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ABSTRACT - In this review article we present an overall summary of the role that high-grain/low forage diets have
on rumen composition of microbiota and how changes in the diet affect the release of bacterial cell wall components that
are toxic to the host. One of these toxic compounds is lipopolysaccharide or endotoxin, a component of the outer membrane
of all Gram-negative bacteria. Moreover, data are provided that support the concept that endotoxin translocates into the
blood circulation and show that rumen endotoxin is associated with multiple perturbations of blood variables related to
carbohydrate, lipid, and mineral metabolism. In addition, endotoxin induces a general, nonspecific immune response known
as acute phase response. We also pinpoint the fact that high-grain diets are associated with distinct clusters of plasma
metabolites and immune variables suggesting that changing cereal grain to forage ratio in the diet is very important for the
health of dairy cattle. Furthermore, we provide information that support the concept that endotoxin is involved in multiple
metabolic diseases such as fatty liver, milk fever, laminitis, retained placenta, displaced abomasum, and downer cow
syndrome. More research is warranted to clarify the mechanisms by which nutrition, microbiota, and endotoxin contribute
to development of metabolic diseases in dairy cattle. It is concluded that besides the aforementioned causal agents other
compounds generated in the gastrointestinal tract such as lipoteichoic acid or methylated amines might be involved in the
etiology of several metabolic diseases.
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Nutricdo, microbiota e doengas relacionadas a endotoxina em vacas leiteiras

RESUMO - Neste artigo de revisdo é apresentado um resumo total do papel que a dieta de alto teor de grdos e baixo
teor de forragem tem sobre a composicdo da microbiota do rimen e como as mudancas na dieta afetam a liberacdo de
componentes da parede celular bacteriana téxicos ao hospedeiro. Um destes compostos téxicos é um lipopolisacarideo ou
endotoxina, um componente da membrana exterior de todas bactérias gram-negativas. Também sdo fornecidos dados que
apoiam a idéia de que a endotoxina se transloca na circulacdo sanguinea e que estas endotoxinas ruminais estdo associadas
a multiplas perturbagdes das variaveis sanguineas relacionadas a carboidratos, lipidios e metabolismo mineral. Além disso,
endotoxina induz resposta imune geral e ndo especifica, denominada resposta aguda de fase. Destaca-se também o fato de
que dietas de alto teor de grédo estdo associadas a grupos distintos de metabolitos do plasma e varidveis imunes, sugerindo
que a mudanga na proporgdo entre grdos de cereal e forragem na dieta € muito importante para a saide do gado leiteiro.
Fornecemos também informagdes que apoiam o conceito de que a endotoxina estd envolvida em mdultiplas doencgas
metabdlicas, como figado gorduroso, febre do leite, laminitis, placenta retida, abomasum deslocado e sindrome downer cow.
Maior nimero de pesquisas é necessario para esclarecer os mecanismos pelo qual nutricdo, microbiota e endotoxina
contribuem para o desenvolvimento de doencgas metabdlicas. Concluimos que, além dos agentes causais acima mencionados,
outros compostos gerados na area de gastrointestinal, como &cido de lipoteicdico ou aminas metiladas, podem estar envolvidos
na etiologia de doengas metabdlicas.

Palavras-chave: doencas metabédlicas, endotoxina, imunologia nutricional, vaca leiteira

Introduction incidences including fatty liver, ketosis, milk fever, mastitis,

metritis, displaced abomasum, and downer cow syndrome

The productive lifespan of adairy cow largely depends
on her metabolic health status. Recent epidemiological
studies report that digestive disorders and perturbations in
the profile of plasma metabolites are common events in the
commercial dairy farms (Ingvartsen, 2006). High disease
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cause asubstantial decline in the profitability of most dairy
operations. Not surprisingly, these issues have been the
focus of many investigations in the recent decades. Despite
substantial progress made in some areas, the incidence of
metabolic diseases is still high (Goff, 2006). One in two dairy
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cows in a herd is affected by one or multiple metabolic
diseases, especially during the postpartum period
(Ingvartsen, 2006).

Most metabolic diseases have been related to
perturbation of one specific metabolite. For example milk
fever has been linked to perturbation of calcium homeostasis;
fatty liver has been explained with development of a negative
energy balance (NEB) during peripartum and to increased
release of non-esterified fatty acids (NEFA) from adipose
tissue and subsequent storage in the liver in the form of
triglycerides (TG); ketosis has been related to increased
release of ketone bodies from liver hepatocytes as a result
of oxidation of NEFA in mitochondria; rumen acidosis to
rapid digestion of carbohydrate-rich diets and to generation
of lactate and volatile fatty acids (VFA) in the rumen fluid.
Some metabolic diseases like downer cow syndrome, udder
edema, displaced abomasum, or laminitis are not yet related
to perturbation of a specific metabolite and their etiologies
still remain unrelated to a specific variable.

During the 1970s a new methodology was developed,
at Compton Institute in UK, known as the Compton metabolic
profile test. This methodology played a significant role in
development of a scientific methodology in studying herd
health and in increasing our knowledge about the etiology
and pathogenesis of most metabolic diseases (Payne, 1972).
The same group of scientists in Compton, led by Dr. Jack
Payne, played an important role in developing the concept
of production diseases. Based on this technology a whole
variety of treatment or preventive strategies were developed.
Although this was an exciting technology during the last
quarter of the 20th century thatincreased tremendously our
knowledge about metabolic diseases of dairy cows, we are
still ata pointthat one or multiple metabolic diseases affect
every other cow in a dairy herd. This suggests that there is
something missing in our understanding of the causative
agent(s) of metabolic diseases that hampers development
of efficient preventive interventions.

