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Introduction

The trillions of microorganisms normally residing in the 
human gut are collectively referred to as the microbiota. 
Dominated by anaerobic bacteria, the microbiota vastly 
outnumber human cells and contain 100 times more 
genes (microbiome) than the human genome.1,2 There is 
accumulating evidence to suggest that the microbiota 
function much like a metabolic “organ,” influencing 
nutrient acquisition, energy homeostasis, and, ultimately, 
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the control of body weight.3 In addition, there is emerging 
evidence indicating that the indigenous gut microbiota 
affect intestinal permeability and may play a role in the 
development of a chronic low-grade inflammatory state in 
the host that contributes to the development of chronic 
metabolic diseases such as atherosclerosis, insulin resis-
tance, nonalcoholic fatty liver disease (NAFLD), and 
dyslipidemia.4 This chronic subclinical inflammation 
associated with obesity may occur, at least in part, as a 
result of the development of “metabolic endotoxemia” 
and may be an important determinant of both the long-
term complications of obesity and the generally worse 
outcomes of critically ill obese patients.5 This article 
reviews the role of the gut microbiota and metabolic 
endotoxemia-induced inflammation in the development 
of obesity and obesity-related hepatic steatosis and liver 
injury.

The Development of the Gut Microbiota

The gastrointestinal tract of a fetus is sterile until birth. 
Following vaginal delivery, microbes from the mother and 
the environment rapidly colonize the intestinal tract of 
the infant. Multiple other factors, such as type of feeding 
and hygiene measures, have also been shown to play a 
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part in our eventual gut microbial composition.6,7 The 
role of the host genetics in determining the composition 
of the gut microbiota remains poorly understood.8 
However, the recent identification of quantitative trait 
loci in mice has shed some light on the mechanisms of 
host genetic control in shaping individual microbiome 
diversity in mammals.9

Recent evidence suggests that the human gut micro-
biota are unique to each person, highly variable between 
individuals, and remarkably stable after the first year of 
life.10,11 Despite this uniqueness, among the microbes 
present within the human intestinal tract, members from 
2 phylotypes, Bacteroidetes and Firmicutes, account for 
more than 90%.12 Importantly, there appears to be major 
differences in surface adherence (ie, mucosal) and lumi-
nal microbial species along the length of the gastrointes-
tinal tract.13

Gut Microbiota and Its Role in Energy 
Homeostasis and the Development of 

Obesity

The metabolic activities of the gut microbiota have the 
end results of extracting calories from ingested dietary 
substances, helping to store those calories in host adipose 
tissue for later use, and providing energy and nutrients for 
microbial growth and proliferation. Bäckhed et al1 dem-
onstrated that conventionally raised mice have a 40% 
higher body fat content and 47% higher gonadal fat con-
tent than germ-free (GF) mice, despite lower food intake. 
When the cecal microbiota of the conventionally raised 
mice were transferred into the intestines of the GF mice 
in a process known as conventionalization (CONV), a 
57% increase in total body fat content, a 61% increase in 
epididymal fat weight, and development of insulin resis-
tance occurred within 2 weeks despite unchanged food 
consumption or energy expenditure. These findings sup-
port the hypothesis that the gut microbiota affects the 
amount of energy extracted from the diet. To understand 
potential mechanisms involved, these investigators per-
formed a series of experiments and determined that, 
among other factors, the suppression of a circulating lipo-
protein lipase inhibitor, Fasting-induced adipocyte factor 
(Fiaf), was essential for the microbiota-induced deposi-
tion of triglycerides in adipocytes. Because the metabolic 
rate of GF mice was lower than that of their conventional 
counterparts, the authors speculated that the greater 
delivery of calories led to inefficient metabolism by futile 
cycles (and thus higher metabolic rates) in conventional 
mice. In contrast, Fleissner and colleagues14 failed to 
confirm the importance of Fiaf in gut microbiota-mediated 
effects on fat storage. In this study, GF mice on both a 
high-fat diet (HFD) and a Western diet (WD) showed an 
increase in intestinal mRNA expression of Fiaf, but no 

major changes in circulating Fiaf compared with CONV 
mice. In addition, analysis of the fecal microbiota compo-
sition revealed that in CONV mice, HFD and WD 
resulted in an increase in the proportion of Firmicutes at 
the expense of the Bacteroidetes.

