®

Check for
updates
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Fatty Liver Disease

Wei Jia and Cynthia Rajani

Abstract

Non-alcoholic fatty liver disease (NAFLD) is
defined as the presence of excess fat in the
liver parenchyma in the absence of excess
alcohol consumption and overt inflamma-
tion. It has also been described as the hepatic
manifestation of metabolic syndrome (Than
NN, Newsome PN, Atherosclerosis.
239:192-202, 2015). The incidence of
NAFLD has been reported to be 43—-60% in
diabetics, ~90% in patients with hyperlipid-
emia and 91% in morbidly obese patients
(Than NN, Newsome PN, Atherosclerosis.
239:192-202, 2015, Machado M, Marques-
Vidal P, Cortez-Pinto H, J Hepatol, 45:600—
606, 2006, Vernon G, Baranova A, Younossi
ZM, Aliment Pharmacol Ther, 34:274-285,
2011). The risk factors that have been associ-
ated with the development of NAFLD include
male gender, increasing age, obesity, insulin

resistance, diabetes and hyperlipidemia
(Attar BM, Van Thiel DH, Sci World J,
2013:481893, 2013, Gaggini M, Morelli M,
Buzzigoli E, DeFronzo RA, Bugianesi E,
Gastaldelli A, Forum Nutr, 5:1544-1460,
2013). All of these risk factors have been
linked to alterations of the gut microbiota,
ie., gut dysbiosis (He X, Ji G, Jia W, Li H, Int
J Mol Sci, 17:300, 2016). However, it must
be pointed out that the prevalence of NAFLD
in normal weight individuals without meta-
bolic risk factors is ~16% (Than NN,
Newsome PN, Atherosclerosis. 239:192—
202, 2015). This fact has led some investiga-
tors to hypothesize that the gut microbiota
can impact lipid metabolism in the liver inde-
pendently of obesity-related metabolic fac-
tors (Marchesi JR, Adams DH, Fava F,
Hermes GD, Hirschfield GM, Hold g, et al.,
Gut, 65:330 339, 2016) (Le Roy T, Llopis M,
Lepage P, Bruneau A, Rabot S, Bevilacqua C,
et al., Gut, 62:1787-1794, 2013). In this
chapter, we will explore the effect of the gut
microbiota on hepatic lipid metabolism and
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how this affects the development of NAFLD.
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8.1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is
defined as the presence of excess fat in the liver
parenchyma in the absence of excess alcohol
consumption and overt inflammation. It has also
been described as the hepatic manifestation of
metabolic syndrome. A much broader definition of
NAFLD that has come into common use is that it
can be considered as the entire spectrum of liver
disease which progresses from simple steato-
sis — steatohepatitis — fibrosis — cirrhosis and
finally leading to either liver transplantation or
hepatocarcinoma (HCC) [1]. The incidence of
NAFLD has been reported to be 43-60% in dia-
betics, ~90% in patients with hyperlipidemia and
91% in morbidly obese patients [1-3]. The risk
factors that have been associated with the develop-
ment of NAFLD include male gender, increasing
age, obesity, insulin resistance, diabetes and
hyperlipidemia [4, 5]. All of these risk factors have
been linked to alterations of the gut microbiota, ie.,
gut dysbiosis [6]. The gut microbiota are consid-
ered to be an additional organ in the body which,
as a collection of many different cells, works
together with the host to promote health but can
also malfunction and initiate disease [7]. Although
gut microbiota have been implicated as part of the
etiology of the risk factors leading to NAFLD, it
must be pointed out that the prevalence of NAFLD
in normal weight individuals without metabolic
risk factors is ~16% [1]. The fact that not all
persons with NAFLD are obese or have other
associated metabolic risk factors has led some
investigators to hypothesize that the gut microbi-
ota can impact lipid metabolism in the liver inde-
pendently of obesity-related metabolic factors [8].
In this chapter, we will explore the effect of the gut
microbiota on hepatic lipid metabolism and how
this affects the development of NAFLD.

The Gut Microbiota
and Development of NAFLD

8.2

NAFLD is prevalent among obese persons, how-
ever, not all obese people develop NAFLD. In
this section, we will discuss the evidence from

pre-clinical and clinical studies that provide evi-
dence for gut microbiota involvement in the etiol-
ogy of NAFLD. High fat diet (HFD) is a standard
method for inducing obesity, steatosis and insulin
resistance in mice [9]. Early studies showed that
germ-free (GF) mice treated with HFD gained
less weight and exhibited less glycaemia, insu-
linemia, and better glucose tolerance and insulin
sensitivity relative to conventional mice [10].
These differences in metabolism may be partially
explained by the increased fatty acid (FA) oxida-
tion and decreased lipogenesis observed in germ-
free (GF) mice [11]. It has also been shown that
diabetes-susceptible and resistant mice of the
same genetic background are associated with dif-
ferent gut microbiota [12]. A recent study, which
will be discussed below, was undertaken to exam-
ine NAFLD with the hypothesis that NAFLD
could be dissociated from the degree of obesity
and diabetes via the gut microbiota in mice [8].
In order to understand the role of the gut
microbiota in NAFLD development, a conven-
tional strain of C57BL/6J mice were fed a com-
mon high fat diet (HFD) for 16 weeks [8]. Within
the same mouse strain, HFD treatment produced
mice that responded to the diet by developing
high levels of glycaemia, systemic inflammation
and steatosis (responders) and also several mice
that did not develop metabolic disorders (non-
responders). From these two groups of mice, one
responder and one non-responder was chosen
that had similar body weight, fat pad mass and
food intake to become a fecal donor mouse. Two
groups of germ-free (GF) C57BL/6] mice were
then submitted to fecal transplantation from
either the responder mouse or the non-responder
to generate RR mice and NRR mice, respectively.
The RR and NRR groups were fed the same HFD
for 16 weeks. Both NRR and RR groups exhib-
ited similar food intake, weight gain and size of
epididymal fat pads, but the RR group had
enhanced levels of fasting glycaemia and
insulinemia. The HOMO-IR index was 2.4-fold
greater in the RR group indicating development
of much more insulin resistance. Total caecal
concentrations of short-chain fatty acids (SCFAs)
were similar between NRR and RR but isobutyr-
ate and isovalerate, bacterial fermentation prod-
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ucts of valine and leucine were significantly
higher in the caecum of RR mice. The NRR
group developed slight to mild steatosis while
the RR group developed marked steatosis with
a 30% higher triglyceride (TG) level. The
transcription factors, sterol regulatory binding
protein (SREBP) lc and carbohydrate response
element binding protein (ChREBP) were found
to be increased ~2-fold in RR vs. NRR mice.
Both of these factors affect hepatic de novo lipo-
genesis (DNL) [13].