Recently a new interdisciplinary approach connecting
nutrition and inflammatory states known as nutritional
immunology is throwing light into a strong relationship
between the diet and microbiota harboring the
gastrointestinal tract and the interaction between the host
and microbiota in the development of metabolic diseases
(Cani & Delzenne, 2009). Also, metabolomics has been
introduced as part of ‘omics’ technology to better
understand interaction between nutrition and disease
(Wishart, 2008). In this review we are summarizing the
knowledge generated during the last decade on the role of
nutrition on gastrointestinal microbiota and its role in

development of inflammatory states and involvement of the
latter in the pathogenesis of multiple metabolic diseases in
dairy cows.

High-grain/low-forage diets and microbiota

Multiple investigators have indicated that feeding dairy
cows high-grain/low-forage diets is associated with high
incidence of metabolic diseases such as rumen acidosis,
laminitis (Nocek, 1997), fatty liver (Ametaj, 2005a,b), liver
abscesses (Nagaraja & Lechtenberg, 2007), and displaced
abomasum (Andersen, 2003). Bovine rumen constitutes a
classical host-microbial symbiosis and disturbances in the
balanced rumen ecosystem may lead to development of
disease in the host. Indeed, there is an increasing line of
evidence in both human and animal studies that
demonstrates that feeding diets rich in readily available
carbohydrates causes major changes in the composition of
microbiota of the gastrointestinal tract (Tajimaetal., 2001;
Amaretal., 2008; Cani &Delzenne, 2009; Khafipouretal.,
2009) associated with greater incidence of metabolic
diseases (Ametaj et al., 2005a; Amar et al., 2008; Cani &
Delzenng, 2009).

Recent research has indicated that dairy cows
undergoing a moderate energy overfeeding around
parturition experience greater incidence of fatty liver and
ketosis postpartum, and this event is preceded by activation
ofanacute phase response (APR; Ametaj etal.,2005a; Loor
etal., 2006). This indicates thatimbalances occurring in the
rumen metabolism during feeding of concentrate-rich diets
are involved in the etiopathogenesis of energy- and lipid-
related metabolic disturbances.

The mounting evidence in support of this line of
thinking has triggered considerable research over the last
few years aiming at understanding the mechanism(s)
underlying the association between high-energy feeding
and the activation of an APR in dairy cows. New research
conducted by our team and others has shown that feeding
cows high proportions of concentrate in the diet is
associated with major changes in the rumen ecosystem
and lower ruminal pH (Emmanuel etal., 2008; Khafipour et
al., 2009). The latter authors induced sub-acute rumen
acidosis (SARA) in dairy cows using a grain- or a forage
pellet-based diet. They reported that grain-induced SARA
was dominated by strains of Streptococcus bovis and
Escherichia coli in the rumen fluid, whereas a mild grain-
induced SARA was dominated by another Gram-negative
bacterium, Megasphaera elsdenii. Interestingly, the rumen
of cows with forage pellet-induced SARA had greater
counts of Prevotella albensis, another Gram-negative
bacterium in the rumen. The increase of counts from
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different strains of Gram-negative bacteria during SARA
explains previous results inwhich the feeding of high grain
diets was accompanied with dramatic increase in the
concentration of endotoxin, abioactive cell-wall component
of all Gram-negative bacteria, in the rumen fluid of dairy
cows (Nagarajaetal., 1978).

Sources and translocation of endotoxin in dairy cows

The major source of endotoxin in dairy cows is the
gastrointestinal tract, which contains large numbers of
Gram-negative bacteria, in particular, whendietsare rich in
energy, and this provides a potential pool of endotoxin
entering into the animal body (Nagarajaetal., 1978). Indeed,
inearly lactation dairy cows, the most important contributory
factor in the increase of concentration of endotoxin in the
rumen fluid is the abrupt dietary shifts towards diets
containing greater energy density at the onset of lactation
(Emmanuel etal., 2008; Khafipouretal., 2009). Free endotoxin
isreleased inthe rumen fluid during lysis of Gram-negative
bacteria (Nagarajaetal., 1978).

Inthisregard, rumen pH is believed to play amodulatory
role in the release and accumulation of endotoxin due to
its effects on the metabolic processes and changes in the
cell membrane of rumen bacteria, maintenance of bacterial
ecological balances, and on other physiological functions
of the rumen (Russell & Rychlik, 2001). To establish the
relationship between rumen pH and concentration of
endotoxin in the rumen fluid in dairy cows fed increasing
amounts of rolled barley grain in the diet we conducted a
correlative analysis using data from our recent experiment
(Emmanuel et al., 2008; Figure 1a). Interestingly, this
analysis revealed a strong negative relationship between
preprandial rumen pH and concentration of endotoxin in
the rumen fluid, whereby the predictor variable of rumen
pH explained 64% in the variation of rumen endotoxin
response (Figure l1a). The fitted model showed that
concentration of rumen endotoxin was linearly decreased
when rumen pre-prandial pH exceeded a value of 6.56.
Lower pH values than 6.56 were associated with higher
and asymptotic response of rumen endotoxin for the range
measured. It is obvious that Gram-negative bacteria are
sensitive to the environmental pH and it is postulated that
their death provides the increase in free endotoxin observed
with reduction in rumen fluid pH. Note that preprandial
rumen pH of 6.56 usually results to values of pH < 5.8 for
several hours after the morning feeding (SARA threshold).
Although cereal grains are needed to support the high
demand for energy of dairy cows, this analysis clearly
indicates that increasing the proportion of barley grain in
the diet at 230% dramatically increases the risk of
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accumulation of harmful concentrations of free endotoxin
in the rumen fluid of dairy cows.

