is largely dictated by the fraction bound to 

tissues relative to plasma proteins [45].  Indeed, the Vd is often altered in obesity [12] [46]. A 

number of other factors  are involved including tissue blood flow, and physiochemical 

properties of the drug [16][47].  Drug lipophilicity, molecular weight, degree of ionization, 

and affinity to protein binding are examples of physiochemical characteristics of the drug that 

can play a role in drug distribution [31] [48].  

The alteration in the volume of distribution might be predicted in obese patients as a result of 

increased cardiac output, increased fat mass, increased blood volume and reduced tissue 

perfusion [31] [49] [50]. Intuitively, obesity has more influence on hydrophobic drugs than 

hydrophilic drugs [51]. Nonetheless, prediction of the changes in the Vd is difficult, and it 

cannot be based solely on the drug’s lipophilicity. This point of view is because when the 

volume of distribution was normalized with body weight, its value may be increased, reduced, 

or unchanged [12]. For example, the peripheral volume of distribution for propofol, a 

relatively lipophilic drug, was not altered in obese individuals [52] [53]. Other drugs such as 

cyclosporine A showed a decreased Vd in obese subjects. The normalized Vd to body weight 

in case of using hydrophilic drug was unchanged or decreased, yet the effect of obesity on 

hydrophilic drugs was smaller than hydrophobic drugs [12].  
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Albumin, α1-acid glycoprotein, and lipoprotein are plasma proteins that tend to bind to a wide 

range of circulating drugs. The concentrations of albumin, which has a high affinity for 

binding to acidic drugs, does not seem to be changed because of being overweight whereas 

α1-acid glycoprotein levels are elevated [51]. The plasma concentration of unbound thiopental 

and phenytoin do not appear to deviate in obese subjects as they mainly bind to serum albumin. 

Drugs that bind to α1-acid glycoprotein might display no changes in unbound drug levels 

(verapamil, triazolam “intravenous dose”) or reduction in free drug concentration (propranolol 

“intravenous dose”)[149][150]. Moreover, the level of triglyceride and cholesterol are high in 

obese patients, hence inconsistent changes in free drug concentration are expected [54].  

 Thus, the Vd is not only influenced by lipophilicity of administered drug, it is also affected 

by plasma protein concentration as well as the body composition. Further studies are needed 

to investigate the impact of obesity on drug distribution.    

1.6.3 Effect of obesity on drug metabolism  

Metabolism of exogenous substrates predominantly occurs in the liver through hepatic 

enzymes that either modify the functional groups of these substrates (phase I metabolism) 

and/or conjugate the functional groups to endogenous substrates to increase the solubility of 

these compounds such that they can be more readily eliminated from the body (phase II 

metabolism) (Figure 1) [55]. Over one-third of obese patients experience histological changes 

in liver tissue primarily due to steatosis [56].  Non-alcoholic fatty liver disease (NAFLD) may 

range from simple liver steatosis without inflammation to non-alcoholic steatohepatitis 

(NASH) with inflammation [57]. Even though the assessment of non-alcoholic steatohepatitis 

is challenging to some extent, it is estimated that up to 20% of obese individuals and up to 

50% of morbidly obese patients have NASH, and its prevalence correlates with body mass 
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index (kg/m2) [58]. It is documented that some obese patients have altered enzymatic activity 

compared to normal individuals because of accumulation and deposition of fat in the liver (fat 

infiltration) [59]. Thus, it is crucial to understand the enzymes that could be influenced by 

obesity and to which degree or severity as the changes in the metabolism in obesity have not 

been well studies. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Chemical reactions and enzymes involve in phase I and phase II metabolic 
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1.6.3.1. Phase I Metabolism    

The majority of phase I enzymes consist of cytochrome P450 (CYPs), which catalyze the 

modification of functional groups of substrates (oxidation, reduction, and hydrolysis) [61]. 

CYPs are predominantly located in the smooth endoplasmic reticulum of hepatocytes, and 

they participate in approximately three-quarters of total drug metabolism [62]. 

1.6.3.1.1. Cytochrome P450 (CYP) 3A4  

Almost half of drugs that are metabolised in the phase I reaction are catalyzed by CYP3A4 

[60]. Several studies have been conducted to evaluate the impact of obesity on the activity of 

CYP3A4 compared to non-obese patients [36]. Erythromycin, for example, is one of the most 

commonly used antibiotics [63], and it is reported that its metabolism is markedly decreased 

in obese individuals compared to non-obese individuals (measured with breath analysis 

method using [14C]-N-methyl-erythromycin) [64]. This indicates a reduction of CYP3A4 

metabolic activity [36]. Similarly, triazolam metabolism was considerably decreased in 

overweight individuals [65]. Moreover, it was found that obesity is associated with lower 

clearance of cyclosporine and alprazolam, although this was not statistically significant [39][ 

65].  

Michaut concluded that reduction in enzymatic activity of CYP3A4 is considered to be a 

protective factor against liver injury in obese subjects since the reduction of CYP3A4 is 

associated with low production of N-acetyl-p-benzoquinone imine (NAPQI), the toxic 

metabolite of acetyl-para-aminophenol (APAP) [66]. Thus, it is clear that obesity is associated 

with impairment of CYP3A4 activity.    
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1.6.3.1.2. CYP2E1 

Even though only 5% of phase I metabolism is catalyzed by CYP2E1 [62], numerous studies 

have been conducted to assess the effect of obesity on CYP2E1 activity and a significant 

proportion of morbidly obese patients were involved in these studies [36]. Lucas et al. 

demonstrated that CYP2E1 activity was 40% higher in obese individuals as compared with 

non-obese individuals [67]. It can also metabolize procarcinogens and industrial solvents, 

which may lead to reactive oxygen species (ROS), thereby increasing the risk of cancer 

development [68]. 

Increased levels of 6-hydroxylation of the muscle relaxant chlorzoxazone is associated with 

morbidly obese individuals, which is consistent with induction of CYP2E1 [16]. Importantly, 

obesity and related metabolic disorders are associated with marked alterations of 

acetaminophen (N-acetyl-para-aminophenol: APAP) pharmacokinetics [66]. Studies by 

Abernethy et al. demonstrated higher APAP glucuronidation in hepatic microsomes from 

ob/ob mice compared with wild type mice. Similarly, increasing APAP glucuronidation has 

also been observed in obese subjects, which suggests a lower risk of APAP toxicity in obese 

individuals [69]. However, a recent study demonstrated that increased glucuronidation of 

APAP among obese individuals was associated with increased CYP2E1 activity, thereby 

enhancing the risk of APAP induced hepatotoxicity [70]. Induction of CYP2E1 is one of the 

major factors that leads to reactive oxygen species (ROS) overproduction during non-alcoholic 

steatohepatitis (NASH) [71] (Figure 2). 
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Figure 2: The metabolism of acetaminophen in humans 

1.6.3.1.3. CYP2D6 

Cytochrome P450 (CYP) 2D6 is a polypeptide that consists of 497 amino acids [72]. Even 

though CYP2D6 metabolizes a small proportion of phase I drugs (10-15%) [60], its role in 

drug metabolism is tremendously higher than its relative content [73]. CYP2D6 
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to non-obese patients [75]. Since nebivolol metabolism is relatively high, it was suggested that 

its clearance depends more on liver blood flow than on intrinsic Cytochrome P450 

metabolism. However, it has been reported that CYP2D6 phenotype influences the 

metabolism of nebivolol [76]. Based on these studies, it can be concluded that CYP2D6 

activity tends to be higher in obese populations compared to non-obese populations [36].  

 

1.6.3.1.4. CYP1A2 

CYP1A2 involves metabolism of a small proportion of total phase I drug metabolism [77]. It 

was reported that smoking induces expression of CYP1A2, and it is important to consider this 

point since it was reported that 16.4% of Canadians population consume cigarettes per day 

[78][79]. 

Because caffeine and theophylline are specific substrates of CYP1A2, they are used to indicate 

CYP1A2 activity [80][81]. Several studies have been conducted to evaluate the influence of 

obesity on CYP1A2 activity [16]. In terms of caffeine metabolism, Caraco et al. found that 

elimination half-life and clearance of caffeine were similar in non-smoking obese and non-

smoking lean individuals [82]. Another caffeine study in adult obese and non-obese subjects 

did not report a significant difference in caffeine metabolism [83].  

Regarding theophylline clearance, it was reported by Jusko et al. that theophylline metabolism 

did not differ statistically in moderately obese versus healthy-weight individuals [84]. 

However, after considering the impact of smoking, Blouin et al. confirmed that there is no 

remarkable difference in theophylline metabolism between smokers and non-smokers obese, 

and that total body weight provides a better estimation of theophylline clearance than ideal 
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body weight [85]. Thus, these few studies indicate a trend towards increased CYP1A2 activity 

in the smoker population compared to the general population. However, CYP1A2 activity 

does not differ significantly between smokers and non-smokers obese.  

 

1.6.3.1.5. CYP2C9 

CYP2C9 catalyzes about 10 % of P450-mediated metabolic reactions of drugs currently on 

the market [60]. There are some clinically used medications that are substrates for CYP2C9, 

including Ibuprofen and phenytoin. These have been studied in obese individuals. Ibuprofen 

and phenytoin in obese patients were studied by Abernethy et al. These studies revealed that 

clearance of ibuprofen and phenytoin showed an upward trend in obese subjects compared 

with non-obese subjects, although phenytoin metabolism was not statistically significant 

[86][87]. Thus, these studies implied slightly increased CYP2C9-mediated metabolism in 

obese patients versus control group patients.  

 

1.6.3.1.6. CYP2C19 

Less than 10% of phase I metabolic reactions are catalyzed by CYP2C19 [60].  Due to genetic 

polymorphisms, CYP2C19 activity varies among the population [88]. The clearance of 

diazepam and desmethyldiazepam has been extensively studied. Two studies showed that 

metabolism of diazepam was decreased in obese subjects compared to non-obese patients, 

thereby extending the half-life of the drug [89][49]. Another study conducted on 

desmethyldiazepam demonstrated a reduction in the activity of CYP2C19 among obese 
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individuals [90]. It was concluded that there is a trend towards decreased CYP2C19 activity 

in obese versus non-obese patients. 

 

1.6.3.1.7. Other Phase I Metabolic Enzymes 

Xanthine Oxidase 

Xanthine oxidase is a phase I enzyme that plays an important role with CYP in metabolizing 

drugs [91]. Mercaptopurine, for instance, is extensively metabolized by xanthine oxidase [92]. 

Its clearance was evaluated in nine obese children, and it was found that the metabolism rate 

was significantly elevated compared with non-obese children [93]. Similarly, caffeine 

clearance was assessed in the same study, and it was shown that the concentration of its 

metabolite in the urine was significantly increased in obese children versus non-obese children 

[93] (Figure 3). Generally, after drugs get metabolized through phase I reactions, in which 

functionalization reactions occur, they move to phase II metabolism where they are conjugated 

with endogenous substrates [94]. 

 

 

 

 

 

Figure 3: Caffeine metabolism in humans  
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1.6.3.2.Phase II Metabolism    

After phase I metabolic reactions, the produced metabolites or the parent compounds 

themselves undergo conjugation with glucuronic acid, sulfate, glutathione, or amino acids. 

These reactions facilitate and enhance their excretion into bile or urine and consequently from 

the body through increasing water solubility and molecular weight of the compounds, which 

mostly inactivates their biological activities [95]. 

 

1.6.3.2.1. Uridine Diphosphate Glucuronosyltransferase (UGT) 

The glucuronidation reaction is catalyzed by the enzyme UDP-glucuronosyltransferase 

(UGT), and it is involved in metabolism of a large proportion (almost half) of drugs during 

phase II [60]. This major enzyme family constitutes two families (UGT1 and UGT2) and three 

subfamilies (UGT1A, UGT2A and UGT2B); it is expressed mainly in the liver and other 

extrahepatic tissue (gastrointestinal tract, adipose tissue, and kidneys) [96]. As liver is 

considered to be a major organ where UGT enzymes are expressed, it has been suggested that 

any histopathological changes or increase in liver size, which often accompanies obesity, 

could influence UGT activity [97].  

Acetaminophen, lorazepam, and oxazepam are examples of drugs that primarily undergo UGT 

conjugation. Acetaminophen (APAP) is extensively metabolized by UGT, particularly UGT 

1A9 and 1B15 [98] (Figure 2). Many studies have been conducted to evaluate the impact of 

obesity on APAP metabolism. One of these studies was conducted on adolescents with and 

without non-alcoholic fatty liver disease (NAFLD); it was reported that the magnitude of 

acetaminophen clearance was higher among obese subjects compared to control subjects [99]. 
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Another study was performed in children with NAFLD. After administration of paracetamol, 

APAP and its glucuronide metabolite (APAP-G) were measured, and it was observed that the 

concentration of APAP-G in the serum and urine were remarkably higher in children with 

NAFLD compared to children without NAFLD [100].  