The microbiota of the mice on HFD showed a
clustering pattern with two bacterial species,
Lachnospiraceae bacterium 609 and Barnesiella
intestinihominis, higher in RR mice at both week
3 and 16, and Bacteroides vulgates was higher in
NRR mice [8]. Barnesiella intestinihominis
belongs to the family Porphyromonadaceae
which was shown previously to be increased in
inflammasome deficient mice that developed
marked steatosis and inflammation and also in a
clinical study of obese NAFLD patients relative
to healthy lean [14]. On the other hand,
Bacteroides vulgates was previously found to be
decreased in patients with type-2 diabetes (T2D)
suggesting this bacterium may exert protective
effects against T2D [15]. More generally,
Barnesiella and Roseburia genera were found to
be more represented in RR mice while
Allobaculum was increased in the NRR group.
RR mice had significantly increased Firmicutes
species than NRR mice even though the degree of
adiposity was the same for both groups.

Other findings that were remarkable in this
study were that there was no significant differ-
ence in systemic and hepatic inflammation or in
body and liver weights between RR and NRR
indicating that the gut microbiota can impact
hepatic lipid metabolism independently of a sys-
temic pro-inflammatory state and that insulin
resistance does not depend on a greater degree of
obesity [8]. Based on this study, the impact of
microbiota on steatosis and NAFLD may be
explained by their function in regulating glucose
homeostasis via the transcription factors ChNREBP
and SREBP, which control transcription of lipo-
genic genes. Both ChREBP and SREBP tran-
scription factor activities are under the control of

another important hepatic transcription factor,
the bile acid (BA) sensitive farnesoid X receptor
(FXR). In the next section, we shall briefly review
hepatic lipid metabolism and its connectivity
with glucose metabolism and how BA activation
of FXR influences lipid and glucose metabolism
in the liver.

8.3 Hepatic Lipid Metabolism
and Its Interface
with Glucose Metabolism

in NAFLD

Lipid metabolism begins in the intestine where
lipids are emulsified by bile acids (BAs). Lipid
emulsification allows them to become hydro-
lyzed and subsequently absorbed by the entero-
cytes where they become converted to lipoprotein
particles called nascent chylomicrons. Nascent
chylomicrons then travel through the lymphatic
system into the circulation where they are pro-
cessed further via replacement of apoproteins A-I
and IV (apol,IV) with apoE and apoC-II which
allows them to be broken down into free fatty
acids (FFAs), glycerol and chylomicron frag-
ments. FFAs are then partially removed from the
blood by adipose tissue while the cholesteryl-
ester enriched and TG depleted chylomicron
fragments are endocytosed by the liver and bro-
ken down in the lysosomes into recyclable
hepatic glycerol, FA, cholesterol, amino acid and
phosphate residues [16]. Therefore, hepatic FAs
come from four sources, (1) lipolysis of adipose
tissue, (2) dietary ingestion, (3) endogenous pro-
duction via de novo lipogenesis (DNL) and, (4)
released from hepatic lysosomes by autophagy.
In a clinical study of NAFLD patients, it was
determined that ~50-60% of TGs in the liver
were derived from nonesterified FFAs (from
lipolysis of adipose tissue and chylomicron frag-
ments), ~19-33% from DNL and 8-22% from
dietary sources [16, 17]. The increase in DNL in
NAFLD was thought to be due to dysregulation
of SREBPIc and FoxO-modulation of insulin
signaling, thereby providing a link between
hepatic lipid and glucose metabolism [18].
Hepatic FA synthesis, on the other hand, is initi-
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Fig. 8.1 The interface between hepatic lipid and glu-
cose metabolis. Both glucose and insulin activate LXR
and this causes increased expression and activation of
SREBPI1c and ChREBP which, in turn, increases de novo
lipogenesis. In addition to LXR, glucose can also directly
activate ChREBP and ceramide, a product of lipogenesis
can directly activate SRBEP1c. ChREBP transcribes key
enzymes for the glycolysis/glycogenesis cycles (GK, PK)
and both ChREBP and SREBPIc synergistically tran-
scribe important enzymes for de novo lipogenesis (ATP
citrate lyase, ACC, FAS, SCD1). BAs activate the nuclear
receptor FXR which modulates both glycolysis/glycogen-
esis and de novo lipogenesis cycles via it inhibitory effect
on LXR. FXR activation also leads to increased expres-
sion of PPARa which in turn, transcribes genes for the
increase of mitochondrial f-oxidation of FAs. Therefore,

ated via two enzymes, acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FAS). The lipid
sensitive SREBPlc and the glucose sensitive
ChREBP transcription factors together induce
expression of FAS and ACC in a synergistic way
thus giving increased support to the idea of an
interface between glucose and lipid metabolism
in the liver [19, 20].