When the concentration of endotoxin in the lumen of
the gastrointestinal tract increases, through high grain
feeding (Emmanuel etal., 2008; Khafipouretal., 2009) or oral
administration of large doses of lipopolysaccharide (LPS,
Aschenbachetal., 2003), luminal endotoxin was reported
to translocate into the systemic circulation. The
mechanism(s) of endotoxin translocation involves
impairment of the barrier function of the rumen epithelium,
due to high luminal osmolality, which can cause swelling
and rupture of ruminal papillae following feeding of high
grain-based diets (Kleen et al., 2003). Other studies have
also demonstrated that translocation of endotoxin is
increased by changes in the gut electrolyte transport and
presence of mucosal ischemia due to high endotoxin load
in the gut lumen (Drewe et al., 2001; Aschenbach et al.,
2003). In a more recent study, Chin et al. (2006) used
intestinal epithelial cell lines and concluded that an
abnormal increase in luminal endotoxin induces cell
apoptosis, which subsequently disrupts tight junction
protein zonula occludens-1 as well as increases the
production of nitric oxide, leading to increased mucosal
permeability.

Our team conducted an in vitro experiment with an
Ussing chamber system, proving that endotoxin translocates
from the gastrointestinal tract into the host circulation. We
demonstrated that LPS translocates across the rumen wall
at a greater rate than across the colon wall, and this
translocation was pH independent. On the other hand, it
was observed that at acidic pH values of the perfusate there
was an increase inthe permeability of more than 5- to 6-fold
through colon and rumen tissues, respectively, to large
molecules such as 3H-mannitol (Emmanuel etal., 2007).

Metabolic and immune perturbations related to endotoxin

Recent research work conducted by our team and
others has shown that feeding of high concentrate diets is
associated with activation of a non-specific APR in both
dairy (Emmanuel etal., 2008; Khafipouretal.,2009) and beef
cattle (Ametaj etal., 2009). The reason for the activation of
a systemic APR is that translocation of endotoxin into the
systemic circulation stimulates the release of pro-
inflammatory cytokines such as tumor necrosis factor (TNF)-
o, interleukin (IL)-1, and IL-6 by liver macrophages (Gabay
& Kushner, 1999), resulting in enhanced secretion of acute
phase proteins (APP) like lipopolysaccharide-binding
protein (LBP), serum amyloid A (SAA), and C-reactive
protein from hepatocytes (Emmanuel et al., 2008). To
quantify the association between rumen endotoxin and
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Figure 1 - a) Relationship between the concentration of endotoxin concentration in the rumen fluid and preprandial rumen pH in lactating
primiparous Holstein cows fed 0% (A), 15% (1), 30% (O), or 45% (mm) grain in the TMR: Endotoxin = 242,579 — 35,373 x pH,
if pH > 6.56 (asymptotic plateau of endotoxin = 10,507 ng/mL, RMSE = 1,752, R? = 0.64, P<0.001). b) Relationship between
lipopolysaccharide-binding protein in the plasma and concentration of free endotoxin (x) in the rumen fluid of lactating primiparous
Holstein cows fed 0, 15, 30, or 45% grain in the TMR: LBP = 4,626 + 0.708 x ¥, if x < 6,495 ng/mL (asymptotic plateau of

LBP = 9,225 ng/mL, RMSE = 1,286, R? = 0.68, P<0.001).

plasma LBP we conducted another correlative analysis,
whichisshown in Figure 1b. Thisanalysis revealed a strong
saturating-like, positive relationship between the predictor
(i.e., rumen endotoxin) and plasma LBP concentration,
particularly when the predictor variable increased up to
6,495 ng/mL. The knownrole of LBPisto facilitate clearance
of endotoxin from blood circulation, either by directing it to
macrophages, when endotoxin concentration is low, or by
transferring it to high-density lipoproteins, when its
concentration is greater (Gallay et al., 1994). In terms of
using LBP as an indicator of the severity of APR in dairy