Turnbaugh et al15 also performed studies in GF mice 
confirming that the obese microbiome has an increased 
capacity to harvest energy from the diet. Importantly, they 
demonstrated that colonization of GF mice with “obese 
microbiota” resulted in a significantly greater increase in 
total body fat than colonization with “lean microbiota.” 
More recently, this group showed that obesity is associ-
ated with phylum-level changes (eg, fewer Bacteroidetes) 
in the microbiota, reduced bacterial diversity, and altered 
representation of bacterial genes affecting metabolic 
pathways.16

In an attempt to identify more specific changes in the 
gut microbiota that may be responsible for these meta-
bolic effects, Ley et al17 studied genetically obese, leptin 
receptor–deficient (ob/ob) mice and found a 50% reduc-
tion in the abundance of Bacteroidetes and a proportional 
increase in Firmicutes. They subsequently showed similar 
findings in obese compared with lean humans, a finding 
that could be reversed following a successful low-fat or 
low-carbohydrate diet.18

A recent investigation into the gut microbiota changes 
following Roux-en-Y gastric bypass (RYGB) for extreme 
obesity also provides insight into the role of the gut 
microbiota in energy harvest. Zhang et al19 detected sig-
nificantly higher numbers of H2-using methanogenic 
Archaea in obese individuals than in normal-weight or 
RYGB individuals. Firmicutes were dominant in normal-
weight and obese individuals but significantly decreased 
in RYGB individuals, along with a proportional increase 
of Gammaproteobacteria. It was hypothesized that inter-
species H2 transfer between bacterial and archaeal spe-
cies was an important mechanism for increasing energy 
uptake by the human large intestine in obese individuals. 
The potential role of the gut microbiota on weight loss 
after RYGB was also recently suggested by the demonstra-
tion of enhanced weight loss following administration of 
a probiotic postoperatively.20 Furet et al21 further demon-
strated that RYGB results in rapid adaptation of the 
microbiota. In this study, the Faecalibacterium prausnitzii 
species was found to be directly linked to the reduction in 
the low-grade inflammatory state in obesity and diabetes 
independently of caloric intake. Both the improvements 
and decompensation of NAFLD after RYGB may be, in 
part, related to changes in microbiota as well.22

Further supporting a role of the gut microbiota in 
energy homeostasis are the findings of a recent study 
investigating the impact of the administration of a probi-
otic organism on obesity and in improving obesity-related 
disorders. Female C57BL/6 mice were fed either a 
normal- or high-fat diet and administered Lactobacillus 
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plantarum strain No. 14 (LP14) or vehicle intragastrically 
daily for 11 weeks. LP14 administration significantly 
attenuated high-fat diet–induced changes in the mean 
adipocyte size and tended to reduce the white adipose 
tissue weight and serum total cholesterol and leptin con-
centrations as compared with the vehicle-administered 
mice.23 Despite these intriguing findings, controversy 
persists regarding the contribution of the microbiota on 
the development of obesity in humans24 because of con-
flicting findings from studies that have failed to confirm 
differences in the abundance of Bacteroidetes and 
Firmicutes between lean and obese humans.25,26 
Furthermore, recent data from animals14,27,28 suggest that 
diet, a high-fat diet specifically, independent from the 
obesity itself, is responsible for changes in the gut micro-
biota. Clearly, the relationship between the gut microbial 
composition and its energy-harvesting capacity is com-
plex, and much more work remains to be done to identify 
the role of the gut microbiota in relation to other external 
factors such as diet in the development of obesity.