Figure 8.1 is a diagram depicting a brief over-
view of the interface between hepatic glucose and
lipid metabolism in a normal liver. Glucose uptake
via GLUT2 transporters can be shunted into
either glycolysis or glycogenolysis. Activation of

hepatic FXR activation leads to a decrease in the glycoly-
sis = de novo lipogenesis — TG axis and reduces hepatic
lipid accumulation and also increases the use of FAs for
energy expenditure in the liver via upregulation of PPARa.
Both of these FXR mediated effects reduce hepatic lipid
accumulation to forestall NAFLD [16, 19, 20, 22, 23, 25]
Abbreviations: GLUT2 glucose receptor-2, GK glucoki-
nase, GO6P glucose-6-phospate, PEP phosphenolpyruvate,
PK pyruvate kinase, ACC acetyl-CoA carboxylase, FAS
fatty acid synthase, FAs fatty acid, SCDI steroyl-CoA-
desaturase-1, /R insulin receptor. BAs bile acids, FXR
farnesoid X receptor, LXR liver X receptor, PPARa per-
oxisome proliferator-activated receptor-o, ChREBPIc
carbohydrate response element binding protein-Ic,
SREBP sterol response element binding protein, FGF21
fibroblast growth factor-21

ChREBP results in the increased transcription of
genes for glucokinase (GK) which phosphorylates
glucose to become glucose-6-phophate which, in
turn, can be used as a substrate for either glycoly-
sis or glycogenesis. ChREBP also acts to upregu-
late pyruvate kinase (PK) which is a key enzyme
in glycolysis that converts phosphoenolpyruvate
into pyruvate. Pyruvate is then taken into the mito-
chondria where it enters TCA cycle. The result of
this is the production of citrate which is converted
into acetyl-CoA via the enzyme ATP citrate lyase,
an enzyme that is controlled by both ChREBP and
SREBP-1c. ChREBP and SRBEP-1c are regulated
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by glucose and insulin, respectively. Together,
ChREBP and SRBEP-Ic transcribe genes for
enzymes involved in de novo lipogenesis (Fig. 8.1).
Acetyl-CoA formed previously from citrate is then
catalyzed by acetyl-CoA carboxylase (ACC) to
form malonyl Co-A. Malonyl CoA and acetyl-
CoA together can then be reacted with fatty acid
synthase (FAS) to form palmitic acid, an important
FA that is the substrate for production of monoun-
saturated FAs (MUFASs) via steroyl-CoA-desatu-
rase-1 (SCDI1). MUFAs are then eventually
packaged into TGs or else undergo p-oxidation in
the mitochondria [16, 19, 21].

Both SREBPIc and ChREBP expression are
regulated by the BA sensitive nuclear receptor,
farnesoid X receptor (FXR) via inhibition of liver
X receptor (LXR) [22]. The primary evidence for
FXR involvement in hepatic lipid metabolism
came from studies of FXR KO mice which
clearly showed that FXR deletion resulted in
hepatic lipid accumulation and elevated plasma
TGs. On the contrary, activation of FXR by either
BAs or an agonist such as GW4064 or INT-747
reduced both glycolysis and de novo lipogenesis,
leading to a reduction in hepatic TGs in mice [23,
24]. FXR activation also leads to the increased
expression of peroxisome proliferator-activated
receptor-o  (PPARx) resulting in increased
B-oxidation of FAs for energy expenditure and
decreased hepatic TGs in mice [21]. This was
shown in PPARa~~ mice which are incapable of
upregulating FA oxidation in the liver and
develop severe steatosis [25, 26]. When placed
on a methionine/choline deficient diet, PPARo~"~
mice develop NASH [26]. Furthermore, adminis-
tration of PPARa agonists prevented the
development of methionine- and choline-
deficient diet-induced NASH in mice [27].
Clinical data is inconclusive in humans in the use
of PPAR« agonists for prevention of steatosis in
NAFLD which has been attributed to small sam-
ple size and the use of combined treatments [28].
Lastly, hepatic FXR activation leads to the
increased expression of fibroblast growth factor
-21 (FGF21) which is secreted from the liver and
acts mainly in adipose tissue via binding to fibro-
blast growth receptor-4 (FGFR4) (Fig. 8.2) to
increase expression of adiponectin, a beneficial

adipokine that has been shown to reduce the level
of ceramide [29]. FGF21 has also been shown to
activate an extracellular signal-related kinase %2
(ERK1/2) signaling pathway in adipose tissue
(Fig. 8.2) that leads to increased expression of
GLUT!1 glucose transporters resulting in
increased glucose uptake by adipose tissue and a
lowering of blood glucose levels thus protecting
against hyperglycemia, hyperinsulinemia and
insulin resistance [30].

FXR activation also plays a critical role in
VLDL clearance from the plasma. VLDL TGs
are cleared from the plasma via their hydrolysis
by lipoprotein lipase (LPL), an enzyme which
lines the endothelial cells of extrahepatic tissues.
FXR induces apoCII and apoAS which are acti-
vators of LPL and suppresses apoCIII which is an
LPL inhibitor [22, 31, 32]. FGF21 produced by
FXR activation also acts in an endocrine way in
the liver mitochondria to increase p-oxidation of
FAs into acetyl-CoA for use in the ketogenesis
pathway [22, 33] (Figs. 8.1 and 8.2).