cows our latter finding suggests caution particularly when
comparing concentrate-rich diets (i.e., > 45% in dry matter)
in which concentrations of rumen endotoxin between
5to 7 ug/mL are easily reached. The mechanism(s) behind
this asymptotic response of plasma LBP to rising amounts
of rumen endotoxin is not well understood. However, we
speculate that development of tolerance to rumen endotoxin
might be a potential factor that attenuates the LBP response.
Thisassumptionissupported by our recent report indicating
development of host tolerance to rumen endotoxin in feedlot
cattle fed concentrate-rich diets (Ametaj et al., 2009).
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Recent pieces of evidence pinpoint involvement of
APR, elicited by endotoxin, in metabolic perturbations and
changes in the metabolism of minerals in dairy cattle. It is
not clear whether endotoxin per se or mediators of the
inflammation is responsible for these metabolic alterations
in cattle. Research conducted by our team and others
suggested that cytokines promote the breakdown of fat
stores, impair insulin sensitivity, and directly stimulate
lipolysis (Ametaj etal., 2005a; Bradford etal., 2009). More
specifically, metabolic effects of endotoxin around
parturition include greater adipose tissue mobilization,
breakdown of liver glycogen, and liver TG accumulation
leading to fatty liver (Ametaj et al., 2005a). Moreover,
Elsasser et al. (2008) indicated that pro-inflammatory
cytokines during the APR elicit changes in the functional
mitochondrial stability in different tissues, and these
changes cause important alterations in the metabolic
profiles. With a mild APR, there is an increase in glucose
utilization by the cells of the immune system coupled with
a larger increase in hepatic glucose production that results
in an increase in plasma glucose levels. However, with a
more robust APR, there is a marked increase in peripheral
glucose uptake, which may lead to the decrease in the
concentration of glucose in plasma (Elsasser et al., 2008).

In order to evaluate the metabolic, immune, and mineral
changes occurring in dairy cows in response to diets
containing large amounts of cereal grains we conducted a
discriminant multivariate analysis using data from our recent
experiments (Emmanuel etal., 2008; Zebelietal., 2010). In
these experiments, Holstein dairy cows were challenged
with diets containing increasing amounts of barley grain
(i.e., 0,15, 35, or 45%, dry matter basis). Interestingly, the
discriminant analysis revealed 4 different clusters of
responses each corresponding to the 4 diets fed to the cows
(Figure 2a). However, the ellipses of metabolite clusters
pertaining to cows fed 0 and 15% grain were very close to
each other, indicating a strong similarity between the
responses from the latter two diets. This analysis also
showed that the diet containing 30% grain was located
closertothe 15% diet compared with the diet containing 0%
cereal grain. A strong dissimilarity (canonical axis 1) in the
metabolic responses obtained was observed between diets
containing 45and 0 or 15% grain. Thisanalysisalso indicated
thatrumen endotoxinand APP suchas SAA and LBP aswell
asplasmaglucose bestdiscriminated for the diet containing
45% grain, whereas plasmaminerals such as Ca, Fe, plasma
cholesterol, and rumen pH showed the best discrimination
for diets containing 0 and 15% grain (Figure 2a). These
results suggest that plasma Ca, Fe, and cholesterol
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decreased with increasing the amount of grainin the dietup
to 45%. In addition, this finding indicates that endotoxin-
induced inflammation negatively correlates with plasma Ca,
Fe, and cholesterol, and positively correlates with plasma
lactate. Plasma minerals like Caand Fe and metabolites such
as cholesterol and lactate provide important information
notonly about mineral and lipid metabolism per se, but also
about different events associated with the immune response
of the host due to translocation of endotoxin or its clearance
fromthe organism (Steigeretal., 1999; Bertok, 2004; Ametaj
et al., 2005a,b; Zebeli et al., 2010). For example, since
cholesterol is the main precursor for synthesis of bile acids,
the decrease in plasma cholesterol with the high-grain diets
may be associated with the need for increased bile secretion
to detoxify the high amounts of endotoxin present in the
intestinal tract (Bertok, 2004).

Although the mechanistic details related to declining
response of plasma Ca and Fe to increasing concentrations
of rumen endotoxin in dairy cows fed increasing amounts
of grain are not well understood, it is speculated that
withdrawal of these minerals from plasma might be part of
the immune response to facilitate detoxification of endotoxin
or protection against pathogens. In support of this postulate
isthe reportby Rosenetal. (1958) indicating that adding or
removing Ca from plasma decreases or increases,
respectively, endotoxin-detoxifying capability of plasma.
Moreover, the withdrawal of iron from the circulation and
its storage within the reticulo-endothelial system reduces
the availability of this essential nutrient for microorganisms,
which need the metal for their growth and proliferation;
thus, limitation of iron availability has been shown to be a
very effective defense strategy of the body to control the
growth of pathogens (Weinberg, 1999).

Interestingly, the major changes in the plasma
metabolites, minerals, and reactants of inflammation driven
by high grain feeding were also revealed by hierarchical
clustering analysis (Figure 2b). For example, this analysis
indicated that plasma lactate builta cluster with plasma APP
and rumen endotoxin, suggesting a direct causal role of
rumen endotoxin on the increase of plasma lactate by
greater amounts of barley grain in the diet of lactating dairy
cows. Greater concentrations of plasma lactate are typically
observed in heifers during experimental endotoxemia,
whereby lactatemiais reported to be caused by an enhanced
glycogenolysis and a reduced capacity of extrahepatic
tissues to utilize lactate (Steiger et al., 1999).

