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Abstract

Nonalcoholic fatty liver disease is growing in prevalence worldwide. It is started by the presence 

of macrosteatosis on liver histology but is often clinically asymptomatic. However, it can progress 

into nonalcoholic steatohepatitis which is a more severe form of liver disease characterized by 

inflammation and fibrosis. Further progression leads to cirrhosis, which predisposes patients to 

hepatocellular carcinoma or liver failure. The mechanism by which simple steatosis progresses to 

steatohepatitis is not entirely clear. However, multiple pathways have been proposed. A common 

link amongst many of these pathways is disruption of the homeostasis of bile acids. Other than 

aiding in the absorption of lipids and lipid-soluble vitamins, bile acids act as ligands. For example, 

they bind to farnesoid X receptor, which is critically involved in many of the pathways responsible 

for maintaining bile acid, glucose, and lipid homeostasis. Alterations to these pathways can lead to 

deregulation in energy balance and increased inflammation and fibrosis. Repeated insults over 

time may be the key to development of steatohepatitis. For this reason, current drugs target aspects 

of these pathways to try to reduce and halt inflammation and fibrosis. This review will focus on 

the role of bile acids in these various pathways and how changes in these pathways may result in 

steatohepatitis. While there is no approved pharmaceutical treatment for either hepatic steatosis or 

steatohepatitis, this review will also touch upon the multitude of potential therapies.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is growing in prevalence worldwide. Currently, it 

is reported to affect about 30% of the population in the United States (Younossi et al., 2016). 

Yet, prevalence is likely higher than reported since NAFLD is asymptomatic and requires a 

tissue biopsy for diagnosis. Prevalence is also increasing in adolescents and children, with 

approximately 10–20% of this population affected (Temple et al., 2016). NAFLD is a 

spectrum of diseases ranging from simple steatosis, nonalcoholic steatohepatitis (NASH), 

and fibrosis. Simple steatosis can progress into NASH, which is a more severe form of liver 

disease marked by the presence of hepatocyte ballooning and inflammation. The prevalence 

of NASH in the developed world is at least 2–3% (Satapathy and Sanyal, 2015). About 30% 

of patients with NAFLD are estimated to develop NASH (Younossi et al., 2016). The 

mechanism by which this occurs is not well known. NASH can subsequently progress into 

liver cirrhosis and hepatocellular carcinoma (HCC). Currently, the second most common 

indication for liver transplants in the United States is HCC secondary to NASH but this is 

expected to become the number one indication in the near future (Wong et al., 2014).

Due to the growing prevalence of NAFLD, there will be also an inevitable increase in the 

prevalence of NASH, liver cirrhosis, and HCC. Except for life style modification, no 

therapies exist to halt or reverse NAFLD or NASH. However, there is a lot of interest in 

discovering such treatments, since curing patients of NAFLD would not only prevent 

NASH-associated HCC, but it would also improve the multitude of comorbidities often 

associated with NAFLD. NAFLD and NASH often occur in conjunction with obesity, 

hypertension, dyslipidemia, and insulin resistance. Patients with NAFLD or NASH are also 

at increased risk of cardiovascular disease. Thus, understanding the mechanism behind the 

progression of NAFLD to NASH is crucial as this would offer some insights into potential 

targets for the development of drug therapies that can successfully reverse or halt NAFLD 

progression.

Bile acids (BAs) are well known for their role in fat absorption (Hofmann, 1963). However, 

they also act as signaling molecules involved in a variety of pathways that regulate BA, 

glucose, and lipid homeostasis (Patti et al., 2009; Qi et al., 2015; Watanabe et al., 2011). For 

this reason, pathways linked to BAs have been implicated as targets for NAFLD and NASH 

drug therapies. While several drugs have been developed, their success has been variable and 

further research still needs to be done to develop better, more reliable therapies.