Biotransformation of lorazepam and oxazepam by UGT has also been evaluated among 

morbidly obese patients, and it was confirmed that obesity is associated with elevated UGT 

metabolism as the clearance of both drugs was significantly higher in severely obese 

individuals with a mean body weight of 113 kg [69]. However, one year later in 1984, 

Abernethy et al. published another study that demonstrated the impact of obesity on other 

drugs from the same benzodiazepam family, including alprazolam and triazolam. It was found 

that the clearance rate of both drugs was impaired between the two different groups (obese vs. 

non-obese). In addition, other studies show a significant reduction in mRNA expression of 

UGT1A1, 1A6, 2B1in the liver of obese Zucker rats compared to Sprague-Dawley rats [101]. 

Other study that was conducted on diet induced obesity mice who were on chemotherapy 

demonstrated a reduction in expression of hepatic UGT1A1 [102].    

1.6.3.2.2. Other Phase II Metabolic Enzymes 

N-acetyltransferase and glutathione S-transferase, which are included in phase II drug 

metabolism, have been investigated in obese versus non-obese subjects. N-acetylation of 

procainamide is catalyzed by N-acetyltransferase [60][103]. After evaluation of the 

metabolism rate of procainamide in obese and normal-weight patients, it was found that its 

clearance was insignificantly high in obese individuals [104]. Busulfan is another drug that is 

metabolized by glutathione S-transferase (GST) [105]. Its clearance was studied in obese and 
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morbidly obese subjects, and those individuals showed remarkably higher oral clearance rates 

compared with non-obese subjects [106].   

 

In conclusion, based on provided data and evidence, the effect of obesity on enzymatic activity 

differs from one enzyme to another. Depending on the enzymatic pathway, phase I enzymatic 

processes demonstrated increased, decreased, or similar activity in obese subjects compared 

with non-obese subjects. The activity of CYP3A4-mediated metabolism was consistently 

decreased, whereas CYP2E1 activity was elevated in obese versus non-obese patients. 

Although drug metabolism mediated by phase I metabolizing enzymes (CYP2D6, CYP1A2, 

CYP2C9 except CYP2C19) was high, it was not statistically significant. By contrast, xanthine 

oxidase clearance was markedly increased in obese versus non-obese children. Phase II 

clearance, on the other hand, demonstrated inconsistent trend in obese versus non-obese 

individuals. Since there are limited studies on the impact of severely obese individuals (BMI 

≥ 40) on drug metabolism, further studies are needed.   

1.6.3.3. Transcriptional factors regulating phase I & II enzymes  

Receptor Cytochrome P450 genes regulated by receptor Ref 

AhR 

(Aryl hydrocarbon Receptor) 

Human: CYP1A1, CYP1A2, CYP1B1 

Rat: CYP1A1, CYP1A2, CYP1B1 

[228] 

[229] 

CAR 

(Constitutive androstane 

receptor) 

Human: CYP2B6, CYP2C9, CYP2C19, CYP3A4, 

CYP3A5, CYP4A 

Rat: CYP2B1 & CYP2B2 

[230] 

[231] 

[232] 

PXR/SXR 

Pregnane X receptor (Rodent)/ 

/Steroid and Xenobiotic 

Receptorn (human) 

Human: CYP1A, CYP2A, CYP3A4, CYP3A5, 

CYP3A7, CYP2B6, CYP2C9, CYP2C19, CYP2C8, 

CYP4F 

Rat: CYP3A1, CYP3A2, CYP3A9, CYP3A18, 

CYP3A23 

[233] 

[229] 

[232] 
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VDR 

Vitamin D Receptor 

Human: CYP2B6, CYP2C9, CYP3A4, CYP24, 

CYP27B1 

Rat: CYP24A1, CYP27A1, CYP27B1 

[234] 

[229] 

[235] 

PPARα 

Peroxisome Proliferator 

Activated Receptor-α 

Human: CYP1A, CYP2A, CYP4A, CYP2C, 

CYP2E 

Rat: CYP4A1 

[236] 

[229] 

 

GH 

Growth hormone 

Human: CYP3A4, CYP1A2, CYP2E 

Rat: CYP 2C11, CYP2C12, CYP2C13, CYP2A2, 

CYP3A18.  

[227] 

[237] 

 

 

 

1.6.4.  Effect of obesity on renal excretion  

Many drugs and their metabolites are excreted from the body through the kidney. Globular 

filtration, tubular secretion and tubular reabsorption are the process that drugs go through 

when they reach the kidney [107]. It was reported that intake of high fat diet for relatively 

short period of time, 7-9 weeks, participated in significant histologic and functional changes 

in the kidney. These pathophysiological changes included thickness of glomerular and tubular 

basement membranes, expansion of Bowman’s capsule and cell proliferation in the glomeruli. 

Consequently, glomerular filtration, arterial blood pressure, and renal plasma flow were 

markedly increased [108]. 

It was recorded that the tubular secretion of ciprofloxacin and procainamide was high in obese 

patients [104]. Similarly, the clearance of ciprofloxacin was noticed to be high in obese group 

compared with control group which approved the induction of glomerular filtration and tubular 

secretion in obese individuals [109].     
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1.7. Obesity and inflammation   

Adipose tissue is critical for life as it is responsible for production of proteins that affect lipid 

and glucose metabolism, appetite and satiety, blood pressure regulation, inflammation, and 

immune functions [110].  

Some of those proteins are beneficial to the body. Adipocyte hormones including adiponectin 

and leptin counter insulin resistance and hyperphagia phenomenon (satiety center) via 

enhancing insulin sensitivity and energy expenditure, respectively. Some other proteins, On 

the other hand, demonstrate disadvantageous effect on the body such as interleukin-6 (IL-6) 

and tumor necrosis factor α (TNF-α) which contribute to inflammation and insulin resistance 

as well as renin and angiotensinogen which leads to developing hypertension [110].  

Tissues including skeletal muscles, mammary epithelium, and stomach are involved in the 

synthesis of leptin; however, the majority of leptin is released from adipose tissue. Leptin 

regulates appetite and energy expenditure through its action on the hypothalamus [111]. 

Hyperleptinemia was reported in  obese individuals [112].  

Adiponectin facilitates fatty acid oxidation and stimulates insulin secretion via down 

regulation of C-reactive protein, TNF𝛼 and IL-6 protein and up regulation of interleukin-10  

and interleukin-1 receptor antagonist (IL-1RA) [113], [114]. It was reported that obesity is 

associated with reduction in level of adiponectin [114].    

Obesity is accompanied with elevation in IL-6 and TNFα which leads to induction of low-

grade inflammation [115][116]. The pro inflammatory cytokines IL-6 is released from skeletal 

muscle and adipose tissue. High level of IL-6 leads to overproduction of C-reactive protein 

(acute-phase proteins) in response to inflammation [115]. TNFα is another pro inflammatory 
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cytokine which is produced by adipose tissue [116]. It is one of the factors that trigger insulin 

resistant and type II diabetes especially with central obesity [117].  

There is a correlation between those cytokines and alteration in the expression of metabolizing 

enzymes. It has been reported that IL-6 and TNFα cause downregulation of hepatic 

cytochrome CYP3A4 and CYP2C8 in human [118][119]. Infliximab which is an approval 

monoclonal antibody targets TNFα. Consequently, the downregulation of CYP3A1 was 

reversed in rat model of arthritis [120].   

Similar outcomes were found when lipoglycans (LPS) was injected to animal model. It was 

showing a reduction in the expression of CYP1A2, 2A1, 2C6, 2C7, 2C11, 2C19, 2C23, and 

3A2 in rats [121]. The initiating event is the release of pro inflammatory cytokine, TNFα, 

which is triggered by LPS. Subsequently, TNFα simulates the release of IL-6 and many other 

cytokines that initiate the inflammation process [121].   
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1.8. Lidocaine 

1.8.1. Pharmacological action of lidocaine   

Lidocaine is an aminoamide. It is commonly utilized for both topical and local injection 

anesthesia as well as a cardiac antiarrhythmic agent [122]. It can also be used for the 

management of extensive pain via either central or peripheral administration [123]. Based on 

the literature, the effective analgesic plasma concentrations of lidocaine during intravenous 

infusion were 1.1 to 4.2 µg/ml [135] [136]. The underline mechanism is that lidocaine blocks 

sodium channel, thus limits the ability of nerve cells to pass the pain signals [124].  

Central nervous system (CNS) adverse effects might occur at lidocaine plasma concentration 

of 3 to 6 µg/ml. Objective signs of toxicity including tinnitus, visual disturbance usually 

develops at 6 to 8 µg/ml, and serious signs of toxicity such as seizures and obtundations are 

frequently appear at concentrations greater than 8 µg/ml [143].    

 

 

 

 

 

 

Figure 4: Chemical structure of lidocaine  
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1.8.2. Pharmacokinetics of lidocaine   

Generally, the peak plasma concentrations of lidocaine are directly correlated to the 

administered dose and the rate of absorption which depends on the vascularity of the site of 

administration [125]. Oral administration is not a recommended route for lidocaine as it is 

extensively metabolized before reaching the systemic circulation through first pass effect 

[126]. Intramuscular administration demonstrates better bioavailability than oral route 

especially because it avoids the first pass effect [127] [128].    

After intravenous bolus administration, blood concentrations of lidocaine decrease rapidly as 

lidocaine’s large volume of distribution [129]. The reported volume of central compartment 

(V1) following single-bolus dose in young health subjects was 0.49 L/kg and steady state 

volume of distribution (Vss) was 2.7 L/kg [130] [129]. The affinity of drug to bind to plasma 

proteins and body tissue is a key determinant of the volume of distribution [131] [132]. Thus, 

variations in the plasma proteins binding and diseases induced changes are crucial 

determinants of lidocaine pharmacokinetics [133][134].  

Lidocaine is primary metabolized in the liver through CYP450 system to form active 

metabolites including Monoethylglycinexylidide (MEGX) and Glycinexylidide (GX) [137] 

[138]. Those pharmacological active metabolites have up to 90% and 26% of antiarrhythmic 

potency of lidocaine, respectively [139]. It has been reported that CYP3A4, CYP1A2 are 

responsible for microsomal MEGX formation in human [138] [151](figure 5). 

The mean half-life and systemic clearance of lidocaine following a single intravenous bolus 

of 25 -200 mg in young and healthy male subjects is 1.6 ± 0.18 hours and 15.6 ± 4.6 ml/min/kg, 

respectively [140][141][ 129][142]. It was reported a significant prolongation of elimination 
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half-life of lidocaine in obese individuals compared to control group (2.69 ± 0.2 vs 1.62 ± 0.06 

hour) [224]. Thus, it is critical to assess the pharmacokinetics profile of lidocaine among obese 

individuals. Above 95% of administered lidocaine dose is excreted in the urine as metabolites 

and parent drug [143].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Lidocaine metabolism in human liver [226]  
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1.9. Propofol  

1.9.1. Pharmacological action of propofol   

Propofol is clinically used for the induction and maintenance of general anesthesia as well as 

used for the sedation for patients in the intensive care unit (ICU) [144]. It also has anxiolytic 

effect when the administered dose does not reach the sedation level . It works on activation of 

γ -aminobutyric acid (GABAA) receptors, inhibition the N-methyl-D-aspartate (NMDA) 

receptors and modulation of calcium-ion channels. The most common undesirable effects of 

propofol are cardiorespiratory depression and dose dependent hypotension [145].    

 

 

 

 

 

 

Figure 6: Chemical structure of propofol 

1.9.2. Pharmacokinetics of propofol 

The plasma concentrations of propofol decline rapidly after a single bolus injection as it is 

extensively distributed into the body tissues. The volume of distribution in the central 

compartment range from 13 to 76 L [146].  
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Liver is considered as a predominate organ for the clearance of propofol [201]. UGT 1A9 is a 

predominant enzyme involves in metabolism of propofol in human, but it is expected that 

different UGT isoforms are involved in metabolism of propofol in rats as UGT1A9 is deficient 

in rats [151]. Because of potential drug interaction when it is co-administered with other 

medication, the propofol metabolism by cytochrome P450 was investigated. It was found that 

hydroxylation reaction accounts for a maximum 47%. CYP2C9 was involved in metabolism 

high proportion of propofol. Another oxidative metabolism of propofol are CYP2A6, 2C8, 

2C18, 2C19 and 1A2 [147] (Figure 7). Propofol glucuronide, 4-(2,6-diisopropyl-1-1,4-quinol)-

sulphate, and 1-or4(2,6-diisopropyl-1,4-quinol)-glucuronide are the major metabolites of 

propofol [208].  

 

 

 

 

 

 

Figure 7:  propofol metabolism   

Urine is a key route of metabolite elimination of propofol in all species including human [202]. 

The metabolic pathway of propofol is species dependent. Indeed, in human, it was reported 

over 80% of given dose appeared in the urine. Less than 0.5% of administered dose is excreted 

unchanged in the urine, and up to 73% of propofol is glucuronidated and at almost less than 
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50% of metabolites are hydroxylated in humans [201]. In rats, however, more than half of the 

administered dose recovered from bile duct cannula after bolus and infusion of propofol [202].  

In human, the half life of propofol was ranged from 1.5 to 1.8 hour when its pharmacokinetic 

profile follows two compartments [146]. The major metabolite of propofol is glucuronic acid 

(over 50%) [147].  