FXR activation in the intestine has conse-
quences for hepatic lipid metabolism and pro-
gression to NAFLD as shown in Fig. 8.2. In the
intestine, FXR is known to target the expression
of genes that lead to the synthesis of ceramide.
This was shown in mice using an intestine spe-
cific FXR inhibitor, glyco-muricholic acid
(G-MCA), which cannot be hydrolyzed by the
gut microbiota. The G-MCA treatment protected
the mice that were exposed to HFD from adipos-
ity, hyperglycemia, insulin resistance and hepatic
steatosis by decreasing the expression of
ceramide and the ceramide synthetic enzymes,
sphingomyelin phosphodiesterase 3 (Smpd3) and
serine palmitoyltransferase long-chain base sub-
unit 2 (Sptlc2) [34]. Increased ceramide activates
three different signaling pathways in the liver,
inhibitor of nuclear factor kB kinase subunit §
(IKK2), c-Jun N-terminal kinase (JNK) and pro-
tein kinase C-{ (PKC{) that all result in insulin
resistance (Fig. 8.2) [35]. However, FXR activa-
tion in the ileum exerts a hepatoprotective effect
by increasing the production of FGF19/(15 in
mice), a hormone that when secreted into the cir-
culation binds to the hepatic FGFR4 recep-
tor. Hepatic FGF19/15-FGFR4 binding decreases
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Fig. 8.2 The gut microbiota-BA-FXR- FGF21/
FGF19-adiponectin-ceramide pathway role in meta-
bolic diseases, including NAFLD. BSH producing
microbiota deconjugate BAs secreted from the liver.
Unconjugated, primary BAs (CA, CDCA) then activate
intestinal FXR which leads to the production of FGF19.
FXR activation also targets two genes for enzymes
important for the synthesis of ceramide, Smpd3 and
Sptlc2 and thus causes an increase in ceramide. FGF19
subsequently binds to FGFR4/p-Klotho which causes, (1)
inhibition of BA synthesis, (2) activation of
ERK1/2 — fprotein (ie., GLUT1 glucose transporters)
and glycogen synthesis. Ceramide, on the other hand, (1)
activates SREBP-1c to 1FA synthesis, (2) activates IKK2,
JNK and PKC{ which effectively block the effects of
insulin on its receptor, ie., insulin resistance. Insulin, also
shown in this diagram, can be activated by the BA sensi-
tive G-protein-coupled receptor SIPR2 and shows some
parallel activity to the effects of FGF19 in that it aug-
ments the effect of insulin via the pathway leading to
increased S6/elF-4B which causes increased protein
(GLUT1) and glycogen synthesis. In addition, insulin tar-
gets mTOR to cause tlipid synthesis. FXR activation in
the liver causes production of FGF21 which, after secre-
tion, targets FGFR4/p-Klotho in WAT where it, (1) acti-
vates the ERK 1/2 — RSK — EIk1/SRF pathway that

leads to increased expression of GLUTI transporters
which in turn cause enhanced uptake of glucose into
WAT and a decrease in hyperglycemia, (2) causes an
increase in adiponectin secretion that in turn, lowers
serum ceramide. Lower serum ceramide means more
beige adipocytes and increased energy utilization to fight
obesity while high serum ceramide means more WAT and
less energy expenditure [29, 30, 35-37]

Abbreviations: BA bile acid, CA cholic acid, CDCA che-
nodeoxycholic acid , FXR farnesoid X receptor, RXR reti-
noid X receptor, FGF'19/21 fibroblast growth factor-19/21,
IR insulin receptor, /RS1/2 insulin receptor substrate Y2,
IKK? inhibitor of nuclear factor kB kinase subunit beta,
JNK c-Jun N-terminal kinase, PKC protein kinase C, FA
fatty acid, AKT protein kinase B, SREBP-Ic sterol
response element binding protein-1c, ChREBP carbohy-
drate responsive element binding protein, m7OR mamma-
lian target of rapamycin, S6K S6 ribosomal protein
kinase-beta-1, S6 S6 ribosomal protein, e/F-4B eukaryotic
translation initiator factor -4B, GSK3 glycogen synthase
kinase 3, GS glycogen synthase, RSK ribosomal S6
kinase, ERKI/2 extracellular signal-related kinase Y2,
FGFR4 fibroblast growth factor receptor-4, Elkl ETS
domain containing protein-1, SRF serum response factor,
BSH bile salt hydrolase, WAT white adipose tissue, SIPR2
sphingosine-1-phosphate receptor-2
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BA synthesis but activates ERK1/2 signaling
pathways, increasing protein (GLUT1) and
glycogen synthesis. These activities increase
glucose uptake and storage of excess glucose as
glycogen, conferring protection against hyper-
glycemia and hepatic insulin resistance [36].
Conjugated BAs also bind to another hepatic
BA sensitive G-protein coupled receptor,
sphingosine-1-phosphate receptor-2 (SIPR2),
which has been shown to transactivate the insulin
receptor (IR) to augment insulin signaling, the
result is protein kinase B activation (AKT) which
stimulates mammalian target of rapamycin
(mTOR) to increase glycogenesis and protein
synthesis (ie. GLUT1) [37].

In summary of this section, we have reviewed
hepatic lipid metabolism and the signaling path-
ways that mediate it. Further we have discussed
how BAs impact these signaling pathways and
hepatic lipid metabolism via the nuclear receptor,
FXR and the G-protein coupled receptor SIPR2
which not only directly impact transcription fac-
tors the govern lipogenesis, glycolysis and glyco-
genesis, but also cause transcription of important
FGF hormones that positively affect metabolism.
The gut microbiota is responsible for the compo-
sition of the BA pool which are the endogenous
agonists for FXR and STPR2. In the next section,
we will discuss the gut microbiota-BA axis and
its effect on NAFLD development.