The Influence of Diet on the Gut 
Microbiota, Intestinal Permeability, and 

Inflammation

Recent investigations indicate that an individual’s diet 
may strongly influence changes in the microbiota, which, 
in turn, affect intestinal permeability and result in a state 
of chronic low-grade inflammation. These changes may 
historically have represented a competitive and advanta-
geous adaptation for the development of the host organ-
ism.29 The effect of dietary interventions, including 
high-fat and high-fructose diets, on the gut microbiota, 
intestinal permeability, and inflammation is reviewed in 
this section.

High-Fat Diet

A number of animal studies have investigated the influ-
ence of high-fat diets on the composition of gut microbi-
ota and the effects on intestinal permeability, inflammation, 
and development of obesity-related metabolic complica-
tions. The information gathered from these investigations 
reveals that high-fat diets induce predictable changes in 
the microbiota that, in turn, result in changes in intesti-
nal permeability, leading to the metabolic endotoxemia, 
which has been postulated to be essential in the develop-
ment of the metabolic syndrome.

Cani et al4 demonstrated a causal relation between 
high-fat (HF) diets (49.5% fat g/100 g of total dry diet 
corresponding to 72% of the total energy content), 
increased lipopolysaccharide (LPS)–containing microbi-
ota, increased serum LPS concentrations, and resultant 
features of the metabolic syndrome (eg, weight gain, 

NAFLD, and insulin resistance) in mice. These investiga-
tors subsequently investigated HF-fed diabetic mice 
treated with the prebiotic, oligofructose (OFS), for 4 
weeks in the presence or absence of the glucagon-like 
peptide 1 (GLP-1) receptor antagonist, exendin 9-39 (Ex-
9). Dietary supplementation with OFS improved glucose 
tolerance, fasting blood glucose, glucose-stimulated insu-
lin secretion, insulin-sensitive hepatic glucose produc-
tion, and reduced body weight gain. Ex-9 prevented the 
beneficial effects seen with OFS, thereby supporting a 
role for GLP-1 in the beneficial effects of OFS.30 Next, 
they demonstrated that HF feeding in mice significantly 
reduced levels of Bifidobacteria and increased endotox-
emia compared to mice fed a regular diet. Subsequent 
OFS treatment restored quantities of Bifidobacteria, 
reduced levels of endotoxemia, and lowered proinflamma-
tory cytokines. Furthermore, in HF/OFS mice, levels of 
Bifidobacterium spp in the cecum significantly and posi-
tively correlated with improved glucose tolerance and 
glucose-induced insulin secretion.31 In addition to simply 
altering the microbiota, HF feeding strongly increased 
intestinal permeability and reduced the expression of 
genes coding for tight junction proteins, suggesting a pos-
sible underlying mechanism responsible for this effect on 
permeability and the resultant increase in endotoxemia. 
The above findings suggesting a role for the gut microbi-
ota in metabolic endotoxemia and inflammation are fur-
ther supported by the recent demonstration of an 
attenuation in metabolic endotoxemia/inflammation/fatty 
liver by use of antibiotic treatment and by use of the 
CD14 knockout mouse lacking the LPS receptor.32

Because of the difficulties involved in performing 
similar yet adequately controlled investigations in free-
living humans, a mouse model representative of the 
human gut microbiome has recently been developed by 
transplanting adult human fecal microbial communities 
into GF C57BL/6J mice. This animal model with human-
ized gut microbiota was demonstrated to undergo a rapid 
shift in the makeup of the microbiota a single day after 
switching from a low-fat, plant polysaccharide–rich diet 
to a high-fat (HF), high-sugar “Western” diet. This dietary 
change induced adiposity and resulted in altered microbi-
ome gene expression. Furthermore, this propensity toward 
obesity was shown to be transmissible via microbiota 
transplantation. These findings confirm that diet plays an 
important role in the composition of the gut microbiota 
and that these changes may occur rapidly after dietary 
changes. The use of this “humanized” mouse model may 
be very useful in future investigations on the role of diet 
and other interventions on the gut microbiota and its 
function.33