The impact of age on propofol half life and clearance was evaluated. It was noticed that there 

was no significant difference in the half life between elderly patients (above 65 years old) and 

young patients (less than 35 years old). However, propofol clearance was significantly 

impaired [146].   

1.10. Effect of obesity on PK of some drugs  

Drugs (IV) Some reported changes in PK 

(Obese vs. Control subject)* 

Ref 

Daptomycin  ↑ CL [238] 

Verapamil  ↑ t1/2 ↑ Vd [239] 

Prednisolone  ↑ CL [240] 

Carbamazepine a ↑ t1/2 ↑ Vd [241] 

Bisoprolol  ↑ t1/2 ↑ Vd [242] 

Sufentanil  ↑ t1/2 ↑ Vd [243] 

Cimetidine  ↑ CL [244] 

Caffeine a ↑ Vd [245] 

*  t1/2  (h) Vd (L) CL (L/h), an Oral administration.  
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1.11. Rationale, Hypotheses, Objectives 

1.11.1. Rationale  

Obese patients pose significant challenges to anesthesiologists in terms of dose accuracy of 

anesthetics due to potentially altered pharmacokinetics. The dosing of medications in such 

patients remains poorly studied and understood. There are limited studies that been conducted 

to investigate the influence of obesity on pharmacokinetics profile of anesthetics. Although 

propofol and lidocaine are most frequently used in these patience, the appropriate dosing 

scalars remains controversial. Notably, there are some cases that have been reported regarding 

propofol infusion syndrome (propofol toxicity) in obese individuals leading to a rare 

complication with potentially fatal results. The most recommendations are based on small 

independent studies, case reports, and expert opinion. Applying manufacturer standard 

kinetics and dosing recommendations in the obese patient may result in toxicity or treatment 

failure, leading to increased morbidity, mortality, and hospital length of stay.  

As it was mentioned in detail in the introduction the pathophysiological changes that are 

associated with obesity, it is crucial to investigate the impact of obesity on kinetic constants 

of hepatic microsomes and the enzyme activities that are primary involved in metabolism of 

these anesthetic agents.  
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   1.11.2. Hypotheses  

1. Obesity causes a general reduction in the expression and functional activities of 

enzymes involved in drug metabolism 

2. Female and male rodents differ in these responses. 

3. Normalization of a high fat to normal diet leads to normalization of protein expression 

and enzyme activity 

 

1.11.3. Objectives  

1. To develop a sensitive and validated reverse phase HPLC-UV assay for the 

determination of lidocaine concentration in human serum. 

2. To adopt the developed assay to study pharmacokinetics of lidocaine in patients given 

the drug after gastrointestinal surgery as well as the enzyme kinetics in animal model. 

3. To study the impact of diet induced obesity on phase I and phase II drug 

metabolizing enzymes (DMEs) and proteins expression in liver 

4. To investigate whether switching to normal diet after a relatively long period of high 

fat diet consumption would render a positive impact   
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Chapter 2 

Materials and Method 
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2.1. Materials: 

 

2.1.1. Assay development 

Lidocaine HCl (0.4% in 5% dextrose for injection USP (Baxter Healthcare Corporation, 

Deerfield, IL, USA) was utilized to develop a High-Performance Liquid Chromatography 

Assay Method for the determination of Lidocaine in human serum. Procainamide HCl was 

obtained from Sigma- Aldrich (St Louis, MO, USA). Ethyl ether, acetonitrile, water (all HPLC 

grade), triethylamine, potassium phosphate (monobasic) and sulfuric acid were purchased 

from Caledon Laboratories Ltd (Georgetown, ON, Canada). 

2.1.2. Microsomal incubation  

Lidocaine HCl (Xylocaine® 2%, injection USP; AstraZeneca Canada Inc) was utilized as a 

source of lidocaine. Nicotinamide adenine dinucleotide phosphate tetrasodium (NADPH). 

Magnesium chloride hexahydrate. Propofol (2,6-Diisopropylphenol, 97%) (Alfa Aesar by 

Thermo Fisher Scientific, Canada) was used as a source of propofol. Thymol was purchased 

from Sigma- Aldrich (St Louis, MO, USA). Uridine 5´_diphosphoglucuronic acid trisodium salt 

(UDPGA) (St Louis, MO, USA). Acetonitrile and Methanol (HPLC grade) were purchased from EM 

Scientific (Gibbstown, NJ). Dimethyl sulfoxide (DMSO) was ordered from Sigma- Aldrich (St Louis, MO, 

USA).  

2.1.3 Western blot   

Page Ruler Plus Protein Ladder was from Thermo Scientific (Grand Island, NY), and bovine 

serum albumin from Fisher Scientific (Ottawa, Canada). Bromophenol blue, ammonium 

persulfate, b-mercaptoethanol, 40% acrylamide, N,N,N’,N’ tetramethylethylenediamine, and 

nitrocellulose membrane were purchased from Bio-Rad Laboratories (Hercules, CA). 

Primary antibodies for rat cytochrome P450 (CYP)1A2 (1:1000 dilution, sc-53241) , CYP3A4 

(1:1000 dilution, sc-53246) and CYP2E1(1:1000 dilution,  were purchased from Santa Cruz 
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Biotechnology, Inc. (Santa Cruz, CA). Similar primary antibodies react with mice and was 

used to detect cyp3a41, cyp1a2, and cyp2e1.  

Primary antibodies for rat cytochrome P450 (CYP)2D1 (1:500 dilution, ab22590) and 

CYP2C12 (1:1000 dilution, ab22596) were obtained from Abcam (Toronto, ON). The primary 

antibody beta-actin (1:1000 dilution, sc-1615) and secondary antibodies (m-IgGk “1:1000 

dilution, sc-516102-CM”, donkey anti-goat “1:1000 dilution, sc-2020”, and mouse anti-rabbit 

“1:1000 dilution, sc-2357” IgG peroxidase) were purchased from Santa Cruz Biotechnology, 

Inc. (Santa Cruz, CA). Chemiluminescence Western blotting detection reagents were from GE 

Healthcare Life Sciences (Piscataway, NJ). 

 

 

2.2. Methods 

 

2.2.1. Animal model of obesity  

For lidocaine study, all experimental procedures involving animals were approved by 

the University of Alberta Health Sciences Animal Policy and Welfare Committee. Male and 

Female Sprague-Dawley rats of 3-4 weeks of age were purchased from Science Animal 

Support Services (SASS) (Canada). Two different study designs were conducted. The first 

study has dietary phase lasted 14 weeks, the rats weighed approximately 100 g. In the second 

study design, the dietary phase lasted 18 weeks, the rats weighed approximately 140 g. The 

rats were housed 2 per cage in a temperature-controlled room with 12-h dark/light cycle. 

Female Sprague Dawley rats (n=8 total) and male Sprague Dawley rats (n=8 total) were started 

on a 14 week course of 45% high fat rat chow with water. At the end of the 14 week period, 

half of the animals were euthanized under isoflurane. In the remaining rats, the diet was 

switched to normal rat chow (fat content 13.4%). Four weeks after, those rats were euthanized. 
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For each of the 14 and 18 week groups, control rats (n=4 each) were included where the diet 

was 13.4% fat content. Free access to food and fluids was permitted throughout the entire 

period. Rat weights and food consumption were measured twice per week for female rats. For 

male rats, the weights were reported one a week and the food intake was examined in the last 

few weeks of the study as the model had been well studied before [152]. Table 3 lists the 

dietary compositions of each diet.  

After euthanasia (following a 6 hour period of food restriction with water ad libitum) blood 

was collected in tubes containing anticoagulant with plasma being separated by centrifugation 

at 3000 g for 10 min. Livers, kidneys, hearts and small intestine were collected. All samples 

were kept at -80˚C until being used for biochemical assay, enzyme kinetics and protein 

determinations. 

 

Table 3 

Composition of the Dietary Components Used for rats Study 

Nutritional Component Calories Provided %  

 Standard Chow 

3.35 Kcal/g 

High-Fat Chow (HF)* 

4.6 Kcal/g 

Protein  29.8 19 

Carbohydrate  56.8 36 

Fat 13.4 44.8 

* (HF; Teklad Custom Diet (45/Fat), TD.06415, ENVIGO) 

 

For the propofol study, the source of the microsomal protein was from the same rats previously 

used in a published report [152]. In brief, Sprague-Dawley male rats aged 4 weeks were fed 

three different dietary components. Each group consisted of 4 rats fed the diets for 14 weeks. 

The diets were either a high fat diet as rat pellets (45% kcal of fat, Harlan Laboratory, Inc.) 

with normal water or a 13% w/v high fructose corn syrup (HFCS) with standard rat chow or a 
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combination of both (HFCS-HFD) with the control group being fed on a standard rodent diet 

(13.4 % kcal of fat) and normal drinking water.  

The livers of these rats were collected after they were euthanized. All tissue specimens were 

kept at -80 °C until needed. 

 

Other animal model was used to induce obesity and/or type 2 diabetes. This model includes 

five to six-week-old C57Bl/6J male and female mice [Jackson Laboratory, Bar Harbor, ME, 

USA; stock no. 000664; Tg(ACTA1-cre/Esr1*)2Kesr]. Three diverse groups of male mice 

including lean, obese and type 2 diabetic mice (T2D) were involved in the study while female 

mice consisted of lean and obese groups. Lean mice fed a low-fat diet (LFD) (10% kcal from 

lard, Research Diets D12450J) whilst obese and T2D mice fed a high fat diet HFD (60% kcal 

from lard, Research Diets D12492). During the dietary phase of T2D mice, they were 

administered a single injection of streptozotocin 90 mg/kg during week 5. Dietary phase in all 

groups lasted 10 weeks followed by euthanizing process. Liver samples were harvested to do 

the analysis.  Table 4 lists the dietary compositions of each diet.   

 

Teklad standard (“normal”) chow and the research diets LFD differ in the micronutrient 

composition which might cause the difference in the results. The primary different between 

the regular chow and the LFD is the present or the absent of phytoestrogen and the sucrose 

compositions [246]. The disaccharide, sucrose, is found profoundly in the LFD while it is 

absent in the ordinary chow. Phytoestrogen micronutrient, on the other hands, is found in a 

high percentage in the standard chow but is not absent in the LFD. It was reported that 

phytoestrogen would affect the appetite, motor activity and lipid metabolism [247, 248].  



40 
 

 

Table 4 

 

Composition of the Dietary Components Used in the C57BL/6J Mice Study 

Nutritional Component Calories Provided %  

 Standard Chow 

3.85 Kcal/g 

High-Fat Chow (HF) 

5.24 Kcal/g 

Protein  20 20 

Carbohydrate  70 20 

Fat 10 60 

 

2.2.2. Preparation of microsomes  

For the lidocaine study, liver tissue from each rat (n=4) was homogenized separately in cold 

sucrose solution (0.25 M in distilled water) by using a homogenizer (0.5 g of each tissue in 

2.5 mL of sucrose). The homogenized solution was centrifuged at 1000 ×g for 10 min to 

remove nuclei and large cellular debris. The supernatants were transferred to new tubes and 

further centrifuged at 15,000 ×g for 10 minutes to remove organelle fraction. Centrifugation 

continued again by transferring supernatants which contain cytosol and microsomes to new 

tubes at 100,000 ×g for 1 hour to precipitate the microsomes. Then the pellets were 

resuspended in sucrose 0.25 M solution and stored at -80° C. [153] 

For propofol, the same procedures for microsomes preparation of lidocaine was adopted; 

however, pooled livers of all groups (n=3) (n1=rat1+rat2, n2=rat3+rat4, n3= rat4+rat1) rats 

were used. This was done for ethical reasons, to maximize the ability to use the materials from 

the rats to study other drugs, in addition to propofol, in further experiments beyond the scope 

of this thesis. 
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2.2.3. Lowry assay for protein concentration in microsomal preparation  

Bovine serum albumin (BSA) was utilized as a stock solution for constructing a calibration 

curve to determine the protein concentration in microsomes samples. The following reagents 

were involved in assaying the protein concentration in liver samples that was prepared from 

different animal models. Reagent A comprising of 1mL of sodium and potassium tartrate 2% 

in double distilled water, 1mL of CuSO4 1% in double distilled water, and 20 mL of Na2CO3 

anhydrous 10% in 0.5 M NaOH. Reagent B consisting of 1:10 diluted solution of folin-phenol 

reagent in double distilled water. The BSA stock solution of 1 mg/ml was used for setting up 

standard solutions with distinct concentrations (0.6, 0.5, 0.4, 0.3, 0.2, 0.1, and 0 mg/mL) of 

BSA in double distilled water.  