The Gut Microbiota-BA Axis
and Development of NAFLD

8.4

The gut microbiota shapes the composition of the
BA pool producing the endogenous ligands for
the BA sensitive receptors discussed so far in this
chapter, FXR and SIPR2. Early evidence for the
existence of a gut microbiota-BA axis came from
examination of the BA pool in GF mice/rats. GF
rodents have only primary conjugated BAs, an
expanded intestinal BA pool, increased BA syn-
thesis and decreased BA reabsorption [25]. Gut
microbiota are essential for modifying the struc-
ture of the primary BAs produced in the liver and
these modifications include deconjugation of the
primary BAs, GCDCA (or TCDCA) and GCA

(or TCA) into CDCA and CA, which must pre-
cede subsequent, multiple 7a-dehydroxylation
steps to produce the secondary BAs, deoxycholic
acid (DCA) and lithocholic acid (LCA). These
gut microbiota transformed BA have been shown
to be high affinity ligands for FXR and their
affinities have been ranked as CDCA>
LCA =DCA > CA [24, 38, 39]. Reconjugation in
the liver of the secondary BAs LCA and DCA to
TLCA (or GLCA)and TDCA (or GDCA) gives
rise to the most potent ligands for the intestinal
BA sensitive G-protein coupled receptor, Takeda
G-protein coupled receptor 5 (TGRS) (TLCA >
GLCA>LCA >TDCA> GDCA> DCA >
TCDCA> GCDCA >CDCS > TCA > GCA >
CA) [24, 37, 40, 41]. The hepatic BA sensitive
G-protein coupled receptor, SIPR2, is only acti-
vated by conjugated Bas [37]. Notably, the genes
for the two conjugating enzymes for BAs,
BA-CoA synthase (BACS) and BA-CoA:amino
acid N-acyltransferase (BAT) are FXR targets
[22, 42]. Thus, the gut microbiota, by modifying
the BA pool control FXR and SIPR2 signaling
and the accumulation of TGs in the liver that lead
to NAFLD.

A recent study nicely demonstrated the altera-
tion of the BA pool that occurs with metabolic
changes in mice [43]. A group of obesity-prone
(129S6/SvEvTac=129T) and obesity resistant
mice (129S6/SvimJ=129J) from the same strain
were treated with HFD along with another group
of obesity-prone mice from a different strain
(C571BL/6J=B6J). Both B6J and 129T mice
gained a significant and similar amount of weight
while the 129J mice remained lean. However,
both 129T and 129] groups maintained normal
blood glucose and insulin levels and remained
insulin sensitive despite their significantly differ-
ent BMIs. The B6J mice developed hyperinsu-
linemia, hyperglycemia and insulin resistance.
Insulin resistance is strongly associated with the
development of NAFLD [44]. The investigators
then used a metabolomic technique to analyze the
BAs in all of the mice with the following results.
The BA profiles indicated a unique baseline (no
HFD) gut microbiota for each group based on the
differences in the BA abundances found which
was altered by HFD in a unique way for each
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Table 8.1 BA profiles reflect changes in microbiota

Mouse strain

Treatment

BA profile + dominant bacterial phlya

B6J

Chow + placebo

HDCA/UDCA > MCA = CDCA > DCA > CA > LCA

HED + placebo CA >>MCA > DCA > HDCA/UDCA > CDCA >LCA
Firmicutes >> Bacteroidetes >>>>> Actinobacteria
HFD + V CA > MCA > HDCA/UDCA > CDCA (no LCA, DCA)
Proteobacteria >> Firmicutes >>> Tenericules
HFD + M MCA >> CA > HDCA/UDCA > CDCA > DCA (no LCA)
Firmicutes > Proteobacteria >>>> unclassified
129T Chow + placebo CA > MCA >>HDCA/UDCA = CDCA >> CA >LCA
HFD + placebo CA >MCA > DCA > HDCA/UDCA > CDCA > LCA
Firmicutes >> Bacteroidetes~ Verrucomicrobia >> Deferribacteres
HFD + V CA > MCA >>HDCA/UDCA > CDCA > DCA (no LCA)
Firmicutes > Proteobacteria >> Deferribacteres>>> Tenericutes
HFD + M MCA > CA >>>HDCA/UDCA > CDCA (no DCA, LCA)
Firmicuttes > > Proteobacteria >>>>> Actinobacteria
129] Chow + placebo MCA >> HDCA/UDCA > DCA = CDCA >> CA > LCA

HFD + placebo MCA > CA >>HDCA/UDCA > CDCA (no DCA, LCA)
Verrucomicrobia >>> Firmicutes >> Bacteroidetes>>>>
Proteobacteria

HFD + V CA > MCA >> HDCA/UDCA > CDCA (no DCA, LCA)
Proteobacteria (2/3) >> Firmicutes (1/3)

HFD + M MCA >>> HDCA/UDCA > CDCA > CA (no DCA, LCA)

Firmicutes >> Proteobacteria = Verrucomicrobia

group (Table 8.1). Both mouse [45] and human
[46] obesity phenotypes have been associated
with an decrease in the ratio of the two dominant
phyla in the microbiota, Bacteroidetes/ Firmicutes
relative to lean controls and thus the next strategy
was to administer two antibiotics to two groups of
HFD mice from each strain, metronidazole (M), a
broad spectrum antibiotic that is absorbable by
anaerobes and vancomycin (V) that is absorbable
only by gram positive bacteria which would
include Firmicutes and the third most common
phylum in the gut, Actinobacteria [47]. Using the
129] strain (lean control) as a point of reference,
the HFD treatment transformed the BA profile of
129T mice to be similar to the B6J in terms of
rank ordering of BA abundance. The BA compo-
sition for both 129T and B6J mice on antibiotic
treatment changed to become more similar to the
129J lean control. The gut microbiota differences
among the different treatment groups showed an

increase in Firmicutes with HFD only for the
obesity-prone strains.

The V and M treated B6J mice showed
improved glucose, glucose tolerance and insulin
sensitivity with no changes in insulin levels.
Finally, transplantation of fecal matter to HFD
treated GF-B6J from V and M-treated B6J
resulted in improved glucose, glucose tolerance
and insulin sensitivity relative to the original
HFD treated B6J mice, indicating that these dif-
ferences were due to the transplanted microbiota.
The major conclusions from this study are; (1)
that development of metabolic syndrome does
not depend on obesity but is strongly affected by
the gut microbiota, (2) although 129T and 129J
have the same genetic background, they can have
different microbiota and therefore, different obe-
sity tendencies, (3) changes in the gut microbiota
may be visualized by changes in the BA pool
composition. (Table 8.1).