Several other investigators have now confirmed 
changes in the microbiota composition and the develop-
ment of an inflammatory response in mice ingesting an 
HF, Western diet. Ding et al34 showed that ingestion of an 
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HF diet resulted in increased body weight and adiposity 
and induced ileal tumor necrosis factor (TNF)–α expres-
sion in CONV mice but not in GF mice. The increase in 
inflammation was found to precede the development of 
obesity and significantly correlated with diet-induced 
weight gain, adiposity, and plasma insulin and glucose 
levels. Finally, they demonstrated that the inflammatory 
response to an HF diet was transmittable through fecal 
slurries from CONV mice to GF mice. Rabot et al35 found 
that GF mice fed an HF diet consumed fewer calories, 
excreted more fecal lipids, and weighed significantly less 
than CONV mice. Furthermore, the metabolic (eg, insu-
lin resistance and dyslipidemia) and proinflammatory (eg, 
plasma TNF-α concentrations) consequences of an HF 
diet were attenuated in GF animals, suggesting that insu-
lin sensitivity and cholesterol metabolism are metabolic 
targets influenced by the gut microbiota.

In an experiment using Sprague-Dawley rats, de La 
Serre et al36 investigated whether changes in gut epithe-
lial function and microbiota in mice are associated with 
diet, obesity, or both. The obesity-prone phenotype (DIO-
P) rats exhibited an increase in toll-like receptor-4 (TLR4) 
activation with associated ileal inflammation and a 
decrease in intestinal alkaline phosphatase, a luminal 
enzyme that detoxifies LPS, whereas the obesity-resistant 
phenotype (DIO-R) rats did not. Measurement of bacte-
rial 16S rRNA showed a decrease in total bacterial den-
sity and an increase in the relative proportion of 
Bacteroidales and Clostridiales orders in rats fed HF diets 
regardless of phenotype. An increase in Enterobacteriales 
was seen only in DIO-P rats. The results imply that con-
sumption of an HF diet induces changes in the gut micro-
biota; however, it is the obese phenotype that develops 
obesity-induced inflammation. In contrast, Hildebrandt 
et al27 found large alterations in the gut microbiota of 
RELM-β knockout mice associated with an HF diet, inde-
pendent of obesity. Principal microbial alterations 
included a decrease in Bacteroidetes and an increase in 
both Firmicutes and Proteobacteria.

Further supporting the role of diet in the composition of 
the gut microbiota is a study from Zhang et al37 that assessed 
the relative contributions of host genetics and diet in shap-
ing the gut microbiota. They found that diet changes 
explained 57% of the total structural variation in gut micro-
biota, whereas genetic mutation accounted for no more than 
12%. All the groups with impaired glucose tolerance had 
significantly different gut microbiota relative to healthy wild-
type/normal chow-fed animals. Bifidobacterium spp were 
nearly absent in all animals on an HF diet, regardless of 
genotype. Sulfate-reducing, endotoxin-producing bacteria of 
the family Desulfovibrionaceae were enhanced in all animals 
with impaired glucose tolerance.

In summary, the studies described above indicate 
that (1) aside from its caloric contributions, an HF diet 
causes alterations in the gut epithelial integrity and the 

microbiota, resulting in a propensity toward an increased 
low-grade systemic inflammation that contributes to the 
development of obesity; (2) a complex interaction between 
the original microbiota and diet-induced changes in the 
microbiota contributes to the development of metabolic 
endotoxemia, insulin resistance, and metabolic syndrome; 
and (3) alterations in the microbiota and resultant obesity-
prone environment caused by an HF diet are transmissible.