 

To determine of unknown protein concentrations, 248 µL of double distal water was added to 

the mixture of 2 μL of protein sample (unknown concentration of protein) or 250 μL of each 

standard solution followed by adding 250 μL of reagent A. Those mixtures were incubated for 

10 min at room temperature. Afterward, 750 μL of reagent B was added to each of the test 

tubes under continuous vortex mixing, and samples incubated at 50 °C for 10 min. After 10 

min incubation, 200 μL of each mixture were transferred to a well in the ELISA plate and 

analyzed using a plate reader at 550 nm. [154]  

 

2.2.4. Development of reverse phase HPLC-UV assay of lidocaine in human plasma 

 

 2.2.4.1. Instrumentation and chromatographic condition  

The chromatographic system consisted of a Waters (Milford, MA, USA) 600 E multi-solvent 

delivery system pump, an autosampler with a variable injection valve (Waters 717), and a 



42 
 

UV–visible tunable absorbance detector (Waters 486). The chromatograms were recorded 

using EZStart software (Scientific Software, Pleasanton, CA, USA) in a Windows-based 

computer system for data collection and processing. The chromatographic separation of 

lidocaine and procainamide (internal standard) were achieved using a 150 × 4.6 mm i.d., 3.5 

μm particle size Alltima C18-column (Alltech, Deerfield, IL, USA) attached to a pre-guard 

column (Grace Alltech All-Guard™ Guard Cartridges, 7.5 mm 5 µm, Deerfield, IL, USA). 

The mobile phase consisted of a mixture of acetonitrile and phosphate solution (25 mM 

KH2PO4-3 mM sulfuric acid-3.6 mM triethylamine) in a ratio of 12:88 (v/v). The mobile 

phase was degassed prior to use by filtering it under vacuum pressure through a 0.45 μm pore 

size nylon filter, then pumped at a flow rate of 0.9 mL/min at room temperature. Immediately 

after injection, the UV detection wavelength was set at 277 nm (the UVmax for procainamide). 

At 4 min post-injection, the UV detector was programmed to switch to a wavelength of 210 

nm (the UVmax for lidocaine). The total analytical run time was <13 min. 

 

2.2.4.2. Standard and stock solutions  

The stock drug solution was 0.4% lidocaine HCl in 5% dextrose for injection. The working 

standard solutions were prepared daily from the stock solution by serial dilution with HPLC 

grade water to provide final concentrations of 40, 4 and 0.4 µg/mL lidocaine. The internal 

standard (IS) stock solution was prepared by dissolving 17 mg of procainamide HCl in 100 

mL of water. All stock solutions were refrigerated between use. For the construction of a 

standard curve, samples of (0.25 mL) were prepared by adding lidocaine HCl equivalent to 

50, 125, 250, 500, 1000, 2000, 2500 and 5000 ng/mL. 
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2.2.4.3. Extraction procedure  

A one-step liquid–liquid extraction step was used to extract lidocaine from human serum. 

After adding 50 µL volume of the IS stock solution and 200 µL of 1M NaOH to 0.25 mL of 

human serum, 3 mL of diethyl ether was added. This was followed by vortex mixing of tubes 

for 30 s and centrifugation at 3000 g for 3 min. The organic solvent layer was pipetted to new 

tubes, then evaporated to dryness in vacuo. The dried residues were reconstituted using 150 

µL of HPLC grade water with up to 75 µL being injected into the chromatographic system. 

2.2.4.4. Recovery 

Recovery was determined with lidocaine HCl concentrations of 50 and 1000 ng/mL and with 

an IS concentration of 0.17 mg/mL in human serum. The extraction efficiency was determined 

using five replicates of each concentration and comparing the extracted peak heights of analyte 

in the extracted samples to the peak heights of the same amounts of analyte directly injected 

into the HPLC without extraction.  

 

2.2.4.5. Calibration, accuracy and validation  

The assay was validated, generally using the guidelines published by the EMA [155]. The 

calibration curves were quantified by using peak height ratios of lidocaine HCl (concentration 

range from 50 to 5000 ng/mL) to IS versus the nominal lidocaine concentration. Intra-day 

validation was assessed at four different concentrations of lidocaine HCl (50, 250, 500 and 

2000 ng/mL) per day in five replicates. This step was repeated on three separate days for 

determination of inter-day validation. For each daily run, an independent set of calibration 

curves samples was prepared. Accuracy and precision were assessed using the mean intra- and 

inter-day percentage error and percent coefficient of variation (CV%), respectively. 

Calibration curves were weighted by a factor of concentration -2 due to the wide range of 



44 
 

concentrations (50–5000) used in the calibration curves. Intraday, accuracy and precision of 

the assay were determined using a range of concentrations of lidocaine HCl. The selected 

concentrations were 50, 250, 500 and 2000 ng/mL of lidocaine HCl in human serum. Each 

concentration had five replicates. To permit the assessment of interday accuracy and precision 

in human serum, the assay was repeated on three separate days. For each daily run, a set of 

calibration samples separate from the validation samples were prepared to permit the 

quantification of the peak height ratios of lidocaine to IS. Precision was assessed by percentage 

coefficient of variation (CV%), while accuracy was represented by determining the mean 

intra- or inter-day percentage error. 

 

2.2.4.6. Applicability  

For the standard curve and validation samples, the serum was obtained from two healthy 

individuals on two separate occasions. For two of the samplings, each individual was asked to 

refrain from ingesting any caffeine-laden foods or drinks for 24 h before sampling. The 

method was employed to determine the lidocaine concentration in human serum from one 

surgical patient after the injection of lidocaine as a reservoir within the rectus sheath (200 mg 

single dose). The patient provided written consent, and the study was approved by the 

University of Alberta Health Research Ethics Board. After the injection of the dose, blood 

samples were drawn serially into serum collection tubes until 24 h from the time of dosing. 

The blood samples were left for 30 min to clot, then centrifuged for 10 min. The serum was 

then separated and frozen at −20 °C  
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2.2.5. Microsomal incubation of control and obese rats with lidocaine 

The formation kinetics of monoethylglycinexylidide (MEGX) were characterized when 

lidocaine was exposed to liver microsomes of control and high fat fed male and female rats. 

The initial step was dissolving lidocaine HCl in water (HPLC grade) to provide a nominal 

concentration 100, 250, 1000, 2000, 5000, and 10000 μM. It followed by drying process to 

get ride of the water and have concentrated drug. The incubation mixture contained 5 mM 

magnesium chloride hexahydrate dissolved in 0.5 mM potassium phosphate buffer (pH=7.4). 

Each incubation, in final volume of 0.25 mL, contained 1 mg/mL of protein from non-pooled 

liver microsomes. The reaction was started with the addition of 1 mM NADPH after a 5 min 

pre-equilibration period. All incubations were performed at 37ºC in a shaking water bath (50 

rpm) for 10 min. The oxidative reaction was ended by addition of 0.2 ml 1 M NaOH to 

terminate the reaction. Followed by adding internal standard, procainamide, and extraction 

process.  

 

2.2.5.1. Standard and Stock Solutions  

 

The stock drug solution was lidocaine HCl (Xylocaine® 2%). The working standard solutions 

were prepared daily from the stock solution by serial dilution with HPLC grade water to 

provide final concentrations of 2, 0.2, 0.02 g/ml lidocaine. The different concentration of 

lidocaine solution for standard curve and microsomal incubation were dried using vacuo 

before initiating the experiment. The internal standard (IS) stock solution was prepared by 

dissolving 17 mg of procainamide HCl in 100 mL of water. All stock solutions were 

refrigerated between use. For the construction of a standard curve, samples (0.25 mL) were 

prepared by adding lidocaine HCl equivalent to 25- 20000 µM. 
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2.2.5.2. Extraction Procedure and HPLC conditions 

Identical HPLC conditions and extraction procedure at section 2.2.4.1 and 2.2.4.3 were used 

with minor changes in the flow rate (0.8 ml/min) with run time < 15 min. The volume of 

injection for reconstituted dried residues was up to 40 µL.  

 

2.2.6. Microsomal incubation of control and obese rats with propofol 

The enzyme kinetics of propofol was determined when propofol was incubated with liver 

microsomes of control and obese rats. In this experiment, the source of the microsomal protein 

was obtained from the rats previously published [152]. In the beginning, propofol was diluted 

with DMSO to acquire a desirable concentration of propofol to be incubated (5, 10, 25, 50, 

100, 250, 500, and 1000 μM). The incubation mixture contained 5 mM magnesium chloride 

hexahydrate dissolved in 0.5 mM potassium phosphate buffer (pH=7.4). Each incubation, in 

final volume of 0.25 mL, contained 1 mg/mL of protein from pooled liver microsomes. The 

reaction was started with the addition of 2 mM UDPGA after a 5 min pre-equilibration period. 

All incubations were performed at 37ºC in a shaking water bath (50 rpm) for 10 min. The 

glucuronidation reaction was terminated by addition of 0.75 ml cold acetonitrile. Followed by 

adding internal standard, thymol, and directly inject the sample to the HPLC on the same day. 

 

2.2.6.1. Standard and Stock Solutions for microsomal incubation with propofol  

 

The stock drug solution was 97% propofol solution. The working standard solutions were 

prepared daily from the stock solution by serial dilution with DMSO to provide final 

concentrations of 93.3, 9.3, 0.93, 0.09, 0.01 and 0.001 g/mL propofol. The internal standard 
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(I.S) stock solution was prepared by dissolving 10 mg of thymol in 100 mL of acetonitrile. A 

standard curve was developed, samples of (0.25 mL) were prepared by adding propofol 

equivalent to 2.5 to 2000 µM.  

 

2.2.6.2. HPLC conditions for assaying propofol concentrations 

The chromatographic system consisted of a Waters (Milford, MA, USA) 600 E multi-solvent 

delivery system pump, an autosampler with a variable injection valve (Waters 717), and a 

scanning fluorescence detector. The chromatograms were recorded using EZStart software 

(Scientific Software, Pleasanton, CA, USA) in a Windows-based computer system for data 

collection and processing. Separation of propofol and thymol (internal standard) was achieved 

successfully on a 4.6 mm × 15 cm, 5 μm particle size Alltima C18-column (Alltech, Deerfield, 

IL, USA) attached to a pre-guard column (Grace Alltech All-Guard™ Guard Cartridges, 7.5 

mm 5 µm, Deerfield, IL, USA) using a mixture of acetonitrile and double distal water in a 

ratio of 60:40 (v/v) as the mobile phase. The mobile phase was degassed prior to use by 

filtering it under vacuum pressure through a 0.45 μm pore size nylon filter, then pumped at a 

flow rate of 1 mL/min at room temperature. 

The excitation and emission wavelengths were set at 270 and 310 respectively. The total 

analytical run time was < 10 min.  

 

2.2.7. Western blotting 

2.2.7.1. Protein sample preparation  

2X loading buffer which contains 0.5 M tris HCL (pH 6.8), 10% SDS, 1.5% bromophenol 

blue, glycerol and B meracptoethanol was been adding to protein samples to denature the 
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proteins. For CYP450s and UGTs, 45 μg microsomal proteins were dissolved in 2X loading 

buffer and then boiled for 5 min at 100 C0.  

 

2.2.7.2. Western Blot Analysis  

Proteins in each denatured sample were separated by 10% SDS-polyacrylamide gel (SDS-

PAGE) and electrophoretically transferred to a nitrocellulose membrane. Then, membranes 

were blocked for an hour at room temperature by 5% BSA diluted in Tris-Buffered Saline 

Tween-20 (TBST) which consist of Tris-base (TBS), 5% bovine serum albumin, 0.15 M 

sodium chloride, 3 mM potassium chloride, and 0.5% Tween-20. Thereafter, the blocking 

solution was discarded, and the blots were rinsed thrice in a washing buffer (0.1% Tween-20 

in Tris-buffered saline). Subsequently, the membranes were incubated with primary antibody 

over night in cold room at 4 C0. The primary antibody solution was removed, and blots were 

washed as previously described, followed by incubation with secondary antibody for 1 h at 

room temperature. Rinsing with washing buffer was then applied to remove the extra 

secondary antibody. Lastly, the protein bands were detected using enhanced 

chemiluminescence (ECL). The intensity of protein band relative to β-actin bands intensity 

were quantified using Image-J software (National Institutes of Health, Bethesda, MD, 

http://rsb.info.nih.gov/ij). 

 

2.2.8. Data analysis 

2.2.8.1. Fitting procedure  

Lidocaine data is expressed as Mean±SD unless otherwise indicated. To determine the kinetic 

constants for MEGX formation by liver microsomal preparations. Michaelis-Menten models 

for single enzyme was fitted to MEGX formation rates using the Solver routine program in 

https://imagej.nih.gov/ij/
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Microsoft Excel. The total sum of squares and Akaike information criteria were used to judge 

the quality of fitness and to guide in model selection.  

For liver microsomes of the control and high fat diet fed rats incubated with lidocaine, a single 

enzyme model was used and the intrinsic clearance (CLint) for MEGX formation was 

calculated by determining the quotient of Vmax to Km. This model uses the following 

equation:  

 

𝑉 =
𝑉𝑚𝑎𝑥 × [𝑆]

     𝑘𝑚 + [𝑆]
 

 

 

Where V is the rate of MEGX formation, Vmax is the maximal formation rate of MEGX, Km 

is the affinity constant, [S] is lidocaine concentration.  

Propofol study: liver microsomes from different rat groups (control, HF, HFCS, combination 

HFCS-HF) were incubated with different concentrations of propofol. Each group has a 

different enzyme kinetics. Control group, for example, follow a two enzymes model. This 

model consists of a single saturable and a second linear component. The intrinsic clearance 

(CLint1) for propofol consumption was calculated (Vmax/Km) whereas CLint2 acquired from 

the Solver program.  