2. NAFLD and NASH

Obesity predisposes individuals to the development of a fatty liver. With obesity on the rise, 

it is not surprising that NAFLD is becoming more prevalent. NAFLD, however, can develop 

in patients with normal or lean body weight. NAFLD is defined by the presence of 

macrovesicular fat accumulation in more than 5% of hepatocytes in patients who consume 

less than 20 grams of alcohol per day (Yuan and Bambha, 2015). Alterations in lipid 

metabolism that ultimately lead to increased fat accumulation by hepatocytes lead to 

steatosis.
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NASH is marked by the addition of lobular inflammation and hepatic ballooning to 

macrovesicular fat accumulation (Ludwig et al., 1980). NASH can progress to liver fibrosis 

and cirrhosis. Briefly, liver fibrosis develops secondary to an imbalance in extracellular 

matrix (ECM) synthesis and degradation (Ebrahimi et al., 2016). Hepatic stellate cells have 

been implicated in this process since they are the major contributors of the deposition of 

ECM in the liver (Ebrahimi et al., 2016). With increasing fibrosis, the liver becomes grossly 

smaller, develops nodules, and liver function is compromised. Cirrhosis is characterized by 

irreversible hepatic scarring and is a risk factor for the development of HCC. The only 

potentially curative treatment for advanced, non-metastatic HCC is liver transplantation.

The exact mechanism of progression of simple steatosis to NASH is still unclear but is sure 

to involve a complex interplay of multiple factors and pathways among adipose tissue, the 

liver, and the gastrointestinal system. Multiple mechanisms have been proposed (Ebrahimi et 

al., 2016; Magee et al., 2016; Serviddio et al., 2016) but it is likely that progression of 

NAFLD is dependent on repeated hepatic insults via several different pathways (Buzzetti et 

al., 2016; Day and James, 1998). For example, steatosis may start with insulin resistance and 

obesity, which predispose to higher hepatic lipid levels. Increased lipids in the hepatocytes 

results in increased oxidative stress and cellular damage. Adipose tissue releases cytokines 

to increase inflammation and fibrosis. Gut microbiota is also believed to play a role in the 

development of NASH via alterations in the BA pool level and composition (Jiang et al., 

2015; Liu et al., 2016b; Mei et al., 2015; Wang et al., 2016). Recently, vitamin D deficiency 

has been proposed as another possible factor as mice fed a high fat diet (HFD) exhibited 

increased steatosis and hepatic ballooning when coupled with a vitamin D deficiency (Kong 

et al., 2014).

There are undoubtedly numerous more pathways yet to be discovered that could help explain 

the link between simple steatosis and NASH, but many of these proposed pathways involve 

BAs. Total fasting and post-prandial serum BAs are increased in patients with NASH 

compared to patients with healthy livers (Ferslew et al., 2015). In fact, it has been proposed 

that patients with steatohepatitis have a shift in BA composition such that there is an 

increase in taurine- and glycine-conjugated BAs and increased secondary BAs (Ferslew et 

al., 2015; Lake et al., 2013). Another study demonstrated altered BA composition in rats fed 

a HFD (Suzuki et al., 2013). Secondary BAs can have harmful effects (Bartram et al., 1998; 

Ridlon et al., 2013) and for this reason, an increase in them may very well contribute to 

repeated insults of inflammation that ultimately contributes to the progression to NASH.

While NAFLD itself is asymptomatic and does not often affect liver function, it can progress 

into end-stage liver disease. For this reason, much research is being devoted towards finding 

a drug that can successfully stop NAFLD progression and, ideally, reverse its progress. To 

do this, a good grasp on the mechanism behind NASH development is crucial. A common 

factor involved with several of the pathways believed to contribute to NAFLD progression is 

BAs. BAs are well known for their role in lipid absorption, but they also act as ligands of 

various receptors to regulate BA, glucose, and lipid homeostasis. For this reason, BAs and 

the pathways in which they are involved are important targets for NAFLD treatments.
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3. BA Synthesis

BAs are amphipathic molecules synthesized from cholesterol in the liver and are a 

component of bile. Bile is stored in the gallbladder and upon food consumption, released 

into the duodenum in response to cholecystokinin (CCK). BAs aid in lipid emulsification 

and absorption of fat and fat-soluble vitamins.