High-Fructose Diets

A high-fructose diet in mice has been demonstrated to 
induce hepatic and extrahepatic insulin resistance, obesity, 
and hypertension. Because fructose (eg, high-fructose 
corn syrup) has now become a major constituent of our 
modern diet, the role of fructose in the obesity epidemic 
is under much study.38 Although a number of mechanisms 
have been proposed, several studies have implicated the 
gut microbiota and its effects on intestinal permeability in 
high-fructose diet-induced obesity and obesity-related 
metabolic disturbances. Bergheim et al39 compared 
C57BL/J6 mice with free access to solutions containing 
30% glucose, 30% fructose, 30% sucrose, water sweet-
ened with artificial sweetener (AS), or plain water. 
Whereas total caloric intake and weight gain were highest 
in mice exposed to glucose, hepatic lipid accumulation 
was significantly higher in mice consuming fructose com-
pared to all other groups. Interestingly, fructose-fed mice 
had significantly higher levels of endotoxin in portal blood 
as well as increased hepatic lipid peroxidation and TNF-α 
expression. Treatment with the antibiotics, polymyxin B 
and neomycin, attenuated the endotoxemia and hepatic 
lipid accumulation in fructose-fed mice. Another study 
compared TLR4-mutant (C3H/HeJ) mice and wild-type 
(C3H/HouJ) mice with fructose-induced NAFLD. In 
fructose-fed TLR4 mutant mice, hepatic triglyceride 
accumulation was significantly reduced by approximately 
40% in comparison to fructose-fed wild-type mice, and 
plasma alanine aminotransferase levels were at the level 
of water-fed controls. In addition, hepatic lipid peroxida-
tion, MyD88, and TNF-α levels were significantly 
decreased in fructose-fed TLR4-mutant mice. The 
authors concluded that fructose-induced NAFLD is asso-
ciated with intestinal bacterial overgrowth, increased 
intestinal permeability, and endotoxin-dependent activa-
tion of hepatic Kupffer cells.40

Microbiota, Endotoxemia, Hepatic 
Steatosis/Inflammation/Injury

We have thus far reviewed potential interactions of the 
microbiota, diet, and gut permeability with low-grade 
endotoxemia and inflammation. We have shown that 
both high-fat and high-fructose diets can induce hepatic 
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steatosis. We now review how gut-derived endotoxin can 
act as a “second hit” or insult to convert hepatic steatosis 
to steatohepatitis and cause both local hepatic and sys-
temic inflammation (Figure 1). Importantly, hepatic 
inflammation can predispose to other organ dysfunction/
injury, including lung, kidney, and brain. This dysregu-
lated inflammatory response has major implications for 
the organ failure that occurs in many intensive care unit 
(ICU) patients. Moreover, patients in the ICU are likely 
to have hepatic steatosis for multiple reasons, including 
previously mentioned dietary factors, alcohol abuse, or 
parenteral nutrition; thus, they have a fatty liver that is 
susceptible to a “second hit.” We now focus on the inter-
actions of the microbiome, gut permeability, endotoxin, 
and proinflammatory cytokines as one pathway for driving 
steatosis to steatohepatitis and systemic inflammation.

It has been recognized for more than a half century 
that the gut flora and gut-derived toxins play a critical role 
in the development of both liver disease and certain com-
plications such as portal systemic (PSE) encephalopa-
thy.41-44 Indeed, more than 50 years ago, it was shown that 
germ-free rodents or rodents treated with antibiotics to 
“sterilize the gut” were resistant to both nutrition and 
toxin-induced liver injury. Elegant studies by Broitman and 
coworkers43 showed that rats fed a choline-deficient diet 
developed cirrhosis that could be prevented by oral neomy-
cin. However, when endotoxin was added to the water sup-
ply, neomycin could no longer prevent the development of 
liver injury and fibrosis. This study clearly documented the 
critical role of endotoxin in the development/progression 
of liver inflammation/injury/fibrosis. Subsequently, it was 
shown that dietary factors such as fat, fructose, and alco-
hol can alter gut flora and intestinal permeability. 
Alterations in permeability allow gut-derived toxins to 

cross the intestinal barrier and activate Kupffer cells, 
which are “primed” to overproduce inflammatory cytokines, 
which, in turn, can cause liver inflammation/injury and 
systemic inflammation (Figure 1). Mechanisms for intesti-
nal permeability changes are multiple and include altera-
tions in microbiota, acetaldehyde generation from alcohol, 
nitric oxide production, alterations in individual nutrients 
such as zinc deficiency, and others.45 Gut-derived toxins 
that cross the gut barrier include not only endotoxins or 
LPS but also other gut-derived products such as pepti-
doglycan.