This model uses the following equation:  

 

𝑉 =
𝑉𝑚𝑎𝑥1 × [𝑆]

𝐾𝑚1 × [𝑆]
  + (𝐶𝑙𝑖𝑛𝑡2 × [𝑆]) 
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Km1 and Vmax1 represent the kinetic constants for the saturable enzyme while CLint2 shows 

the ratio of Vmax over Km for the non-saturable (over the range of concentrations used) 

enzyme. [S] is propofol concentration. 

 

Regarding HF and HFCS+HF groups, the metabolism of propofol best conformed to a one 

enzyme model (Michaelis-Menten equation). Similarly, HFCS alone group showed that 

Michaelis-Menten equation using shape factor was the best fit to the resulted data. CLint was 

calculated by determining the quotient of Vmax to Km.  

This model uses the following equation: 

 

𝑉 =
𝑉𝑚𝑎𝑥 × [𝑆]𝑛

[𝑘𝑚]𝑛 + [𝑆]𝑛
  

 

Where V is the rate of propofol consumption and n is the shape factor required to fit sigmoidal 

shapes. [S] is propofol concentration. 

 

2.2.8.2. Statistics 

A one-way ANOVA followed by post-hoc test was used to analyze the data following a normal 

distribution (ANOVA with Bonferroni correction, p<0.05). Student’s unpaired t tests was used 

as applicable way to assess the significance of differences between groups. Sigma Plot 11.0 

(Systat software, Inc. Chicago, IL) and Microsoft Excel (Microsoft, Redmond, WA) were used 

in statistical analysis of data. The level of significance was set at p < 0.05. 
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Chapter 3: Results 
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3 .1. Development of an HPLC-UV assay for the determination of lidocaine in human 

serum  

 

The chromatographic retention times were ~10 min for lidocaine and 2.5 min for IS (Figure 

8). The chromatography displayed symmetrical peak shapes and high specificity, with a 

baseline resolution of IS and lidocaine. For both analytes, there was an absence of interference 

(IFN) from endogenous components in serum (Figure 8). It was of note that the 

chromatograms from the serum of the healthy volunteers used in the assay development had 

a significant peak present that eluted at about 6.4 min, which was not seen in the patient serum 

sample obtained at 10 min. However, this did not interfere with the analysis of lidocaine, nor 

the internal standard. 

 

The average recoveries were 97.7 ± 21.0 and 81.0 ± 2.4% for 50 and 1000 ng/mL lidocaine 

HCl in serum, respectively. The average extraction recoveries for IS at the concentration used 

in the assay was 55.4 ± 4.1%. There were excellent linear relationships (>0.9995) noted 

between the peak height ratios and lidocaine HCl concentrations over ranges of 50–5000 

ng/mL serum. From regression analysis of the concentration vs. peak height ratios of lidocaine 

to IS, the observed average slopes and intercepts were 0.00024 and 0.0011, respectively. The 

mean correlation coefficient of regression (r2) for the serum standard curves were 0.9995. The 

CV of intra-and inter-day assessments were less than 15% (Table 5). The mean inter-day error 

in human serum was less than 9%. 

 

The validation assessments revealed that the assay was precise and possessed low bias. 

Overall, all intraday measures for mean error and CV% of the lowest concentration were less 
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than 15%, and for the other concentrations only one fell above 10% (day three of the 216 

ng/mL concentration). Except for the lowest concentration, all of the interday measures of 

CV% were less than 10%. All interday measures for mean error were less than 10%. 

 

When it was tested for applicability in the patient samples, lidocaine serum concentrations 

could be measured for the full 24 h period following administration of the lidocaine dose. The 

observed maximal concentration was 1644 ng/mL, which occurred at 0.5 h post-dose (Figure 

10). The correlations between the BMI and the lidocaine half life, clearance, and volume 

distribution were examined (Figure 11-13).  
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Figure 8: HPLC-UV chromatograms of blank (drug-free) serum from a healthy volunteer, 

volunteer serum spiked with 1000 ng/mL of lidocaine, and serum obtained 1 h after a 200 mg 

injection of lidocaine. The peak in the patient sample appearing at 6.8 min in the patient sample 

was presumed to be the lidocaine metabolite, monoethylglycinexylidide (MEGX). The peak 

at ~6.4 min was presumed to be from food components ingested by the volunteers who were 

not fasted. 
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Figure 9: HPLC-UV chromatograms of blank incubation buffer, spiked incubation buffer, 

and after microsomal incubation with NADPH. 
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Table 5. Validation data for the assay of lidocaine in human serum, n=5 

 

 

 

*To convert to lidocaine HCl salt, divided by 0.865  

 

 

 

 

 

 

 

 

 

 

Nominal 

Concentration of 

Lidocaine*, ng/ml 

Intraday                                                       Interday 

Mean ± SD ng/ml (CV%) Mean ± SD 

ng/ml (CV%) 

CV% Error% 

 

43.3 

45.9±4.54 

(9.90) 

38.5±5.37 

(14.0) 

40.8±6.05 

(14.8) 

41.7±5.32 

 

12.9 -3.57 

 

216 

 

2158±11.5 

(5.35) 

220±9.60 

(4.35) 

226±26.6 

(11.8) 

221±15.9 7.16 1.99 

 

433 

 

379±28.7 

(7.56) 

395±25.6 

(6.46) 

407±38.5 

(9.47) 

394±30.9 7.83 -8.97 

 

1731 

 

1489±60.5 

(4.06) 

1704±43.3 

(2.53) 

1635±47.1 

(2.87) 

1609±50.3 3.16 -7.02 
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Figure 10: Serum lidocaine concentration vs. time profiles after rectus sheath injection of 

200 mg lidocaine HCl to the patient volunteer 
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Figure 11: Body mass index (BMI) vs. half life (t1/2) of administered lidocaine in patients after 

major abdominal procedure. Increasing of the body mass index was associated with a 

significant increase of the half life (p < 0.05) 

 

 

Figure 12: Body mass index (BMI) vs. clearance (Cl) and volume of distribution (Vdss) of 

administered lidocaine in patients after major abdominal procedure. The correlation between 

BMI and Cl as well as Vdss was not significant (NS).  
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Figure 13: Age vs. pharmacokinetics parameters ( Cl, t1/2, Vdss) of lidocaine in patients after 

major abdominal procedure. While the individual matures in age, the lidocaine clearance 

decreases (p < 0.05). In contrast,  getting older will not affect the drug half life and its volume 

of distribution significantly (NS).   

 

 

 

y = -0.0156x + 1.407
R² = 0.4003

p<0.05

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100

C
l,

 L
/h

r/
K

g 

Age, year 

y = 0.0682x + 1.2406
R² = 0.0795

NS

0

2

4

6

8

10

12

14

0 50 100

t1
/2

, h
r

Age, year 

y = 0.021x + 0.6948
R² = 0.0502

NS

0

1

2

3

4

5

0 50 100

V
d

ss
, L

/K
g 

Age, year



60 
 

 

3.2. Body weight and caloric intake 

 

Body weight for rats involved in lidocaine studies  

 

There was a significant increase in the body weight of rats fed high caloric diets compared to 

control rats. After 14 weeks on high fat diet, male rats gained remarkable weight about the 

double comparing to female rats by the end of this study (Figure 14). The weights of HF fed 

rats differed significantly from control group in the week 4 and week 3 for male and female 

rats respectively. These differences increased consistency until the end of the study (14 

weeks). By the end of the study, the final average body weights were 656 and 841 g for the 

control and HF male groups and 355 and 427 g for the control and HF female groups (Figure 

14).  

Despite the reduction in the food intake (g/day) among male and female fed high fat diet, the 

calorie intake was significantly higher than control groups (Figure 16)(Figure 17).   

Similar results were observed for 18 weeks study plan where the rats started with high fat diet 

for 14 weeks then they switched to normal chow for 4 weeks. There was a significant increase 

in the body weight for rats fed HF diet. The body mass was consistently growing until the end 

of 14 weeks. After substituting HF diet with standard chow, it was noted a reduction in body 

weight of male rats, but the reduction in the weight was not statistically significant compared 

to control group. Of note, the obese male rats were resistance to lose weight in a short period 

(4 weeks) even though they consumed a similar portion of standard chow that control group 

did (Figure 15)( Figure 16). Noteworthy, female rats exhibited different outcomes pattern. 

Female rats who were fed HF diet gained a significant body weight compared to control groups 
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in the first 14 weeks. When the food was switched to standard chow after 14 weeks of HF diet, 

worth to note that food intake for obese female rats remarkably reduced compared to control 

group (Figure 16). In other words, they consumed about the half calories that control group 

had in the last four weeks (week 15 -18) of standard diet which leaded to reduce their average 

body weights from 424 g on week 14 to 373 g on the 18 weeks (Figure 17).  The last achieved 

average weight (373 g) was in the line with average weight of control group by the end of 18 

weeks study plan (Figure 15).   

With comparing the food intake per day for control groups of male and female rats, it was 

noted that the female rats consumed less amount of food compared to male rats. This 

difference was statistically significant (Figure 16).    
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Figure 14: Weekly average weight gain (g) of all groups. Rats were fed on: (Control) standard 

diet + normal drinking water and high fat (HF) diet + normal drinking water as described in 

the ‘Experimental methods’ section. Values are means ± SD (n 4). From 4 weeks on, male rats 

on HF diet gained weight significantly greater (p < 0.05) than the control groups. From 3 

weeks onwards, female rats on HF diet had a significant weight than the control group (p < 

0.05). 
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Figure 15: Weekly average weight gain (g) of all groups. Rats were fed on: (Control) standard 

diet + normal drinking water and high fat (HF) diet + normal drinking water as described in 

the ‘Experimental methods’ section. Values are means ± SD (n 4). For first 14 weeks, HF rats 

were fed high caloric diet followed by normal diet in the last 4 weeks. From 2 weeks onwards 

until week 14, rats fed HF diet gained a significant body weight (p < 0.05). Obese female rats 

had a remarkable reduction in the body weight by the end of 18 weeks study (p < 0.05).  
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(A) 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

Figure 16: Average food consumed per rat from each group. Groups were fed either: standard 

diet or HF diet for 14 weeks (A) and for 18 weeks (B) as described in the ‘Experimental 

methods’ section. Values are Means ± SD (n 4).  
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(A) 

 

 

 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

Figure 17: Daily caloric intake (Kcal/day/rat) of all groups. Groups were fed either: standard 

diet or HF for 14 weeks (A) and for 18 weeks (B) as described in the ‘Experimental methods’ 

section. Values are Means ± SD (n 4). 
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Body weight for rats involved in propofol studies  

 

All the data related to the body weights, food intake and Kcal/day was already interpreted 

and published by Abdussalam et al. [152] 

 

3.3. Incubation of liver microsomal protein with lidocaine for control and HF diet fed 

female rats 

 

For microsomal incubation, 1 mg protein per ml was used. This concentration was adopted 

from Von et al. who used this concertation to study lidocaine metabolism in different species 

including Sprague-Dawley rats [225].    

After incubation of lidocaine (100 – 10000 µM) for 10 min with 1 mg/ml of microsomes, the 

formation rate of MEGX was determined for lean and obese female rats on 14- and 18- week 

dietary course. The pattern of MEGX formation for 14-week and 18-week study were 

illustrated (Figure 18-20)  and (Figure 21-23) respectively. Those kinetic parameters of 

MEGX formation was determined after fitting the data to Michaelis-Menten equation. 

Furthermore, clearance plots were used to determine those kinetic parameters (Table 6). For 

female rats who were on 14-week study, there was a statistically significant reduction in Vmax   

of HF fed group compared to control group. Interestingly, female rats who were on standard 

chow after 14 week of HF diet did not show any significant difference in Vmax compared to 

control group. Other kinetic parameters including Clint and Km did not differ significantly 

between all groups.   
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Figure 18: MEGX formation rates from lidocaine in hepatic microsomes of 14-week female 

rats (control group). Each “n” (n1, n2, n3 and n4) represents different microsomal preparation 

from different rats and each “n” is a separate run for the experiment. The fitted n1, n2, n3 and 

n4 represent the predicted data for each “n” obtained by the best-fit model of the tested non-

linear pharmacokinetics models 

 

 

 

 

 

Female rats (14 weeks_ control) 
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Figure 19: MEGX formation rates from lidocaine in hepatic microsomes of 14-week female 

rats (HF group). Each “n” (n1, n2, n3 and n4) demonstrates different microsomal preparation 

from different rats and each “n” is a separate run for the experiment. The fitted n1, n2, n3 and 

n4 represent the predicted data for each “n” obtained by the best-fit model of the tested non-

linear pharmacokinetics models. 
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Figure 20: MEGX formation rates (Mean±SD), (n=4) from lidocaine in liver microsomes of 

control and obese female rats (14-week female rats). 1 mg/ml of protein was incubated with 

100 – 10,000 μM of lidocaine for 10 min. MEGX formation rates were calculated using HPLC. 