BAs are synthesized via one of two pathways: the classical pathway (or neutral pathway) 

and the alternative pathway (or acidic pathway) (Zhu et al., 2016). The majority (75%) of 

BAs are synthesized under the classical pathway in hepatocytes (Asgharpour et al., 2015). 

The first step in this pathway, which is the rate-limiting step, is catalyzed by the enzyme 

cholesterol 7α-hydroxylase (CYP7A1) to produce 7α-hydroxycholesterol (Russell and 

Setchell, 1992). This enzyme is found exclusively in the liver. The BA produced via this 

pathway in humans is cholic acid (CA). The enzyme sterol 27-hydroxylase (CYP27A1) 

initiates the first step in the alternative pathway. CYP27A1 is a mitochondrial enzyme more 

widely distributed and found in macrophages and various tissues. The end products of this 

pathway include 25-hydroxycholesterol and 27-hydroxycholesterol. Chenodeoxycholic acid 

(CDCA) is synthesized via the alternative pathway. CA and CDCA are termed primary BAs. 

In mice, CDCA is further converted to muricholic acid (MCA) by Cyp2c70 and therefore the 

murine primary BAs are CA and MCA (Takahashi et al., 2016). The primary BAs are 

conjugated often with either glycine or taurine in humans or taurine in rodents, via the 

enzyme bile acid-CoA:amino acid N-acyltransferase (BAAT) (Johnson et al., 1991; 

Killenberg and Jordan, 1978). Glycine conjugation predominates over taurine conjugation in 

humans (Johnson et al., 1991).

4. BA Transport

After BAs are synthesized, they are exported into the gallbladder and secreted into the 

duodenum. Most are recirculated back to the liver from the terminal ileum. The remainder 

enter the colon where some are reabsorbed back into the liver while others are excreted. This 

enterohepatic circulation of BAs involves multiple transporters (Figure 1). These 

transporters are important to note since they are potential targets for therapeutic 

interventions. Briefly, BAs are actively transported from hepatocytes into the bile duct by 

canalicular BA transporters. Bile salt export pump (BSEP) is the main BA efflux transporter. 

Multidrug resistance-associated protein 2 (MRP2; ABCC2) belongs to the ATP binding 

cassette (ABC) superfamily of transporter proteins. It transports organic anions from 

hepatocytes into the bile duct to become a part of bile (Konig et al., 1999). As BAs are 

shuttled towards the gallbladder, they are combined with various substances that are excreted 

from the liver, including cholesterol, phospholipids, and water, to form bile, which is stored 

in the gallbladder. Bile is excreted into the duodenum after ingestion of a meal rich in lipids.

Once BAs reach the terminal ileum, the majority (95%) are actively reabsorbed into 

enterocytes via apical sodium-dependent bile acid transporter (ASBT) (Shneider et al., 1995; 

Wong et al., 1994) and then exported by organic solute transporters (OSTα and OSTβ) to 

return to the liver via portal circulation (Dawson et al., 2005). Once in the portal vein, BAs 

are actively transported into hepatocytes via sodium taurocholate cotransporting polypeptide 
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(NTCP) (Hagenbuch and Meier, 1994) and organic anion-transporting polypeptide (OATP) 

(Stieger and Hagenbuch, 2016). The remaining BAs enter the colon where bacteria 

deconjugate and dehydroxylate them to form the main secondary BAs, deoxycholic acid 

(DCA) and lithocholic acid (LCA). LCA is insoluble and lost in stool. In contrast, DCA can 

be passively reabsorbed from the colon and recycled (Dowling, 1973). Some BAs can be 

taken up into the portal circulation but not recycled into hepatocytes; these are excreted in 

urine.

Under normal conditions, BA pool size remains in a steady state. This is achieved via 

multiple “checkpoints” throughout the enterohepatic circulation. Upregulation and 

downregulation of the various above-listed transporter genes can increase BA recycling or 

decrease the BA pool via excretion. The balance is important, as BAs are not just molecules 

that aid in lipid absorption but play crucial roles in regulating lipid and glucose homeostasis.