Metabolic diseases related to endotoxin

Endotoxin has been suggested to be involved in multiple
metabolic diseases of dairy cows or other ruminant animals.
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Figure 2 - a) Discriminant analysis of plasma metabolites and rumen variables in dairy cows in response to 0% (@), 15% (&), 30% (V/), and
45% (OJ) barley grain in the diet. The sign (+) indicates the multivariate mean of each independent variable (i.e., diet), and the size
of theinner ellipse indicates the confidence limits of the mean, whereas the outer ellipses show the normally distributed 50% contours.
The distance between the diets in the canonical axis reflects their dissimilarity. The straight lines are indicative of dependent variables
included in the analysis (1, plasma zinc; 2, plasma copper; 3, plasma beta-hydroxybutyrate; 4, plasma lactate; 5, plasma cholesterol,
6, rumen pH; 7, plasma lipopolysaccharide-binding protein; 8, plasma haptoglobin; 9, plasma C-reactive protein; LPS, rumen
endotoxin; NEFA, plasma non-esterified fatty acids, SAA, serum amyloid A; Calcium, Iron, Glucose in the plasma), and their length
and angles between them are a function of the relative effects of independent variables. b) Hierarchical clustering analysis for different
rumen fluid and plasma metabolites and acute phase proteins in dairy cows fed four different diets (0%, 15%, 30%, and 45% barley
grain inclusion in dry matter). The color bars indicate the normalized fold change levels, with red boxes denoting an expression ratio
greater than the mean and blue boxes denoting an expression ratio below the mean. White boxes denote an intermediate level. The
tree clusters and their shorter Euclidian distance indicate higher similarities. Similarity between two metabolites is represented by
branch height, therefore the lower a node is vertically, the more similar its sub-tree.
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There has been an increasing line of evidence to support
involvement of endotoxin in diseases like fatty liver, milk
fever, laminitis, retained placenta, displaced abomasum,
and downer cow syndrome (Nocek, 1997; Andersen, 2003;
Ametaj et al., 2005a,b; Nagaraja & Lechtenberg, 2007).
Below we describe the scientific evidence in support for
a role of endotoxin in the pathology of the metabolic
diseases of dairy cows.

Fatty liver

Fatty liver has been characterized as accumulation of
TG in hepatocytes and the inability of the host to release
lipids into blood circulation through secretion of very-low
density lipoproteins. The conventional view is that
accumulation of TG in the liver is related to establishment
ofaNEB around calving asaresult of high-energy demands
for milk synthesis and a decrease in dry matter intake. The
negative energy status initiates mobilization of NEFA from
adipose tissue and their storage as TG inthe liver. The latter
hypothesis is not supported by several observations that
indicate that NEB is not the only explanatory condition of
fatty liver. For example, NEB develops in all cows around
parturition; however, only half of the cows are affected by
fatty liver. What makes the other half resistant to fatty liver?
(Ametaj, 2005b). In addition, fatty liver is observed in
different metabolic diseases such as ketosis, displaced
abomasum, milk fever, retained placenta, infertility, downer
syndrome, mastitis, and metritis. Diseases such as mastitis,
metritis, and milk fever are not related to NEB. So, what is
the cause of fatty liver in those diseases? (Ametaj et al.,
2005a,b). Moreover, feeding diets with greater energy
content (>1.65 Mcal of NE, /kg DM) during the far-off dry
period is associated with a higher incidence of fatty liver.
Attempts to provide more energy to cows in NEB do not
seem to prevent fatty liver; on the contrary, increase the
incidence of fatty liver (Ametaj, 2005a,b; Grummer, 2008).
Based on the latter drawbacks, we hypothesized that
endotoxin, besides NEB, might play arole in development
of fatty liver (Ametaj et al., 2005a,b). This postulate was
based on our finding that cows experiencing fatty liver have
presence of an inflammatory state as indicated by greater
plasmaconcentrations of TNF-a.and SAA. Tumor necrosis
factor-a and pro-inflammatory cytokines such as IL-1 and
IL-6 are released by macrophages once they bind endotoxin
(Gabay & Kushner, 1999). The latter cytokines stimulate
production and release of APP from hepatocytes like SAA,
LBP, haptoglobin, and CRP. One of the major roles of APP
is to bind and neutralize endotoxin. We hypothesized that
fatty liver develops asaresult of rapid removal of endotoxin
from blood circulation through endocytosis of lipoprotein
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particles by liver hepatocytes. Endotoxin that enters into
the blood circulation is bound and neutralized by SAA,
which is associated with lipoproteins, especially with
high-density lipoproteins (Levels et al., 2001). We
postulated that clearance of endotoxin from circulation is
achieved through removal of endotoxin-SAA-lipoprotein
complexes by hepatocytes (Ametaj et al., 2005a,b;
Munford, 2005). This causes rapid accumulation of
TG-rich lipoproteins in the liver resulting in development
of fatty liver. In support of our hypothesis Loor et al.
(2005) reported increased expression of liver TNF-o.and
SAA genes in cows affected by fatty liver around calving.
Another interesting finding in support of our hypothesis
came from the study by Bradford et al. (2009) who
demonstrated that subcutaneous injection of TNF-o for
7 consecutive days, in late lactating dairy cows, was
associated with accumulation of TG in the liver and
development of fatty liver. Further research is warranted
to explain mechanistic details of how clearance of endotoxin
is involved in development of fatty liver in dairy cows.