8 The Influence of Gut Microbial Metabolism on the Development and Progression of Non-alcoholic... 103

8.5 Angiopoietin-Like Protein-4

and Development of NAFLD

BAs are not the only regulators of hepatic lipid
accumulation under the control of the gut micro-
biota. In this section, we will examine the effect
of the gut microbiota metabolites on the patho-
genesis of NAFLD via their ability to impact
LPL activity and alter the availability of choline.
These pathways are summarized in Fig. 8.3.

The following pivotal study clearly revealed
the involvement of the gut microbiota as a regula-
tor of both hepatic and adipose lipid storage [48].
This experiment involved the comparison of GF
C57BL/6] (B6J) mice with conventionalized
mice (CONV-D) from a WT donor, as well as,
conventionally raised WT mice (CONV-R).
CONV-R mice contained 42% more total body
fat than the GF mice. When the GF mice were
conventionalized using a fecal transplant from
the CONV-R mice (CONV-D), they increased
their total body fat by 57% with a 61% increase
in epididymal fat. The predominant caecal bacte-
ria genera in both CONV-R and CONV-D were
found to be Bacteroides and Clostridium. Relative
to GF mice, CONV-D showed a 2.3-fold increase
in hepatic TGs with no appreciable changes in
liver FFAs or cholesterol. An increase in the
mRNA for ChREBP and to a lesser extent,
SREBP-1c, was observed along with mRNA
increases for the enzymes ACC and FAS suggest-
ing that these mice were displaying an increase in
de novo lipogenesis. A doubling of capillary den-
sity in the small intestine was observed for
CONYV mice compared to GF and a single gavage
of a mixture of glucose and 2-deoxyglucose and
measurement 15 min. Later revealed 2-fold
higher levels of 2-deoxy 6-phosphate in CONV-D
mice relative to GF. Lipoprotein lipase (LPL)
activity was increased and this was found to be
due to less transcription of the gene for
angiopoietin-like protein-4 (ANGPTL4), in the
small intestine but not in the adipose tissue or
liver confirmed by qRT-PCR of ANGTPL4
mRNA levels. The conclusions from these find-
ings were proposed to be: (1) an increase in the
processing of dietary polysaccharides by gut
microbiota and increased delivery of monosac-

charides to the liver resulted in increased TG syn-
thesis and (2) a decrease in intestinal ANGTPL4
upon CONYV resulted in increased LPL activity
and thus increased FFA transport and subsequent
storage as TGs in adipose. Both of these conclu-
sions thus explained the observed increase in
hepatic TGs and total body fat in CONV vs. GF
mice [48].

The ability of the gut microbiota, indepen-
dently of PPARs, to affect ANGTPL4 gene tran-
scription in the intestine was confirmed in an
experiment using specific pathogen-free (SPF)
C57B/6J (B6J) treated with HFD and a probiotic
bacterial strain thought to have anti-obesity
effects, Lactobacillus paracasei ssp paracasei
F19 (F19) [49]. Relative to controls, F19 treated
mice had elevated levels of ANGTPL4 and a sig-
nificantly lower body fat. HCT116, LoVo, HT29
and SW480 colonocytes were then treated with
F19 and all cell lines were stimulated by F19 to
produce elevated levels of ANGTPL4. Heat-
killed F19 could not produce a ANGTPL4
response while conditioned media from F19/
cells, even if heat-killed, could produce a
response. Supernatants of F19 cultured alone
could also mount a ANGTPL4 response when
added to colonocytes. When PPARa and PPARY
specific ligands were applied to colonocytes, an
increase in ANGTPL4 was observed indicating
that there is also regulation of ANGTPL4 by
PPAR nuclear factors. The PPAR that is highly
expressed in the intestine is PPARy [22, 49].

Pursuing the idea of a gut microbiota secretion
factor as a control of ANGTPL4 expression,
another group used imaging to determine that
ANGTPL4 was most highly expressed in entero-
endocrine cells (EEC) and thus did experiments
on the intestinal EEC cell line HuTu-80, a line
known to express high levels of ANGTPL4 [50].
They then treated the cells with various nutrients
and found that the short chain fatty acids (SCFAs)
butyrate and propionate but not acetate, signifi-
cantly induced AGTPL4 secretion into the
medium and that this was accompanied by an
increase in AGPTL4 mRNA. Some BAs were
also tested and CDCA and DCA were found to
inhibit AGTPL4 secretion. Therefore, from the
three experiments discussed above, it would
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Fig. 8.3 (a) The effect of gut microbiota on fat storage
in NAFLD. Gut microbiota in the colon that are capable
of fermenting polysaccharides to provide an increased
energy harvest are abundant in obesity and
NAFLD. NAFLD is associated with increased capillary
density which allows rapid transit of monosaccharides to
be transported to the liver where they activate ChREBP
which in turn, initiates de novo lipogenesis to produce
more TGs to accumulate in the liver. The gut microbiota
have also been shown to block transcription of the
Angptyl4 gene and thus increase activity of LPL to cause
more FFAs to enter adipose for storage as TGs. Other
types of gut microbiota such as Clostridium sp. produce
SCFAs as a metabolite and these were found to increase
secretion of ANGPTL4 presumably via a PPAR nuclear
factor. Increased ANGPTL4 would cause a decrease in
LPL activity and a decrease in fat storage. BAs, on the
other hand were found to inhibit ANGPTL4 secretion
from the EECs. This mechanism was proposed to explain
the observed transmission of an NAFLD phenotype via
gut microbiota [6, 27, 48-51]. (b) The metabolism of
dietary choline and PC by gut microbiota prevents PC
synthesis in the liver resulting in NAFLD. Dietary PC
can be metabolized to choline in the gut. All choline in the
gut can then be metabolized to TMA by certain species of
gut microbiota. Diversion of choline into this metabolic