5. BAs as Ligands

5.1 Nuclear Hormone Receptors

BA regulation of other pathways occurs through BA binding and mainly activation of 

nuclear hormone receptors (NHR), such as farnesoid X receptor (FXR), vitamin D receptor 

(VDR), and pregnane X receptor (PXR) (Guo et al., 2003; Makishima et al., 2002; 

Makishima et al., 1999). Activation of these NHRs as transcription factors requires that they 

interact with retinoid X receptor (RXR) as a heterodimer (Lu et al., 2000). They then act on 

various regulatory regions of genes to up- and down-regulate transcription by binding to 

hormone response elements (HRE), which may be direct, inverted, or everted repeats of the 

sequence ~AGGTCA separated by a variable number of nucleotides (Edwards et al., 2002). 

FXR, for example, normally binds to an inverted repeat separated by 1 nucleotide (IR-1), but 

can also bind to an everted repeat separated by 2 nucleotides (ER2) (Thomas et al., 2010). 

Most BAs and the secondary BA, LCA, are known to bind to FXR and PXR, respectively 

(Edwards et al., 2002).

5.2 FXR and TGR5

FXR is a NHR known to play a crucial role in BA, glucose, and lipid regulation. It is most 

highly expressed in the liver, ileum, kidneys, and adrenal glands and is most strongly 

activated by CDCA, followed by DCA, CA, and LCA (Makishima et al., 1999). While LCA 

is a weak activator of FXR, it interestingly strongly downregulates FXR activation in the 

presence of the FXR agonist GW4064 (Yu et al., 2002) and thus may be termed an FXR 

partial agonist. A study using tissue-specific intestinal and liver FXR knockout (KO) mice 

evaluated their specific roles in BA metabolism and showed that the tissue-specific location 

of FXR alters the mechanistic role they play in maintaining BA homeostasis (Kim et al., 

2007). Intestinal-specific FXR but not liver-specific FXR is required for suppression of the 

Cyp7a1 gene expression via induction of Fgf15 transcription, whereas liver-specific FXR 

plays a similarly important role in the repression of the expression of the Cyp8b1 gene (Kim 

et al., 2007).
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BAs, acting as ligands on FXR, clearly help regulate the BA pool and lipid metabolism. 

FXR KO mice exhibit increased serum BAs, an increased BA pool, and increased serum 

lipid profile compared to wild-type (WT) mice (Sinal et al., 2000). FXR also regulates the 

expression of various BA transporters, including NTCP, BSEP, and ileal BA transporters, 

especially OSTβ (Kast et al., 2002; Sinal et al., 2000). Furthermore, activation of FXR leads 

to increased transcription of ileal bile acid binding protein (I-BABP) (Hwang et al., 2002).

BAs are well known to suppress their own synthesis by various mechanisms. One important 

mechanism is via activation of FXR. An early report showed that in the liver, activation of 

FXR by BAs leads to upregulation of the short heterodimer partner (SHP) encoded by the 

NR0B2 gene (Goodwin et al., 2000). SHP then interacts with liver receptor homolog-1 

(LRH-1) to repress CYP7A1 gene transcription. LRH-1 is an orphan nuclear receptor that 

acts as a transcription factor and is critical for the gene expression of CYP7A1 and CYP8B1 
(Goodwin et al., 2000; Lu et al., 2000; Xu et al., 2002).

Recently, it is apparent that an intestinal pathway is critical in regulating BA synthesis in the 

liver. Fibroblast growth factor receptor 4 (FGFR4) is a transmembrane tyrosine kinase 

receptor activated by fibroblast growth factor 15 (FGF15; FGF19-human homolog) and this 

activation plays a critical role in BA, lipid, and glucose metabolism (Chen et al., 2011; 

Huang et al., 2007; Inagaki et al., 2005). FGF15/19 are produced by ileal enterocytes in 

response to BAs and FXR highly induces the transcription of FGF15/19 (Inagaki et al., 

2005). FGF15/19 enters the liver via the portal circulation and leads to phosphorylation of 

FGFR4. This results in activation of the extracellular signal-regulated kinases (ERK1/2) to 

repress Cyp7a1/CYP7A1 gene expression (Inagaki et al., 2005; Kong et al., 2012; Song et 

al., 2009). Under physiological condition, this intestine-initiated pathway appears to be the 

major pathway to suppress Cyp7a1 gene expression after FXR activation (Kong et al., 2012). 