Milk fever

Milk fever remains one of the most studied and at the
same time most complicated diseases of dairy cows. The
condition has been studied for more than two centuries and
itsetiology still remains unclear. For decades it was believed
that milk fever was an imbalance of calcium metabolism
related to failed efforts of the host to re-establish plasma
calcium homeostasis around calving. However, during the
last decade another hypothesis was forwarded suggesting
that the balance of dietary cationic-anionic difference
(DCAD) in the diet and potassium content of the diet are
more important in development of the disease (Goff &
Horst, 1997). Although there has been a tremendous
progress in our understanding of the etiology and
pathogenesis of milk fever the disease is still present in
many dairy herds around the world suggesting that there
is something missing in our knowledge that precludes us
from developing better prevention strategies. A recent
interesting line of thought regarding the etiology of milk
fever proposes endotoxin to be involved in development
of the disease. Aiumlamai et al. (1992) were among the first
to suggest a role for endotoxin in the pathology of the
disease; however, they did not give a hypothesis on the
mechanism(s) of endotoxin involvement in development of
hypocalcemia. Recently, our team reported that cows with
milk fever had greater plasma SAA and lower concentrations
of calcitonin-gene related peptide (CGRP) in the plasma
compared with clinically normal cows (Ametaj etal., 2003).
Greater plasma SAA suggests presence of an inflammatory
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state related to presence of endotoxin in the blood
circulation, whereas low CGRP indicates inhibition of its
secretioninsick cows. Serumamyloid Aisaprotein released
by the liver that binds and neutralizes endotoxin whereas
CGRP is another APP that lowers plasma calcium and
increases glucose in the blood. Multiple lines of evidence
have shown that there are two pathways involved in
clearance of endotoxin from bloodstream, depending on
concentration of endotoxin in the blood (Kitchens &
Munford, 1998). The first pathway is activated when
concentration of endotoxin in the plasmais low and involves
activation of macrophages, whereas at larger concentrations
of endotoxin a second pathway involving APP and
lipoproteinsisinitiated (Gallay etal., 1994). Itis known that
endotoxin in the plasma might be in the monomeric or
aggregate form. Development of endotoxin aggregates is
related to concentration of calcium in the blood circulation.
When plasma calcium is high endotoxin binds calcium to
form aggregates (Munfordetal., 1981; Rosenetal., 1958).
Macrophages bind large aggregates through mCD14 and
toll-like receptor 4 clearing endotoxin from circulation.
However, macrophages are activated in the process
releasing cytokines like TNF-a., IL-1, and IL-6 to initiate
the innate immune response and help in neutralization and
removal of endotoxin from circulation. In fact, cytokines
released by macrophages are proinflammatory and their
overproduction is associated with high temperature and
general sickness (Elsasser etal., 2008). Therefore, the host
isnotinterested to over-activate the macrophage pathway.
The second pathway for clearance of endotoxin from
plasma is activated when concentration of endotoxin in
plasmais large (Gallay et al., 1994). The second pathway
requires that endotoxin is in the monomeric form.
Lipopolysaccharide-binding protein and sCD14 play a
role in the monomerization of endotoxin molecules and
their transportto lipoprotein particles (Levelsetal., 2001).
On the other hand, plasma calcium helps creation of
endotoxin aggregates, therefore, withdrawal of plasma
calcium may help the process of monomerization and
clearance of endotoxin through lipoprotein pathway
(Munford et al., 1981). Indeed, Waldron et al. (2003)
reported that experimental endotoxemia was associated
with hypocalcemia. It is not clear whether lowering of
plasma calcium occurs because calcium binds endotoxin
toneutralize its biological effects as suggested by Garidel
etal. (2005) or because calcium mobilization is impaired
during administration of endotoxin (Zaloga et al., 1992).
This remains to be clarified in the future. Interestingly,
administration of low dose calcium during septic peritonitis

or co-administration of endotoxin with calcium increases
mortality rate in rats (Malcolm et al., 1989; Zaloga et al.,
1992). This leads us to propose that hypocalcemia of milk
fever might be a combination of calcium-impaired
mobilization and its withdrawal from plasmaas a protective
response of the host for safely removing endotoxin from
blood circulation during conditions of endotoxemia. It would
be of interest to investigate the precise role of calcium
during inflammatory conditions in dairy cows.
Laminitis

Laminitis is one of the three major diseases, including
mastitis and uterine infections that contributes to the high
rate of culling of dairy cows. Although it has been known
that laminitis is highly associated with feeding of high-
grain diets and development of rumen acidosis the
mechanistic details of the disease are not known yet. Three
main causal agents have been suggested so far for
development of laminitis in dairy cows: histamine, rumen
endotoxin, and metalloproteinases activated by
gastrointestinal Streptococcus bovis (Bergsten, 2003).
The histamine hypothesis was not supported by
experimental data because oral administration of histamine
proved to have no effect on development of laminitis
(Goth, 1974). The reason for the latter was that histamine
isquickly degraded by intestinal bacteria, epithelial cells
of the gastrointestinal tract, and liver hepatocytes (Nocek,
1997). On the other hand, there is growing support for the
endotoxin hypothesis. For example, experiments involving
systemic or local administration of endotoxin in the hoof
areaindicated developmentofaslight laminitis (Boosman
et al., 1991). In addition, research conducted in horses
showed that during oligofructose-induced laminitis
endotoxin and TNF-o. were increased in the plasma of
treated animals (Bailey etal., 2004). In arecent experiment
by our team we treated dairy cows orally with a vaccine
against LPS from Escherichia colialone or in combination
with lipoteichoic acid (LTA), a cell wall component of
Gram-positive bacteria (unpublished data). Interestingly
data showed that oral treatment against LPS lowered the
incidence of laminitis; however, when both LPSand LTA
were used the incidence of disease was lowered even
further. Results fromthis experimentimplicate both Gram-
negative and Gram-positive bacterial cell wall components
in the etiology and pathogenesis of laminitis supporting
the postulate that both endotoxin and compounds released
by Gram-positives like Streptococcus bovis might be
involved in pathogenesis of the disease. More research is
warranted to clarify the mechanistic details of how LPS
and LTA are involved in damaging the blood vessels and
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initiating inflammatory processes in the hoof area.
Involvement of methylated amines also should not be
ruled out. Recently we demonstrated that feeding high
amounts of grain is associated with multi-fold increase in
the concentration of methylamine in the rumen fluid
(Ametaj et al., 2006). If methylamine is absorbed into
blood circulation it mightinjury blood vessels of the hoof
if converted via semicarbazide-sensitive amine oxidase
into injurious metabolites like formaldehyde, H,0,, and
ammonia (Yu et al., 2003). Therefore a multi causal
hypothesis instead of one causal agent is more likely to
explain the etiopathogenesis of laminitis.