pathway results in diminished synthesis of PC in the liver
via the mammalian Kennedy pathway and PEMT path-
ways. In the liver, TMA can be demethylated by CYP
enzymes to DMA and MMA or it can be N-oxidized by
FMO3 enzymes to produce TMAO, a toxic substance that
can be secreted to other tissues such as macrophages and
arterial epithelium where it causes inflammation and ath-
erosclerosis, respectively. If the microbiota cause choline
deficiency in the liver via excess TMAO synthesis, then
not enough PC can be produced to export VLDL and TGs
accumulate in the liver and NAFLD results. A polymor-
phism in the PEMT gene causes the PEMT pathway to
shut down and mammalian synthesis of PC decrease by
~30%. The combination of a PEMT polymorphism and
high abundance of gut microbiota that produce TMAO is
a risk factor for the development of NAFLD [55, 56, 60]
Abbreviations: TGs triglycerides, CAREBP carbohydrate
responsive element binding protein, WAT white adipose
tissue, BAs bile acids, FAs fatty acids, ANGPTL4
angiopoietin-like ~ protein-4, = PPARy  peroxisome
proliferator-activated receptor-y, SCFAs short chain fatty
acids, PC phophatidylcholine, 7MA trimethylamine,
DMA dimethylamine, MMA monomethylamine, TMAO
trimethylamine-N-oxide, PE  phosphoethanolamine,
FMO3 flavin mono-oxygenase enzyme-3, PEMT
phosphatidylethanolamine-N-methyltransferase
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seem that the gut microbiota mediates LPL activ-
ity via AGTPL4 induction or suppression with
their metabolites SCFAs or BAs, respectively and
this, in turn, impacts hepatic lipid and adipose
TG accumulation. SCFAs are known to activate
PPARY in the intestine which may account for
the effect of SCFAs on increased AGPTL4 secre-
tion [51]. Gut microbiota that are known to be
producers of SCFAs include the Clostridial
clusters IV and XIVa of Firmicutes, including
species of the genera Eubacterium, Roseburia,
and Coprococcus  [52].
Figure 8.3a summarizes the above discussion.

Faecalibacterium

Gut Microbiota Choline
Metabolism
and Development of NAFLD

8.6

Choline deficiency has been associated with
NALFD in both animal models and humans [53]. It
is an essential nutrient as it is a major methyl donor
for the biosynthesis of the important cell membrane
lipids, phosphatidylcholine, lysophosphatidylcho-
line and sphingomyelin [54, 55]. (Fig. 8.3b) It is
also necessary for the synthesis of the neurotrans-
mitter, acetylcholine [55]. Phosphatidycholine (PC)
deficiency increases de novo lipogenesis which
causes an increase in TGs. Lack of PC in hepatic
lipid droplets reduces their surfactant properties and
larger lipid droplets that are less likely to undergo
lipolysis are formed. PC is required for both VLDL
synthesis and secretion from the liver [55, 56]. PC
has also been identified as a cell wall component of
~10-15% of all bacteria [57].

Several experiments have been done to exam-
ine the role of the microbiota on the bioavailabil-
ity of choline for the host. Metabolomic profiling
of urine samples from the inbred mouse strain
129S6, a strain that is susceptible to HFD-
induced NAFLD, revealed increased amounts of
microbiota-derived methylamines including tri-
methylamine (TMA) and trimethylamine-N-
oxide (TMAO) which are breakdown products of
choline that are not derived from mammalian
metabolism. Serum PC levels were also low in
spite of the fact that the diet was supplemented
with choline. This metabolic profile was not

observed in another NAFLD-resistant strain,
BALB/c and may be a distinct metabotype for
NAFLD [54]. Figure 8.3 diagrams the three path-
ways for choline catabolism, two are pure mam-
malian and one is a bacterial pathway [54]. In a
subsequent metabolomic study, human gut iso-
lates were used to identify eight bacterial species
from two different phyla, Firmicutes and
Proteobacteria, and six genera that exhibited sig-
nificant choline consumption and TMA accumu-
lation: Anaerococcus hydrogenalis, Clostridium,
asparagiforme, Clostridium hathewayi,
Clostridium sporogenes, Escherichia gergusonil,
Proteus penneri, Providencia rettgeri, and
Edwarsiella tarda. These strains could be cul-
tured in vitro in media containing deuterated cho-
line where they consumed 60% of the provided
choline. They also encoded component genes for
the metabolism of choline. When these bacteria
were gavaged into GF mice containing a core
community of non-TMA producers, there was a
significant decrease in the abundance of fecal
choline and decreased levels of serum choline.
Therefore, bioavailabilty of choline for the host
was shown to be affected by the presence of
TMA producing gut microbiota [58]. A rigor-
ously controlled longitudinal study of the effect
of choline deficiency on human gut microbiota
was performed on 15 healthy women who were
cooked in-house meals to assure dietary compli-
ance and to control choline supplementation for
2 months [59]. Each subject was tested with three
diets, (1) a standard research diet containing a
recommended amount of choline (for 10 d), (2) a
choline deficient diet (for 42 d) and (3) a choline
recovery diet (for 10 d) that contained significant
amounts of choline added to the standard research
diet. Their liver fats were measured by MRI at the
beginning and end of the baseline diet, at 21 and
42 d during the choline deficient diet and at the
end of the diet recovery period. Patient urine and
blood samples were taken for baseline values at
day 1, at the end of every dietary phase and every
3—4 days in between to monitor the health status
of the subjects. Stool samples were collected
at the beginning and end of each dietary phase
and at the middle of the choline deficient phase
and recovery phase for pyrosequencing of 16S
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rRNA. Even though the gut microbiota remained
distinct for each subject throughout the study,
variations in the amounts of two classes of bacte-
ria, Gammaproteobacteria and Erysipelotrichi
showed significant increase in abundance in sub-
jects with low level of choline and were nega-
tively correlated with liver fat. The elevated
abundances were reversed when choline was
restored to the diet indicating that these two bac-
teria classes respond to choline levels and may
potentially be used as a potential biomarker for
the detection of choline deficiency which may
lead to the development of NAFLD [59].