FGFR4 is believed to play a role in NAFLD progression, as FGFR4 KO mice are resistant to 

the development of hepatic steatosis (Huang et al., 2007). This is interesting and is opposite 

to a study showing that FGF19 increases fatty acid oxidation via repression of acetyl-CoA 

carboxylase 2 (ACC2) (Schreuder et al., 2010), as ACC2 normally decreases mitochondrial 

fatty acid oxidation (Schreuder et al., 2010).

TGR5 is a G-protein coupled membrane receptor that BAs activate and will only be briefly 

discussed here. Among the main primary and secondary BAs, TGR5 is most strongly 

activated by LCA (Li et al., 2013). TGR5 is widely expressed and found in the gallbladder, 

ileum, colon, liver, brown adipose tissue (BAT), nervous system, and muscle (Li et al., 

2013). Like FXR, TGR5 is involved in BA, glucose, and lipid homeostasis but it also plays a 

role in increasing energy expenditure via browning of white adipose tissue (WAT) and 

inducing BAT gene expression in thermogenesis (Scheja and Heeren, 2016). TGR5 KO mice 

did not significantly change Cyp7a1 gene expression but had altered BA composition 

(Donepudi et al., 2016). Another study in which vertical sleeve gastrectomy was performed 

on TGR5 KO mice demonstrates that TGR5 is important in improved glucose control, 

decreased hepatic steatosis, and increased energy expenditure post-surgery (Ding et al., 

2016). TGR5 also has anti-inflammatory properties as TGR5 inhibits activation of NF-kβ 
(Wang et al., 2011).
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BAs act as ligands of FXR and TGR5 to regulate crucial pathways involved in BA, glucose, 

and lipid homeostasis. Many of these pathways are also believed to play a role in the 

development of NAFLD and subsequent progression to NASH. For this reason, BAs and 

their associated pathways are desirable targets for drug therapies.

6. BAs and Glucose, Cholesterol and Lipid Metabolism Pathways

6.1 BAs and Glucose Metabolism

BAs help regulate glucose metabolism via FXR and TGR5, but the mechanism by which this 

occurs is still unclear, as studies have shown dissimilar results. BA activation of TGR5 

results in increased secretion of GLP-1 and decreased insulin resistance in obese mice 

(Thomas et al., 2009). FXR decreases hepatic gluconeogenesis, glycolysis, and increases 

glycogen synthesis (Jiao et al., 2015). Type II diabetes is associated with increased 

gluconeogenesis and, therefore, BAs, via FXR, may play a role in the development of 

medications to combat type II diabetes. Phosphoenolpyruvate carboxykinase (PEPCK) and 

glucose-6-phosphatase (G6Pase) are the first and last enzymes, respectively, in the 

gluconeogenesis pathway (Zhang et al., 2006a). FXR mediates glucose metabolism via 

modulation of PEPCK and G6P expression in addition to upregulation of the expression of 

genes involved with glycogen synthesis (Zarrinpar and Loomba, 2012). The FXR-SHP 

pathway is believed to be responsible for decreased PEPCK and G6P activity (Jiao et al., 

2015). In contrast, another study showed that BAs increase hepatic expression of PEPCK via 

FXR (Stayrook et al., 2005). Likewise, some studies show that FXR KO mice have 

increased insulin resistance (Cariou et al., 2006; Ma et al., 2006) whereas other studies 

suggest the opposite (Prawitt et al., 2011; Stayrook et al., 2005). Another study demonstrates 

reduced glucose tolerance in FXR KO mice following sleeve gastrectomy compared with 

WT mice (Ryan et al., 2014). These contrasting results suggest that FXR is likely involved 

in many pathways of the regulation of gluconeogenesis and development of type II diabetes.