As introduced in the previous section, antibiotics, 
prebiotics, and probiotics have all been shown to prevent 
the development of both experimental alcohol- or diet-
induced steatosis/steatohepatitis.39,46-49 Increased plasma/
hepatic concentrations of proinflammatory cytokines 
such as TNF were noted in rodent models of alcohol- or 
diet-induced steatosis/steatohepatitis, and mice given 
anti-TNF antibodies or mice lacking TNFR1 were pro-
tected against the development of experimental diet- or 
alcohol-induced steatosis/steatohepatitis.49-52 Moreover, 
diets inducing hepatic steatosis were shown to sensitize to 
the hepatotoxicity induced by gut-derived endotoxin and 
TNF, and specific components of the TLR4 pathway 
responsible for steatosis-related liver injury are currently 
being defined. Indeed, TLR4 activation by endotoxin 
results in recruitment of the adaptor molecules MyD88 
and Toll/interleukin-1 receptor (TIR) domain-containing 
adapter-inducing interferon-β (TRIF), which each acti-
vate separate downstream signaling cascades. Recent data 
suggest that the MyD88-independent pathway (TRIF) is 
more important in the development of alcohol-related 
steatohepatitis, whereas nonalcoholic steatohepatitis 
appears to signal through the MyD88-dependent path-
way.53 Thus, our knowledge is rapidly expanding concern-
ing how a fatty liver produces an exaggerated inflammatory 
response when challenged with gut-derived toxins, and 
new potential therapeutic targets are being discovered.

Concomitant studies in patients with steatohepatitis 
due to either obesity or alcohol also showed increased gut 
permeability and endotoxemia. More than 20 years ago, we 
first reported that patients with alcoholic steatohepatitis 
had increased basal- and endotoxin-stimulated monocyte 
TNF production, and subsequent studies showed that 
plasma and monocyte proinflammatory cytokines corre-
lated with the clinical course of alcoholic steatohepatitis 
and survival.54,55 Similar but less prominent increases in 
TNF and chemokines, such as interleukin (IL)–8, were 
observed in nonalcoholic steatohepatitis, as well as signifi-
cant decreases in plasma concentrations of the critical 
anti-inflammatory adipokine, adiponectin.56,57 Thus, 
human data appear generally to parallel animal studies and 
suggest that patients with fatty liver have low-grade sys-
temic inflammation producing a greater inflammatory/
cytokine response to gut-derived endotoxin stimulus.

 

Figure 1.    Alterations in gut flora/permeability can lead to acti-
vation of hepatic Tolls, subsequent hepatic inflammation/injury, 
and ultimately systemic inflammation and organ injury. ICU, 
intensive care unit; LPS, lipopolysaccaride; TLR4, toll-like 
receptor-4; TNF, tumor necrosis factor.
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Conclusion

Conventional thoughts regarding caloric intake, energy 
expenditure, and the development of obesity and obesity-
related complications are being challenged by recent 
revelations regarding the role of the gut microbiota. Not 
only does this symbiotic relationship result in vast differ-
ences in nutrient acquisition and energy homeostasis, but 
it appears that diet composition can rapidly induce impor-
tant changes in the microbiota, which, in turn, result in 
further metabolic consequences for the host organism. 
Although high-fat and high-fructose diets result in caloric 
excess, their deleterious health consequences appear also 
to be partially due to their effect on the microbiota, gut 
permeability, and resultant metabolic endotoxemia. There 
are multiple reasons for ICU patients to have both meta-
bolic endotoxemia and fatty liver. A second insult such as 
bacteremia or hypotension can induce further inflamma-
tion and potential organ injury. Multiple pathways that 
are amenable to therapeutic interventions (including 
nutrition therapy) are being identified and investigated 
for anti-inflammatory potential.
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