8.7 Therapeutic Intervention

for NAFLD

Gut dysbiosis has been implicated in NAFLD
pathogenesis and previous studies have high-
lighted several benefits of using probiotic strains

and or prebiotic compounds to adjust the gut
microbiota, which include reduction in liver
TGs, as well as improvement in glucose/insulin
homeostasis and inflammation. Table 8.2 is a
summary of some of the pre-clinical studies in
mice and clinical studies in humans that have
provided evidence that probiotics and synbiotics
may help to alleviate NAFLD.

8.8 The Metabolomic Approach

to NAFLD

The research discussed in this chapter all made
use of a technique called metabolomics.
Metabolomics is quite literally, “the measure-
ment of metabolites” and it is considered one
of the system biological approaches capable of
capturing the changes of an entire spectrum of
metabolites (untargeted approach) or a set of spe-
cific metabolites (targeted approach). The most

Table 8.2 Summary of pre-clinical and clinical intervention studies of probiotics and synbiotics in NAFLD

Time
Subjects Strain/prebiotic weeks Outcome References
20 obese children Lactobaculus rhamnous GG 8 week JALT [61]
28 adults Lactobacillus bulgaris 12 week |ALT and y-GTP [62]
Streptococcus thermophilus
72 adults Lactobacillus acidophilus 8 week |ALT, ASP, TC, LDL-C [63]
Bifidobacterium breve
44 obese children Bifidobacteria, lacrobacilli 16 week fatty liver index, BMI, [64]
Streptococcus thermophila TGLPI
40 rats HFD induced | Bifidobacterium longum 10 week | |liver TGs [65]
NAFLD Lactobacillus acidophilus B.longum > L.acidophilus
40 mice HFD induced | Lactobacillus rhamnous 12 week | |[BMI, liver TGs, adipose | [66]
NAFLD (C57BL/6 J) macrophage infiltration
Bifidobacterium animalis ssp. lactis Improved glucose/insulin
Lactobacillus paracasei homeostasis
22 adults VSL#3 3month | MDA, 4-HNE,S-NO [67]
66 adults Bifidobacterium longum 24 week lliver TGs, AST [68]
FOS
52 adults L.casei, L. rhamnous, S. 30 week INF-xB, TNFx [69]
thermophilus, B. breve, L.
acidophilus, B. longum, L.
bulgaricus and FOS
50 adults Synbiotic Protexin 28 week | |FBS, TGs, ALT, AST, [70]
GGT,LDL, cholesterol

Abbreviations: ALT alanine aminotransferase, LDL low density lipoprotein, AST aspartate aminotransferase, GGT
y-glutamyltranspeptidase, TNFa tumor necrosis factor a, NF-«kB nuclear factor —xB, MDA malondialdehyde, VSL#3
combination of B. breve, B. infantis, L. casei, L. plantarum, L. acidophilus, L. delbrueckii ssp. bulgaricus, S. thermophiles,
FBS fasting blood sugar, 4-HNE 4-hydroxynonenal, S-NO S-nitrothiols
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common platforms employed are gas chromatog-
raphy (GC) or high-performance liquid chroma-
tography (HPLC) interfaced to a mass
spectrometer, commonly referred to as GC-MS
or HPLC-MS [6]. By examining the end-products
of metabolism between two treatment groups of
mice, for example, one can distinguish between
the two groups based on their metabotype rather
than on phenotype. This was highlighted in this
chapter when it was discovered that two obese
strains of mice with comparable BMI were meta-
bolically very different from one another in that
one had insulin resistance and the other did not.
The measurements of BAs, lipids, cytokines and
bacterial metabolites such as TMA and butyrate
all make use of the metabolomic techniques.

Metabolomis is also a way to condense a large
amount of data into a more workable format. For
example, there are many functional redundancies
among the microbiota in that more than one spe-
cies is capable of producing butyrate. Therefore,
instead of putting the focus on which of more
than one thousand bacteria are present in any
given patient, it may be more cogent to think in
terms of whether the patient has a healthy gut
based on the amount of beneficial bacterial
metabolite he or she has. Analysis of metabolic
endpoints allows one to look at a patient’s situa-
tion in terms of a functional metabolome rather
than the actual physical microbiome when assess-
ing the health of his/her gut microbiota.

The metabolomic approach also has the capa-
bility of being able to handle large numbers of
samples and to generate data from multiple bio-
chemical pathways occurring simultaneously
either at one time point or a series of time points.
The clinician can then visualize a more complete
picture of the functional status of his patient’s
health. A practical application was highlighted in
this chapter with respect to choline deficiency. If
the amount of bacterial choline metabolites
increases over time in a patient, this may signal
additional choline supplementation as a treat-
ment to forestall development of NAFLD. FDA
recommendations for daily choline intake may
not be effective for everyone. Metabolomic tech-
niques thus open up the possibility of a more
“personalized” medical approach to someone’s

health. Ultimately the goals of this approach are:
(1) to realize a distinct metabotype for the pro-
gression of any human pathological condition,
(2) to discover which metabolites signify a risk
for development of any future health problems.
In the case of NAFLD, early, effective interven-
tion and subsequent monitoring of both host and
microbiota metabolites may prevent progression
to more serious chronic liver disease or metabolic
syndrome such as diabetes.
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