BA regulation of insulin sensitivity involves WAT cross-talk. Adiponectin is an adipokine 

produced in adipocytes that has anti-inflammatory and anti-fibrotic properties. Adiponectin 

stimulates uptake of glucose in multiple tissues, which then decreases gluconeogenesis in 

the liver and inhibits production of pro-inflammatory cytokines like IL-6 (Silva et al., 2014). 

Adiponectin is believed to be negatively regulated by BAs, as patients with NASH had high 

levels of BAs but low levels of adiponectin (Bechmann et al., 2013). One study found 

increased levels of adiponectin in patients with cirrhosis possibly indicating that adiponectin 

levels begin to increase again after NASH progression into fibrosis and cirrhosis (Balmer et 

al., 2010). Adiponectin also activates ceramidase, which has recently been implicated in the 

progression of NAFLD to NASH (Dasarathy et al., 2011; Holland et al., 2013; Silva et al., 

2014). Interplay between BAs and adipokines needs to be further determined.

6.2 BAs and Cholesterol Metabolism

Since BAs are produced from cholesterol, it is crucial to understand the mechanisms behind 

cholesterol homeostasis, as the availability of cholesterol can affect the BA pool. Cholesterol 

can be synthesized de novo from acetate and/or taken up into the liver by low-density 

lipoprotein (LDL) (Russell and Setchell, 1992). One important mechanism of cholesterol 
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degradation is via conversion to BAs. In fact, cholesterol stimulates Cyp7a1 transcription in 

rodents (Wang et al., 1999). BA binding resins also reduce cholesterol levels and increase 

Cyp7a1/CYP7A1 expression in both rodents and humans.

Cholesterol can also enter the liver in the form of high-density lipoprotein (HDL), a process 

termed reverse cholesterol transport. ABCA1 is the transporter responsible for the first step 

in reverse cholesterol transport; it transports cholesterol from the peripheral tissues to 

apolipoproteins (Oram and Lawn, 2001). Scavenger receptor class B type I (SR-B1) 

mediates the uptake of cholesteryl esters from HDL into the liver (von Eckardstein et al., 

2001). FXR is also known to reduce cholesterol levels via inducing SR-B1 expression to 

enhance HDL removal from the blood into the liver (Li et al., 2012).

Liver X receptor (LXR) and FXR are transcriptionally activated by oxysterols and BAs, 

respectively. Administration of RXR agonists in mice has been shown to decrease 

cholesterol absorption in a dose-dependent manner despite feeding the mice a high-

cholesterol diet (Repa et al., 2000). The two mechanisms found to be involved with this 

process were increased reverse cholesterol transport via LXR-RXR and decreased BA 

synthesis via FXR-RXR (Repa et al., 2000). Increased expression of LXR also leads to 

increased expression and activity of ABCG5/G8, a pair of plasma membrane transporters 

that transports cholesterol out of enterocytes into the intestinal lumen (Wang et al., 1999). To 

maintain cholesterol homeostasis, the expression of genes involved in cholesterol synthesis 

were found to be upregulated (Wang et al., 1999).

6.3 BAs and Lipid Metabolism

BAs are known to facilitate lipid absorption from the intestines and activation of NHRs and 

other signaling pathways by BAs affects lipid homeostasis. FXR induction of SHP leads to 

decreased transcription of sterol regulatory element binding protein 1c (SREBP1c), a gene 

involved in FA, triglyceride (TG), and very low density lipoprotein (VLDL) synthesis 

(Watanabe et al., 2004). Recently, BAs can regulate lipid metabolism via activation of 

sphingosine-1 phosphate receptor 2 (S1PR2). S1PR2 KO mice fed a HFD were found to 

have increased hepatic lipid accumulation (Studer et al., 2012). Compared to intestinal FXR, 

hepatic FXR is more crucial in the prevention of hepatic lipid accumulation (Schmitt et al., 

2015).