Retained placenta

Almost 5% of all dairy cows are affected by retained
placenta. They have been defined as failure to expel fetal
membraneswithin 12 h from parturition (Kimuraetal., 2002).
The condition has a direct effect on the reproductive
performance of dairy cows, increasing the calving-to-
conception interval by up to 51 days and almost doubling
the mean number of services per pregnancy (Borsberry &
Dobson, 1989). During the last three decades four main
hypothesis have been proposed with regards to retained
placenta: uterine atony, edema of the chorionic villi,
inflammatory states, and neutrophil inactivation
(McNaughton & Murray, 2009; Kimura et al., 2002).
Endotoxin might be involved in all four conditions by
lowering uterine atony, inducing edema of the chorionic
villi, initiating an inflammatory state, and causing
neutrophilia (preventing neutrophils to be involved in
expulsion of the fetal membranes). Evidence in support of
this postulate is that during the first 2 weeks after calving
there is presence of Gram-negative bacteria like Escherichia
coli in cows with retained placenta (Dohmen et al., 2000).
Additionally, cows with retained placenta have been shown
to have greater concentration of endotoxin in the uterine
lochiacompared to healthy postpartal cows (Dohmenetal.,
2000). Furthermore, high concentrations of endotoxin in the
uterine lochia have been related to abnormal cervical
discharge, presence of Escherichia coli and other Gram-
negative bacteria shortly after calving and in the uterus at
14 days postpartum. Endotoxin is known to prevent
extravasation of neutrophils to the inflamed organs due to
decreased L-selectin expression in polymorphonuclears
(Lynametal., 1994). In support of endotoxin hypothesis is
data generated recently by our team (unpublished data)
that demonstrated that oral vaccination against LPS alone
orboth LPSand LTA lowered significantly the incidence of
retained placenta. These data implicate directly endotoxin
and Gram-positive cell wall components (i.e., LTA) in the
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etiopathology of retained placenta. In conclusion, the
precise role and the mechanistic details of how endotoxin
and other microbiota products increase the incidence rate
of retained placenta in dairy cows requires further
investigation.

Displaced abomasum

Recent reports from North America indicate that
displaced abomasum affects as an average 3-5% of dairy
cowsinaherd (Zwaldetal.,2004; LeBlancetal., 2005). In
some individual herds, the incidence rate may rise up to
10% or even 20% of all postpartal cows (Dawson et al.,
1992). An increasing number of investigators are
suggesting that the atony of the abomasum observed
during the disease may be related to presence of endotoxin
inthe plasma of sick cows (Firll & Kriiger, 1999; Poike &
Farll, 2000). Endotoxin has been suggested to inhibit the
motility of the abomasal smooth muscle either directly or
indirectly viathe induction of hypocalcemia. In support of
this hypothesis Vlaminck et al. (1985) showed a dose-
dependent decline and inhibition of abomasal motility
following intravenous application of Escherichia coli
LPS or via a duodenal fistula. Furthermore, Kaze et al.
(2004) demonstrated that muscle tissue derived from the
abomasal antrum of cows treated with endotoxin showed
decreased contractility. Also we infused cows with LPS
from Escherichia coli 0111:B4 and observed increased
incidence rate of displaced abomasum (unpublished data).
Again, these data provide direct evidence that endotoxin
translocated into blood circulation plays a role in the
pathogensis of the disease.

Downer cow syndrome

The term “downer cow” (DC) refers to a cow that is in
sternal recumbency suffering either from hypocalcemia or
acomplication of other diseases such as milk fever, mastitis,
metritis or calving paralysis which makes them motionless
to various degrees (Correaetal., 1993). The DC syndrome
(DCS) is often viewed as a metabolic disorder with unclear
etiology, also because the metabolic and mineral
perturbations in cows affected by DCS typically are measured
after the disease appears clinically. Interestingly, we could
recently monitor the prepartal changes on days -14, -10, -7,
and -4 (i.e., time when the cow was clinically healthy) in
plasmavariables in a Holstein cow incidentally affected by
DCS shortly after parturition (Table 1).