The one enzyme model was fitted to the data. 
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Figure 21: MEGX formation rates from lidocaine in hepatic microsomes of 18-week female 

rats (control group). Each “n” (n1, n2, n3 and n4) represents different microsomal preparation 

from different rats and each “n” is a separate run for the experiment. The fitted n1, n2, n3 and 

n4 represent the predicted data for each “n” obtained by the best-fit model of the tested non-

linear pharmacokinetics models  
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Figure 22: MEGX formation rates from lidocaine in hepatic microsomes of 18-week female 

rats (HF group). Each “n” (n1, n2, n3 and n4) demonstrates different microsomal preparation 

from different rats and each “n” is a separate run for the experiment. The fitted n1, n2, n3 and 

n4 represent the predicted data for each “n” obtained by the best-fit model of the tested non-

linear pharmacokinetics models  
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Figure 23: MEGX formation rates (Mean±SD), (n=4) from lidocaine in liver microsomes of 

control and obese female rats (18-week female rats). 1 mg/ml of protein was incubated with 

100 – 10,000 μM of lidocaine for 10 min. MEGX formation rates were calculated using HPLC. 

The one enzyme model was fitted to the data. 
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Table 6: Kinetic constants (Mean±SD) for liver microsomes MEGX formation in control and 

obese rats. Comparisons were done using Student’s unpaired t tests. “a” differed significantly 

from control (p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 
14 weeks study 18 weeks study 

Parameter Lean Obese Lean Obese 

Vmax 

nmol/min/mg protein 

1.10±0.05 0.86±0.17a 1.04±0.09 1.23±0.28 

Km, mM 0.66±0.087 0.71±0.1 0.68±0.02 0.67±0.08 

Clint 

µL/min/mg protein 

1.67±0.2 1.25±0.4 1.51±0.12 1.82±0.33 
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3.4. Incubation of liver microsomal protein with propofol for control and obese rats 

 

The glucuronidation rate of propofol with increasing protein concentration from 0.5 to 4 

mg/ml was increased linearly suggesting that 1 mg/ml would be the best option to use in 

microsomal incubations study (Figure 24).  

The liver microsomes of high caloric diet fed rats were used to assess the metabolism rate of 

propofol. Those rats were confirmed to be obese based on their body weight, caloric intake, 

and plasma biochemistry including cholesterol, triglycerides and leptin compared to control 

group.   

Upon incubation of propofol (5 – 1000 µM) for 10 min with 1mg/ml of microsomes, the 

metabolism rate of propofol was calculated for lean and obese male rats who were on 14-week 

dietary phase.  

The consumption of propofol by the microsomes was calculated by measuring the 

concentration difference between incubation of the drug with the microsomes at zero time (no 

metabolism) and at 10 minutes after incubation (time required for the metabolism). Then the 

consumption rates were plotted against the propofol concentrations (Figure 25-29). Each 

group has a different kinetic pattern. The kinetic parameters of propofol for control group were 

fitting the data to two enzymes models. Michaelis-Menton equation using shape factor was 

best fitted to calculate the PK parameters of HFCS group while Michaelis-Menton equation 

was best fitted to HF and HF/HFCS groups. In comparison with control group, HF group 

exhibited a significant reduction in Vmax while HFCS and HF/HFCS showed a significant 

induction of Vmax values. There was a significant different in the values of Km among the 

control and high caloric group, HF < HF/HFCS < Control. Although there was no statistically 
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significant different in Clint between the control and HF group, HF/HFCS demonstrated a 

significant induction of Clint (Table 7). 

 

  

 

 

 

 

 

 

 

 

Figure 24: Linearity of propofol metabolism in different protein concentration of microsomes 

(250 μM of propofol was incubated with 0.5, 2 and 4 mg/mL hepatic microsomes). 
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Figure 25: Propofol consumption rates in hepatic microsomes of control group. Each “n” (n1, 

n2 and n3) demonstrates different microsomal preparation from different rats and each n is 

pooled liver microsomes. The fitted n1, n2 and n3 represent the predicted data for each n 

obtained by the best-fit model of the tested non-linear pharmacokinetics models (two enzymes 

models).  
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Figure 26: Propofol consumption rates in hepatic microsomes of HF group. Each “n” (n1, n2 

and n3) demonstrates different microsomal preparation from different rats and each n is pooled 

liver microsomes. The fitted n1, n2 and n3 represent the predicted data for each n obtained by 

the best-fit model of the tested non-linear pharmacokinetics models (Michaelis-Menton 

kinetic).  
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Figure 27: Propofol consumption rates in hepatic microsomes of HF/HFCS group. Each “n” 

(n1, n2 and n3) demonstrates different microsomal preparation from different rats and each 

“n” is pooled liver microsomes. The fitted n1, n2 and n3 represent the predicted data for each 

n obtained by the best-fit model of the tested non-linear pharmacokinetics models (Michaelis-

Menton kinetic).  
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Figure 28: Propofol consumption rates in hepatic microsomes of HFCS group. Each “n” (n1, 

n2 and n3)  demonstrates different microsomal preparation from different rats and each “n” is 

pooled liver microsomes. The fitted n1, n2 and n3 represent the predicted data for each “n” 

obtained by the best-fit model of the tested non-linear pharmacokinetics models (Michaelis-

Menton kinetic with shape factor).  
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Figure 29: Propofol consumption rate (Mean±SD), (n=3) using liver microsomes of control 

and obese male rats. 1 mg/ml of protein was incubated with 5 – 1000 µM of lidocaine for 10 

min. Each group has a distinct enzyme kinetics that fit to the data.   
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Table 7: Kinetic constants (Mean±SD) for liver microsomes propofol metabolism in control 

and obese rats. * Group showing this symbol is not different from one another. Where no 

symbol appears, there is a significant different from other group (ANOVA with Bonferroni 

correction, p <0.05).  

 

 

 

Parameter Propofol consumption rate 

Liver 

Control HF+HFCS HF HFCS 

Vmax  

(nmol/min/mg)  

5.23 ± 0.75 7.18 ± 0.58 2.12 ± 0.08 57.85±1.09 

Km (μM)  458.51 ± 12.8 389.6 ±0.01 177.3 ± 9.1 711.3±7.85 

CLint 

(µL/min/mg)  
11.5 ± 1.78 * 18.4 ± 1.5 * 12.02 ± 1.12 81.32±0.94 

CL2 

(µL/min/mg)  

0.71 ± 1.17 _ _ _ 

Shape factor, n _ _ _ 3.43±0.03 
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3.5. Western blot result  

 

To investigate weather the HF diet and normalization of a high fat to normal diet would change 

the protein expression in female rats, the microsomal proteins were prepared from those rats’ 

liver of control and obese group. The proteins expression of P450 including CYP2E1, 

CYP3A1, CYP1A2, CYP2C12, and CYP2D1 were determined using western blot analysis. In 

14-week dietary phase where the female rats on HF diet, there was a significant reduction in 

the protein levels of CYP3A1, CYP1A2 and CYP2C12 in comparison to control group (Figure 

30). Interestingly, this reduction in the protein’s expression was normalized when female rats 

were given a standard chow for 4 weeks after 14 weeks of HF diet (Figure 31). The protein 

expression of CYP2D1 was examined among obese male Sprague Dawley that were on high 

caloric diet for 14 weeks (Figure 32). In the HF rats, CYP2D1 expression was downregulated. 

However, in the rats given HFCS alone or HFCS+HF had relatively larger increase in 

CYP2D1 compared to control group (Figure 32). The expression of UGT1A1 was also 

determined in those obese rats (Figure 33).  All groups fed high caloric diet demonstrated 

significant reduction in the expression of UGT1A1 (Figure 33).   
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Figure 30: Effect of HF diet on the protein expression of metabolizing enzymes in liver 

of female rat. CYP2E1, CYP3A1, CYP1A2, CYP2C12, and CYP2D1 proteins were detected 

using the enhanced chemiluminescence method. The intensity of bands was normalized to β 

actin signals. Data are presented in fold of control (mean ± S.E.M., n = 4). * p <0.05 compared 

to control using unpaired Student t-test. 
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Figure 31: Effect of diet normalization on the protein expression of metabolizing 

enzymes in liver of female rat. CYP2E1, CYP3A1, CYP1A2, CYP2C12, and CYP2D1 

proteins were detected using the enhanced chemiluminescence method. The intensity of bands 

was normalized to β actin signals. Data are presented in fold of control (mean ± S.E.M., n = 

4). There was no statistically significant difference between  HF and control group (unpaired 

Student t-test). 
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Figure 32: Rat CYP2D1 expression measured using western blot in lean control rats 

versus those fed either HFCS, HF, or combination (HF+HFCS) diet for 14 weeks (mean 

+ SD., n = 4). * Significant difference between the lean control and high calorie fed dietary 

group.  
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Figure 33: Rat UGT1A1 expression measured using western blot in lean control rats 

versus those fed either HFCS, HF, or combination (HF+HFCS) diet for 14 weeks (Mean 

+ SD, n = 4). *Significant difference between the lean control and high calorie fed dietary 

group.  
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The proteins level of cyp3a41, cyp1a2, and cyp2e1 were evaluated for C57B1/6J mice. For 

obese male mice who were on HF diet, it was noted that the expression of cyp3a41 was 

significantly low whereas cyp2e1 was significantly high. Similarly, the level of cyp3a41 was 

markedly low in diabetic male mice. For female mice, there was not any significant changes 

in the protein expression of cyp3a41 in treated groups compared to control group. The protein 

expression of cyp2e1 was more than double higher in HF female mice than control group. 

There was a reduction in the expression of cyp1a2 almost half the percentage of control group 

(Figure 34-36).  
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Figure 34: Effect of HF diet on the protein expression of metabolizing enzymes in liver 

of HF male mice. Cyp3a41, cyp1a2, and cyp2e1 proteins were detected using the enhanced 

chemiluminescence method. The intensity of bands was normalized to β actin signals. Data 

are presented in fold of control (mean ± S.E.M., n = 3). * p <0.05 compared to control using 

unpaired Student t-test. 
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Figure 35: Effect of HF diet on the protein expression of metabolizing enzymes in liver 

of diabetic male mice. Cyp3a41, cyp1a2, and cyp2e1 proteins were detected using the 

enhanced chemiluminescence method. The intensity of bands was normalized to β actin 

signals. Data are presented in fold of control (mean ± S.E.M., n = 3). * p <0.05 compared to 

control using unpaired Student t-test. 
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Figure 36: Effect of HF diet on the protein expression of metabolizing enzymes in liver 

of HF female mice. Cyp3a41, cyp1a2, and cyp2e1 proteins were detected using the enhanced 

chemiluminescence method. The intensity of bands was normalized to β actin signals. Data 

are presented in fold of control (mean ± S.E.M., n = 3). * p <0.05 compared to control using 

unpaired Student t-test. 
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Chapter 4: Discussion  
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Serious medical comorbidities are associated with obesity, many of which require  

pharmacological intervention. Obesity is associated with pathophysiological changes that 

might affect the pharmacokinetics of drugs, and obesity is a highly prevalent condition. 

Although there is some data on the pharmacokinetic changes that might accompany obesity, 

considering the entire scope of what is published on obesity, the scope of knowledge in 

pharmacokinetic changes has been modest at best. This is an important area because 

pharmacokinetic changes can have a direct impact on a drug’s safety and effectiveness.  

Several research efforts have been reported the influence of obesity on phase I and phase II 

metabolizing enzymes. Those studies usually assessed the expression of proteins, mRNA 

levels and the functional activity of drug metabolizing enzymes. What we have done in our 

lab was to investigate and evaluate the impact of obesity on proteins expression as well as 

enzymes activities that involved in metabolism of most commonly used drugs.  

To mimic the modern lifestyle diets, we implemented different sources of high caloric diet in 

our animal models to induce the obesity. High fat chow and high fructose corn syrup 

equivalent were used for this purpose. The male and female Sprague Dawley rats were fed 

rich caloric diet for different time intervals. At the end of high calorie dietary phase, it was 

noted that all rats gained weight significantly compared to the control group. What was novel 

in our study design was that we also changed the diet after the high calorie phase to observe 

the potential for reversibility of any changes in expression and/or enzyme activity. 

For assessing enzymes activities in obese rats, we used substrates that are mainly metabolized 

by phase I and phase II enzymes and are widely used in clinical practice. The widely used 

local anesthetic and antiarrhythmic agent, lidocaine, was used as it is primarily metabolized 

by CYPs, CYP3A4 in humans and it’s equivalent, CYP3A1, in rats. The sedative/anesthetic 
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agent propofol is commonly used in general anesthesia, intensive care units and caesarean 

section. It is metabolized by CYP (phase I) and UDP-glucuronosyltransferase (UGT) (phase 

II).   

 

4.1. Development of an HPLC-UV assay for the determination of lidocaine in human 

serum 

The HPLC method described here represents an accurate and precise avenue to determine the 

concentration of lidocaine in 0.25 mL volumes of human serum. The volumes of serum 

required are at the lower end of those volumes used by other analytical methods [156-169]. 

Additionally, the reported validated lower limits of quantitation are frequently greater than 50 

ng/mL [157-159, 162-163, 166-167]. The lowest validated quantifiable concentration was 

found in the literature to be 10 ng/mL, though a serum volume of 1 mL was required [160]. 