Taurine-conjugated CA (TCA) activates the S1PR2-ERK1/2 pathway and protein kinase B 

(AKT) pathways, which have been shown to be involved in glucose and lipid metabolism 

(Kwong et al., 2015; Studer et al., 2012). Treatment of human hepatocytes with CDCA 

showed CDCA-dependent changes in expression of genes that regulate lipid homeostasis, 

such as LDLR, APOL3, FABP3, and SLC27A2 (Krattinger et al., 2016). Similarly, CDCA, 

in addition to LCA and DCA, increases LDL receptor gene expression via a MAP kinase 

pathway (Nakahara et al., 2002). Changes in the expression of several microRNAs 

(miRNAs) involved in lipid homeostasis were also identified, which could partially account 

for the effects of CDCA (Krattinger et al., 2016).

HDL is known to help prevent the development of heart disease. FXR has been linked to 

changes in HDL, but the relationship is controversial. A protective role of FXR in 
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atherosclerosis formation has been reported in male mice (Guo et al., 2006; Zhang et al., 

2006b). In a study showing SR-B1 induction by FXR, FXR KO mice exhibit increased total 

and serum HDL cholesterol suggesting that reverse cholesterol transport is disrupted without 

FXR (Li et al., 2012). In contrast, some studies have suggested the opposite. A study using 

FXR KO mice demonstrated increased HDL and phospholipids but decreased ApoA-1 levels 

(Sinal et al., 2000). ApoA-1 is a component of HDL that promotes reverse cholesterol 

transport, thereby decreasing serum cholesterol levels. Another study showed that BAs 

downregulate ApoA-1 expression via FXR to decrease serum HDL (Claudel et al., 2002). 

Results of this study suggests that FXR antagonists can increase serum HDL levels and be 

cardioprotective, although the exact mechanism by which this would occur likely still 

involves other pathways not yet discovered.

7. BAs and NAFLD/NASH

BAs have emerged as a therapeutic target for NAFLD prevention and/or treatment. 

Alterations in both total BA levels and composition have been noted in both rodents and 

humans with NAFLD/NASH (Aranha et al., 2008; Lake et al., 2013; Tanaka et al., 2012). 

Livers from rats fed a HFD were found to have higher glycine-conjugated BAs rather than 

taurine-conjugated BAs (Jia et al., 2014). Further, the total glycine-conjugated BA level 

positively correlated with macrovesicular steatosis score (Jia et al., 2014). Normally, rodents 

have higher taurine-conjugated BAs so this suggests that a shift in BA conjugation exists in 

NAFLD pathogenesis. A change in BA composition is also observed in humans. In 

comparing liver samples from humans with NAFLD, NASH, and healthy livers, mRNA 

levels of CYP8B1 were decreased while mRNA levels of CYP7B1 were increased in NASH 

livers suggesting that there may be a shift towards the alternative pathway as patients 

progress towards NASH (Lake et al., 2013). In contrast, metabolomic analysis has revealed 

significantly increased serum levels of glycocholate, taurocholate, and 

glycochenodeoxycholate in patients with NASH compared with healthy patients (Kalhan et 

al., 2011).

BAs may be protective against NAFLD progression through the activation of FXR. There is 

increased NAFLD and NASH development in FXR KO mice in a HFD-induced NAFLD/

NASH model (Kong et al., 2009). Administration of CA and ursodeoxycholic acid (UDCA) 

to ob/ob mice led to marked improvement in hepatic steatosis (Quintero et al., 2014). 

Similarly, administration of FA-BA conjugates to mice and rats with diet-induced NAFLD 

showed decreased hepatic fat (Leikin-Frenkel et al., 2008).

A recent study in humans found decreased protein levels of FXR, SHP, and NTCP in 

patients with NASH compared to patients with NAFLD suggesting that FXR plays a 

protective role in the progression of NAFLD to NASH (Aguilar-Olivos et al., 2015). Studies 

using mice models have also demonstrated this protection (Bjursell et al., 2013; Zhang et al., 

2006a). In comparison to WT mice, FXR KO mice were leaner, more resistant to weight 

gain, and have better glucose tolerance but also have higher liver weights, serum total BAs, 

ALT, and increased hepatic steatosis and inflammation (Bjursell et al., 2013). Thus, while 

FXR seems to mediate weight gain, it also exhibits hepatoprotective effects and FXR 

agonists may play a role in preventing progression of NAFLD. However, a study evaluating 
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the effects of GW4064, a synthetic FXR agonist, showed increased weight gain and insulin 

resistance in mice fed a HFD but reversion of these effects when diets were supplemented 

with CA (Watanabe et al., 2011). This suggests that FXR agonists may not in fact be 

protective and that, as mentioned above, increased BAs instead play a protective role against 

NASH development.