Indeed, the blood analysis revealed strong alterations
inthe variablesrelated to innate immunity as well as metabolic
and mineral responses during the prepartal period (Table 1).
The cow affected by the DCS showed a 10-fold increase in
plasma LBP on d -7. Also, the sick cow had lower
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Table 1 - Concentration of plasma analytes measured before parturition in a dairy cow affected by downer cow syndrome

Plasma variable Days relative to parturition” Referencef
-14 -10 -7 -4 +2

Innate immunity*

LBP (mg/mL) 15.3 - 202.8 - 175.8 19.0 — 35.8

SAA (mg/mL) 11.5 - 3.3 - 82.7 11.7 - 27.8

IgA (MU/mL) 0.056 - 0.070 - 0.053 0.049 - 0.064

1gG (MU/mL) 0.014 - 0.009 - 0.028 0.055 - 0.071

IgM (MU/mL) 0.048 - 0.042 - 0.044 0.009 - 0.019

Metabolites and hormones$

BHBA (mmol/L) 0.88 1.18 1.40 1.92 4.35 <1.2

NEFA (mEg/L) 2.03 2.08 1.86 1.83 0.81 <04

Cholesterol (mmol/L) 1.75 1.83 1.52 1.54 1.44 > 2.0

Glucose (mg/dL) 64.4 63.0 62.3 57.8 306.0 57.9 - 69.4

Cortisol (mg/dL) 4.70 - 5.13 - 81.73 2.62 - 5.53

Minerals

Calcium (mg/dL) 9.3 8.4 9.8 9.8 12.0 > 8.0

Zinc (mg/L) 7.6 7.0 7.1 6.6 9.5 05 - 3.0

* Blood samples were collected from the sick cow on days -14, -10, -7, and -4 before the day of calving (i.e., time when the cow was clinically healthy) as well as shortly
after the cow was medicated at +2 d postpartum; the missing values were not determined.
T Reference (minimum and maximum) values for variables of the innate immunity were obtained at the same time around parturition in the plasma of 8 clinically healthy

multiparous Holstein cows.

+ LBP = lipopolysaccharide-binding protein; SAA = serum amyloid A; IgA, 1gG, IgM = anti-lipopolysaccharide (LPS) immunoglobulins A, G, and M.

8 BHBA = beta-hydroxy-butyrate; NEFA = non-esterified fatty acids.

concentration of anti-LPS immunoglobulin(lg) G, but greater
levels of anti-LPS IgM. Because all the latter variables are
part of the cow’s innate immune response against endotoxin
insult (Gallay etal., 1994), their strong prepartal alterations
suggest that the disease in this cow was preceded by a
systemic inflammatory condition elicited by endotoxin. The
main source of endotoxin entrance into the bloodstream
before parturition might be the gastrointestinal tract.
Previous research demonstrated that DCs have a 3.3-fold
greater prevalence of pathogenic E. coli strains in their
colon than the healthy ones (Byrne et al., 2003), which
indicates that colonic endotoxin might translocate into
bloodstream in DC around parturition (Emmanuel et al.,
2007). Other potential sources of endotoxin in the
periparturient cow are the infected mammary gland (Wenz
etal., 2001) and the uterine tissue (Dohmen et al., 2000).
The cow affected by the DCS also showed alterations
in the metabolic profile starting at - 14 d (i.e., prior to
parturition; Table 1), confirming previous findings
(Oikawa & Katoh, 2002), whereby greater concentrations
of plasma NEFA and BHBA and lower cholesterol were
reported in the DC postpartum. Interestingly, the DC
became sub-clinically ketotic starting at 7 days before
calving (plasma BHBA > 1.2 mmol/L), and also showed
lower cholesterol throughout the period tested, but greater
glucose and cortisol post-partum (Table 1).
Interestingly, plasma Ca of the sick cow was lower
during all prepartum measurements (Table 1), indicating

that Ca homeostasis was disturbed during the DCS. We
postulate that endotoxemia might have played a role in the
hypocalcemia of the sick cow in our study. This assumption
is supported by greater LBP concentrations found in the
plasma of DC as well as by the fact that administration of
LPS is associated with lower plasma Ca in dairy cows
(Waldron et al., 2003). The sick cow also showed greater
plasma Zn compared to reference values, which suggest
inability of the sick cow to maintain Zn homeostasis.

Conclusions

Taken together, data presented in this review article
suggest a very important role of grain to forage ratio on
perturbation of gastrointestinal microbiota and the role of
bacterial by-products released during their death or
survival efforts on health status and productivity of dairy
cattle. Additionally, the growing science of nutritional
immunology is helping to better understand the etiology
and pathogenesis of multiple metabolic diseases of dairy
cows. We have grouped these interrelated disorders under
the name of endotoxin-related diseases. Other workers in
the field have used the term bovine endotoxicosis
(Andersen, 2003). We think that no matter what the
terminology used to describe these diseases the end
conclusion is the same: endotoxin is one of the most
dangerous and at the same time the most fascinating
molecule that affects considerably the health of all

R. Bras. Zootec., v.39, p.433-444, 2010 (supl. especial)



Nutrition, microbiota, and endotoxin-related diseases in dairy cows

mammals, including dairy cattle, and is attracting the
attention of thousands of scientists all over the world.
More research is warranted to elucidate the many
postulates proposed by different investigators during
the last decade on the role that endotoxin plays on the
etiopathology of metabolic diseases and to develop better
intervention strategies to curb down the incidence of
those diseases in dairy cattle.
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