Sintov et al. reported that the validated lower limit of quantification by using fluorescence 

detector was 25 ng/mL, which also required larger volumes of specimen up to 1 mL and 

derivatization following the extraction process [164], thereby adding elements of expense and 

time into sample preparation. The lower limit of quantitation (LLQ) in the current method is 

comparable to 50 ng/ml by the GC-MS method [156]. Alkaline conditions were used to force 

lidocaine into its free base form, which promotes its extraction into a suitable organic solvent 

[164]. For the extraction of lidocaine from biological matrices, different solvents have been 

used in HPLC methods. These include an ethyl acetate/hexane/methanol mixture [166], 

dichloromethane [157], ethyl acetate [159, 163], and a mixture of diethyl 

ether/dichloromethane [160]. Qin et al. had previously used diethyl ether as an extraction 

solvent for local anesthetics in human plasma, including procaine, ropivacaine, tetracaine, 
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bupivacaine, including lidocaine [161]. The extraction of lidocaine from plasma in their hands 

was virtually complete, similar to what we had found. For this reason, we adopted the 

extraction method of Qin for use in the currently described assay method. Qin et al. had used 

carbamazepine as their internal standard. Due to its late elution time compared to 

procainamide [161], we chose to use procainamide instead. Although its recovery was less 

than that of lidocaine, it nevertheless extracted very consistently and provided excellent 

standard curves and validation indices. Procainamide would be an unlikely interfering 

substance in a patient as while it is chemically similar to lidocaine, it is not a popular 

antiarrhythmic currently, nor is it used as an anesthetic agent. The disadvantage of 

procainamide is that it requires that the UV detector possess the ability to program a change 

in wavelength after the elution of the internal standard. In terms of mobile phase composition, 

acetonitrile and phosphate solution are the most common components in most of the reported 

studies [156-157, 160, 161-169]. Only Tam et al. and Qin et al. supplemented the mobile phase 

with 0.15% and 0.16% of triethylamine (TEA), respectively [159, 161], while Chen et al. 

supplied the mobile phase with 1% diethylamine [158]. In the current method, 0.15% of 

triethylamine was added as it improved the peak symmetries and reduced the peak tailing of 

the compounds of interest, as has been noted for other compounds [170,171]. From the 

literature, the retention time for the compound of interest ranged from 3.6 to less than 13 min 

(156 -169). The measured serum concentrations in the patient were in accordance with 

measures of plasma concentrations observed previously in patients administered the same dose 

of lidocaine HCl as depot parenteral injections [172]. The presence of a peak at 6.4 min was 

noticed in HPLC-UV chromatograms of blank (drug-free) human serum. Unfortunately, the 

appearance of this peak in the blank serum (with or without a caffeine-free period) virtually 
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coincided with the elution of monoethylglycylxylidide (MEGX), a major metabolite of 

lidocaine [173]. In the first sample taken from the patient 10 min after the dose, although 

lidocaine was present, there was no peak observed eluting between 6 and 7 min. In later timed 

samples, such as 1 h after dosing (Figure 8) a peak virtually coinciding with MEGX was 

apparent. However, because in the volunteer serum, a large, mostly interfering peak was 

present, it was not possible to quantify the MEGX concentrations in the serum of the patient 

using the chromatographic conditions optimal for lidocaine elution. The patient differed from 

those subjects contributing volunteer serum in that the patients were required to fast before 

the surgery. Hence, it is possible that the peak in the healthy serum was from a food 

component, as none of the healthy volunteers had consumed any medications before 

contributing the blood for serum. The assay of metabolite was not a primary aim of this study, 

so we did not further pursue assay work as it would have meant a longer analytical run time 

for lidocaine, our primary analyte of interest. We did check for the elution of caffeine, and 

indeed it eluted at the same time as the large interfering peak in the serum of the volunteers 

who drank caffeine, but it was still present even after a 24 h caffeine fast. Therefore, it most 

likely derived from some other component of food, or perhaps a metabolite of caffeine that is 

of sustained presence in serum. The patient also received other medications during surgery, 

and we believe that one of these may have been represented by the peak at 4.8 min (Figure 8), 

as it was not also seen in the volunteer serum, none of whom ingested any other drugs orally. 

In the in vitro metabolism study of lidocaine in rat microsomes, there were no interfering peaks 

present in the samples that would interfere with the assay of MEGX.  

The assay was then used in a clinical study to assess the pharmacokinetics of lidocaine after 

rectus sheath administration. We were fortunate to have had included in the study population 
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10 patients of wide range of age and BMI. Hence, the relationships between the 

pharmacokinetic data (t½, and weight normalized CL/F and Vd/F) and the body metrics of 

age and BMI was evaluated. Two significant relationships were observed (Figure 11, 13), BMI 

vs. t½ (positive) and age vs. CL/F (negative). In rats, decreases in hepatic blood flow occur 

with higher age and body weight, as are levels and activities of CYP3A isoforms (involved in 

lidocaine metabolism) [174-176]. General anesthesia is associated with reduction in the 

hepatic and portal blood flow, particularly in older patients (>55 y) [177-179], and the average 

age of patients involved in this study was 63.9 y. Therefore, it is possible that hepatic blood 

flow was lower at the time of lidocaine injection and during at least part of the postsurgical 

recovery period, which may have contributed to a lower CL/F.  

Other factor contributes to reduction of lidocaine clearance is that surgery is associated with 

significant increases in the circulating plasma concentrations of α1 acid glycoprotein, a major 

binding protein of lidocaine in plasma [180-181].  

Aging by itself is associated with reduced liver size and hepatic blood flow [182]. Indeed, 

lidocaine CL has been found to be lower in elderly subjects compared to young subjects [183].  
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4.2. Rat model of obesity  

Previously published studies have reported alterations in pharmacokinetics properties  of some 

drugs among obese population; however, there were some contradictions between the findings 

of those studies [184 -187, 43, 65, 109). In our project, we studied the impact of obesity on 

the activities of liver enzymes and proteins expressions of metabolizing enzymes that are 

involved in metabolism of commonly used drugs in the clinic. Based on other studies our 

laboratory has completed in male rats, we hypothesized that obesity would associate with 

down-regulation in the expression and functional activities of number of CYPs enzymes and 

UGT. In addition, there are some differences in the responses among female and male rodents 

as well as normalization of a high fat to normal diet leads to normalization of protein 

expression and enzyme activity. To investigate our hypothesis, we developed an animal model 

where the rats were fed a diet that mimics Western-lifestyle food. The first model was focusing 

on feeding the male and female rats HF diet only.  The second model, previously developed 

in our lab, was emphasising on include HF diet and high fructose corn syrup in the diet.  

 

4.3. Validation of the animal model: The effect of high caloric diet on body weight 

In the recent developed model, all rats that were feed HF diet for 14 weeks gained a significant 

weight compared to control group. The end average weight for male rats was remarkably high 

(28% higher) compared to control group (842 vs. 656 g) (Figure 14) with average Kcal intake 

per day was 114 for control group and 134 for obese rats (18% higher) (Figure 17(A)). In 

female rats, the end average weight (20% higher) and average Kcal/day (13% higher) for 
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female rats were significantly higher than control group (427 vs. 355 g and 85 vs. 75 Kcal/day) 

(Figure 14) (Figure 17(A)).  

Male and female rats had similar average weight in the beginning of the “14 weeks study” and 

had identical composition of fat and standard diet. Interestingly, female rats gained less weight 

than male rats. Schemmel et al. indicated similar outcomes and exhibited the influence of sex 

and age on the body weight. The body weights were statistically different between male and 

female sprague dawley rats, female rats showed lower weight than male rats. Equivalently, 

age led to a significant increase in body mass [188].  

In the 18 weeks arm, both male and female rats gained significant weight than control group 

when they were on HF diet in the first 14 weeks of study. By the end of 14 week, the measured 

mean weights for obese and lean male rats was 985 and 696 g, respectively (42% larger in HF 

rats) (Figure 15). Similarly, HF female rats gained more weight than lean one (424 vs 345 g, 

23% higher) (Figure 15). Impressive outcomes were observed when the diet plan was switched 

to low caloric diet (standard chow). For obese male rats, the average body weight hit a plateau 

over the last 4 weeks after the diet switch (Figure 15). Indeed, obese male rats consumed 

similar average amounts of normal chow to that in the control group did (30 g/day obese rats 

vs. 31 g/day lean rats) ((Figure 16(B))). Thus, there was minor reduction in weight of obese 

male rats as result of low caloric intake per day. For obese female rats, there was a remarkable 

reduction in their weights over the last 4 weeks after the dietary switch. Their average weights 

dropped from 424 g at week 14, to 373 g, at week 18 (Figure 15). The significant decline in 

their weight matched the significant reduction in the average food intake per day after 

switching the food to low caloric diet (Figure 16 (B)). The average food intake in obese female 

rats was about 15 g/day while in control group was about 24 g/d which represents a 40% 

https://www.thesaurus.com/browse/equivalently
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reduction in the food intake. This significant reduction lead to overlapping of average weight 

of control and obese female rats by the end of the 18 week study arm (Figure 15).  Thus, low 

and high caloric diets, respectively, had apparent  catabolic and anabolic effects as measured 

by the body weights of the rats. 

 

As previously observed [152], the rats were fed high caloric diet for 14 weeks. The average 

recorded weight after 14 weeks of dietary phase for HFD-HFCS, HFD, HFCS, and control 

groups was 802, 789, 719, and 639 g respectively. All groups had a remarkable increase in 

caloric intake in comparison to control group [152]. Regarding visceral fat mass, all high 

caloric fed rats gained a significant fat mass compared to control group, with highest fat mass 

gain occurred in HF group. In addition, some of biochemical markers that are characteristic 

feature associated with obesity in the plasma were studied in those groups. Compared to 

control group, both HF and HF-HFCS fed groups had a significant increase in cholesterol 

plasma levels whilst HFCS fed group demonstrated upward trend in plasma cholesterol levels. 

High caloric fed groups had upward tendency in the mean plasma levels of triglyceride 

compared to control group, yet this was significant only for HFD-HFCS and HFCS groups. 

HF group is the only group that experienced significant increase in the level of  HDL [152]. 

The obese animal model was characterised with hyperinsulinemia with a small elevation of 

plasma glucose and without any significant changes in the biomarkers of liver injury including 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) [152]. Thus, the impact 

of other factors such as diabetes and liver injury on drug metabolizing enzymes in obese rats 

were omitted.  
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4.4. Fitting procedure for microsomal incubation study  

Computer-aided nonlinear curve fitting is commonly used to determine the pharmacokinetics 

parameters. Many models are available to assess the goodness of fit of provided data sets to 

the model. Most models of metabolism are curved relationships in practice. For our purposes, 

to solve nonlinear programming problems, “Generalized reduced gradient algorithm” 

available to us as part of the Solver routine in Microsoft Excel was used. It is used as an 

iterative algorithm to arrive at solution based on the sum of least squares estimation via 

providing an initial value to get the required Michaelis-Menton parameters. The process was 

repeated many times using different initial values to arrive at the best estimates of the values.   

Several models were implemented and tested when the enzyme kinetics for lidocaine 

metabolism, MEGX formation, and propofol metabolism were determined. The study was 

done on liver tissue of normal and high caloric diet. The utilized models were simple 

Michaelis-Menton kinetics, sigmoidal Michaelis-Menton kinetics with the shape factor and 

two enzyme (one saturable, the other not) system [189]. 

To select which model fits best to the experimental results, the Akaike Information criterion 

(AIC) was applied. AIC is commonly employed in analyzing clinical and pharmacokinetic 

data. It is based on maximum likelihood estimation and it selects the model that minimizes 

mean squared error of prediction as well as minimizes maximum possible risk in finite sample 

sizes [190]. The model with the smallest AIC value (negative value) is an indication of the 

most appropriate model and fits the actual data [191]. 
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AIC = N In Re + 2p 

 

Where N is the number of data points, Re is the residual sum of squares and p is the number 

of parameters estimated by the model (for example, for the simple Michaelis-Menton model, 

p is 2 as Vmax and km are the only estimated parameters). 

 

4.5. The effect of diet induced obesity on the metabolism of lidocaine in female Sprague-

Dawley rats  

The kinetic constants including Vmax, Km, CLint were determined in female rats after 14- 

and 18-weeks dietary phase. Those parameters were determined after each phase. When we 

compared control and HF groups, it was noticed that the Vmax of MEGX was significantly 

lower in obese female rats compared to lean ones (Figure 20). In contrast, other parameters 

such as Km and CLint were not changed between treated and control groups (Table 6). This 

suggests an impact of obesity on the responsible enzyme’s expression because lidocaine is 

principally metabolized via CYP3A4 and CYP1A2 in human liver [138, 150, 192]. Thus, any 

potential changes in these enzymes would in turn influence their activities. 

To confirm our finding regarding the reduction of lidocaine metabolism in obese rats, we 

determined the expression of the presumed enzymes involved in the metabolism of lidocaine 

(CYP3A4 and CYP1A2) to MEGX using immunoblotting technique. We found a significant 

reduction in the protein expression of CYP3A1 and CYP1A2. Our findings are largely 

correlated with several completed studies on human (CYP3A4) who had NAFLD and obese 

male rats (CYP3A1) which demonstrated a significant reduction in activities of these enzymes 
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and their proteins expression [193, 152]. No study has been developed to examine the 

influence of obesity on CYP1A2 in obese female rats.  

The second study design where the female rats were on dietary phase for 18 weeks. During 

the 18 weeks, they were fed HF diet for 14 weeks followed by 4 weeks of normal diet. Then, 

similar experiments that were conducted on the previously discussed 14 weeks study were 

also applied on 18 weeks study. Interestingly, after comparing the kinetic constants (Vmax, 

Km, Clint) between obese and lean female rats, there was no statistically significant difference 

between two groups (Table 6). Impressively, the reduction in the protein expression of 

xenobiotic-metabolizing enzymes in 14 weeks study (CYP3A1 & CYP1A) was normalized 

after the dietary switch (Figure 31).  

The underling mechanism for repression of CYP3A1 and CYP1A2 is the involvement of 

transcriptional factors [195, 196]. It was reported that cytokines including IL-6, IL-4 and 

TNFα play a role in down-regulation the expression of drug metabolizing enzymes. These 

proteins are expressed from the adipose tissue, and it is known the obese individuals have a 

massive adipose tissue mass. Thus, obesity is associated with abundant release of these 

cytokines [197].   

Regarding the correlation of CYP3A4 and inflammatory signal, CYP3A4 which is a major 

xenobiotic-metabolizing enzyme is negatively regulated by IL-6. This down-regulation occurs 

as result of activation of the glycoprotein receptor gp130 by IL-6 which initiates cytoplasmic 

signal transduction cascades. Another mechanism is that IL-6 moderately induces the mRNA 

of transcriptional factor C/EBPβ (CCAAT-enhancer binding protein β) [195]. Consequently, 

these intracellular changes lead to downregulation of CYP3A4. One of the studies has 

examined the effect of inflammatory cytokines on the gene expression of CYP1A2 that was 
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tested on adult human  hepatocyte. It was found that the present of IL-6, TNF-α, IL-4, IL-1β 

and INF-γ were capable to reduce the mRNA expression of CYP1A2 up to 70% [196]. 

However, Barker et al. has reported a reduction in the rates of the transcription of CYP1A2 

gene expression in isolated rat hepatocytes which was induced by IL-1 but not IL-6 or TNF in 

the presence of 2,3,7,8-tetrachlorodibenzo-p-dioxin, which is CYP1A2 inducer [198].  

Suppression of transcriptional factors, AhR and Arnt, by Kupffer cells which produce 

proinflammatory cytokines lead to downregulation of CYP1A2 [199]. There is no study has 

been conducted to evaluate the effects of dietary-induced obesity on transcriptional regulation 

of CYP1A2.  

The information about the effects of dietary-induced obesity on transcriptional regulation of 

drug-metabolizing enzymes is scarce and little known. In our study, we believe that the 

switching to a normal diet countered the impact of obesity on the protein expression 

alterations. The normalization of the protein levels might relate to reduction in the mass of 

adipose tissue which was noted the weights of obese female rats was reduced significantly to 

match the weight of control group. Thus, reduction in the expression of inflammatory 

cytokines is expected. Other potential mechanisms would be normalization of biochemical 

markers.  
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4.6. The effect of diet induced obesity on the metabolism of propofol in rats’ liver  

For the propofol study, we utilized the previously developed animal model (male Sprague 

Dawley rats) in our lab [152]. Those rats were fed high caloric diet (HF, HFCS, and 

combination HFCS+HF). 

Different concentrations of propofol up to 1000 µM were incubated with liver microsomes. 

This wide range of concentration was adopted from Mukai et al. Mukai et al demonstrated that 

the kinetics of propofol glucuronidation fit a biphasic model [151] which is in line with what 

we found. In our study, the reported Vmax from the control group was 5.23±0.75 nmol/mg 

protein/ min. Even though Mukai et al. reported the Vmax for low and high affinity phases to 

be 2.07±0.37 and 0.58±0.12 nmol/min/mg protein respectively, it is crucial to consider the  

strain and age differences of rats. In our experiment, we used male Sprague dawley rats which 

were 18 weeks old by the end of the study. In contrast, Mukai et al. used male Wistar rats who 

were younger age than our rats (8-10 weeks) when the experiment was conducted [151]. 

Similar study by Shimizu examined the kinetics parameters of propofol on male Wistar rats 

with similar age (7-8 weeks). However, this study demonstrated that enzyme kinetics of 

propofol best fit Michaelis-Menton kinetics and Vmax was 0.39±0.02 nmol/min/mg protein 

[200].  

No studies have been conducted to examine the kinetic constant of propofol in obese rats. In 

our experiment, we found that rats fed HF diet exhibited significant reduction in 

glucuronidation of propofol compared to control group (2.12±0.08 vs. 5.23±0.75 

nmol/min/mg protein) (Figure 29). In contrast, the group that drank high fructose corn syrup 

in conjunction with HF diet and HFCS alone showed the opposite effect on glucuronidation 
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activity, indicative of significant induction in the glucuronidation pathway (Figure 28) (Figure 

29).  

It was reported that over 70% of propofol is glucuronidated and at almost less than 50% of 

metabolites are hydroxylated in humans [201]. Based on what was mentioned about propofol 

metabolism in section 1.9.2.,  it is metabolized to inactive substrate via different UGTs and 

CYPs isoforms. CYP2C9 [201, 204] and UGT1A9 [151, 203] are predominate enzymes 

involve in metabolism of propofol in human. We observed that UGT1A1 protein expression 

was remarkably reduced among all different types of high caloric diet (over 50% reduction) 

(Figure 33). Ghose R et al reported a reduction in the RNA level of ugt1a1 in male mice fed a 

HF diet (60% kcal fat) [207]. There is limited literature on the impact of obesity on the 

expression of phase II enzymes. 

 

4.7. The effect of diet induced obesity on the expression levels of CYP and UGT enzymes 

in the liver   

4.7.1. Expression levels of CYP enzymes in the liver of female Sprague Dawley rats 

We examined the protein expression of the following enzymes CYP3A1, CYP1A2, 

CYP2C12, CYP2E1, and CYP2D1. Regarding CYP3A1 expression, it was significantly 

reduced in female rats about 60% (Figure 30). There is no previous study that assesses the 

expression of CYP3A1 in female rat, the result here match what was reported in obese human 

and male Sprague Dawley rats [193, 152]. The possible explanation for the reduction of 

CYP3A1 was mentioned in detail in the section 4.5.1. CYP1A2 expression was reduced 

significantly in obese female rats compared to lean female rats (about 40% reduction) (Figure 
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30). No published study has examined the influence of high caloric diet on CYP1A2 

expression in female Sprague Dawley rats. Elam et al, revealed that CYP1A2 gene expression 

was significantly reduced in the livers of morbidly obese women [205]. One study that was 

done on male Zucker rats showed induction in CYP1A2 expression; however, there was no a 

clear statement or Figure to show if they used a housekeeping gene to normalize the bands 

reading of CYP1A2 in their study [194].  

Wright et al. found, interestingly, that IL-1 but not IL-6 in female rats was associated with  

down-regulation of CYP2C12 mRNA and protein expressions using in vivo and in vitro 

assessments[206]. Eventhoug this study was not conducted on obese female rats, it is expected 

to observe similar outcome on the expression of CYP2C12 in obese female rats given that 

inflammatory stimuli are commonly associated with obesity. In our study, protein expression 

of CYP2C12 was reduced significantly about 40% comparing to control group (Figure 30). 

CYP2D1 was not changed in obese female rats comparing with control group (Figure 30).  In 

contrast, male Sprague-Dawley rats fed HF diet demonstrated a significant reduction about 

40% in the CYP2D1 level (Figure 32).  

There is a correlation between diets rich in fat and the expression of CYP2E1 in the liver. At 

cellular level (Figure 37), anti-apoptotic protein Bax inhibitor-1 (BI-1) has a critical role in 

minimizing endoplasmic reticulum (ER) stress and production of reactive oxygen species 

(ROS) which are triggered by increasing free fatty acid consumption. In addition, it was 

reported that the hepatic expression of BI-1 improve both glucose and insulin intolerance in 

mice fed HF diet via increasing tyrosine phosphorylation of IR, IS1/2, and increasing Akt 

(Protein kinase B) phosphorylation. A significant reduction of CYP2E1 activity and related 

lipid peroxidation were noted in liver of BI-1 overexpressing mice as  BI-1 is an inhibitor of    
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IRE-1α as well as the association of CYP2E1 with CPR. However, the interaction between 

BI-1 and  IRE-1α was impaired under free fatty acid stress. Thus, constant consumption of HF 

diet associates with induction of CYP2E1 and stimulation of IRE-1α  and PERK signaling 

transduction  [209].   

 

Figure 37: Correlation between high fat consumption and CYP2E1 activity as well as the 

relationships between obesity induced by HF diet and insulin resistance [209].  

 

4.7.2. Expression levels of CYP enzymes in the liver of male and female mice  

CYP2E1 is an inducible protein as various pathophysiological conditions contribute to 

enhance its level. It was reported that hepatic CYP2E1 is frequently prompted in obesity and 
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other related metabolic diseases. The enhancement of CYP2E1 protein expression and/ or 

activity was reported in the context of obesity, diabetes, fatty liver, and non-alcoholic 

steatohepatitis (NASH) in both human [212-217] and rodents [218-223]. Wide range of factors 

that exacerbate the expression of CYP2E1 are fatty acid, insulin resistance, inflammatory 

cytokines and some adipose hormones. Fatty acids such as palmitic and oleic acids are capable 

to induce mRNA and/or protein levels of CYP2E1 in human hepatocytes [216,217]. Moreover, 

experimental animals were on high-fat diets exhibited enhancement of hepatic CYP2E1 

expression and activity as a compensatory mechanism to get ride of excess fatty acids. The 

hepatic expression of  CYP2E1 is down-regulated by insulin through alteration its mRNA 

stability. However, some metabolic pathways such as gluconeogenesis and lipogenesis are 

resistant to insulin. Thus, insulin-mediated down regulation of CYP2E1 mRNA level would 

be impaired. Similarly, glucagon which is commonly high in obesity and insulin resistance is 

capable to induce CYP2E1 mRNA levels. Regarding to hormonal factor, obesity is frequently 

associated with alteration in the secretion of adipose hormones (leptin and adiponectin). 

Adiponectin level is commonly reduced in obese patients while leptinemia is induced in 

obesity. Inflammatory cytokines ,in particular, IL-4 induces the expression of CYP2E1  [70].  

From the analysis of the liver samples of the mice, the level of cyp2e1 in obese male and 

female mice was significantly higher than lean mice. These findings were in the line with those 

reported earlier in the protein expressions of male ICR mice and ob/ob female mice [Figure 

34-36] [211]. There was upwards trend in cyp2e1 expression in diabetic mice, but it was not 

significant (Figure 35).  

Cyp3a41 is mouse homologue of human CYP3A4, which metabolize a significant proportion 

of xenobiotics [60]. There was a significant reduction in the protein expressions of cyp3a4 in 
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obese and diabetic male mice as well as in female mice [Figure 34-36]. Similar results were 

observed by Yoshinari et al, where the cyp3a isoforms drastically diminished at both proteins 

and mRNA levels of obese male mice [210].  

The protein expression of cyp1a2 that was determined in obese and diabetic male mice 

appeared lower than control group, but it was not significantly. Yoshinari et al, demonstrated 

similar outcomes as there was no remarkable reduction in protein expression of cyp1a2 after 

5 weeks on HF diet while its mRNA level was diminished significantly [210].    

 

4.8. Conclusion  

• A new assay for lidocaine was developed. 

• There are correlations between lidocaine’s half life and body mass index and an 

inverse relationship between its clearance and age. 

• Diet induce obesity is associated with reduction in the hepatic microsomal rate of 

hydroxylation. 

• The protein expression of the most CYPs including CYP3A1, CYP1A2 and CYP2C12 

were diminished after relative long period consumption of HF diet.  

• Even though high fat diet itself revealed a reduction in the expression of CYP2D1, 

other type of energy dense food that contains sucrose demonstrated induction in its 

expression.  

• Propofol glucuronidation was high among HFCS and HF+HFCS groups while HF 

group showed opposite effect.  
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• One of UGT isoforms (UGT1A1) revealed significant reductions after consumption 

of high caloric diet  

• Normalization of a high fat to normal diet leads to normalization of protein expression 

and enzyme activity 

•  There is gender and species difference in response to hypercaloric diets 

 

4.9. Future directions  

 

Western blot and microsomal incubation for male rats will be determined to assess the 

expression and functional activities of enzymes involved in lidocaine metabolism. 

Immunoinhibition study will be conducted to determine the predominant CYPs and UGTs 

involve in lidocaine and propofol metabolism in rats. In addition, real-time PCR primers for 

lidocaine metabolic enzymes in male and female rats before and after diet switching will be 

assessed. In order to investigate the possible mechanism for our observation, plasma and liver 

biochemistry including glucose, insulin, leptin, lipid profile will be examined.   
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