Increased BAs due to cholestasis can lead to an upregulation of FXR and activation of 

lipogenic genes. For example, livers from ob/ob mice revealed development of hepatic 

steatosis without fibrosis, decreased expression of Oatp1a1, increased cholestasis, and 

upregulation of FXR protein levels (Martin et al., 2010). Similarly, rat hepatocytes that were 

treated with oleic acid to develop steatosis were more susceptible to apoptosis when exposed 

to glycoCDCA (Pusl et al., 2008).

Alterations in fatty acid oxidation have been implicated as a potential pathway involved in 

the development of NASH. A downstream target of FXR is peroxisome proliferator-

activated receptor-α (PPARα). PPARα increases hepatic fatty acid oxidation via many 

known pathways and a novel one is through induction of FGF21. FGF21 serum levels are 

higher in patients with NASH (Dasarathy et al., 2011). Intralipid is an intravenous lipid 

emulsion that is used for patients requiring extended parenteral nutrition. When humans are 

infused with intralipid, the higher plasma concentration of fatty acids results in a greater 

uptake of fatty acids by the liver, which leads to higher hepatic fatty acid oxidation. There is 

also an increase in FGF21 and reactive oxygen products that lead to hepatic injury, but only 

in patients with NASH (Dasarathy et al., 2011). Along with this, it has been shown that with 

increased hepatic oxidation, there is an increase in the plasma level of ceramides (Dasarathy 

et al., 2011). Ceramides mediate apoptotic pathways (Kuzmenko and Klimentyeva, 2016) 

and, therefore, can increase hepatocyte apoptosis.

Diabetes and obesity are major risk factors for NAFLD. Increased insulin levels may alter 

BA composition via suppression of CYP8B1 activity (Ishida et al., 2000). Lipid and glucose 

metabolism have been shown to be altered in rats fed a HFD (Pozzo et al., 2016). These rats 

exhibited hepatic steatosis resembling NAFLD, had increased inflammatory markers 

(TNFα, TNFβ), decreased glycogen stores, increased expression of the genes encoding 

SREBP-1c, LXRα, PPARα, Cyp7a1, and Cyp8b1, and decreased expression of SREBP2C, 

LDLR, ACC1, BSEP, NTCP, and SHP (Pozzo et al., 2016). Thus, diabetes and regular 

consumption of food rich in fats may be the inciting factors towards development of 

NAFLD. BAs and FXR no doubt play a crucial role in the development of NAFLD and 

NASH. However, despite multiple studies conducted to date, the exact roles that they play 

remain undetermined. Developing drugs to treat NAFLD and NASH without a clear 

understanding of the mechanisms of NAFLD progression is difficult. Hence, several drugs 

have been proposed and studied with variable results.

8. Current Therapies

To date, no medications can reverse NAFLD or NASH. Again, understanding the 

mechanism behind NAFLD progression is an important step towards development of 

medications. BAs regulate multiple pathways that likely play important roles in NAFLD 
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progression. Thus, there are various targets for drugs (Figure 2). However, as one can 

imagine, there is an intricate interplay among the different pathways to maintain BA, lipid, 

and glucose homeostasis and a disruption in one pathway may lead to unexpected and 

undesired impacts on other pathways. For instance, while an FGFR4 deficiency prevents 

hepatic steatosis, it also leads to increased systemic lipids and insulin resistance (Huang et 

al., 2007). Here, the various drugs currently being studied are reviewed.

8.1 BA Binding Resins and Other Drugs Approved for Other Diseases

Medications that may influence the total BA pool or alter glucose or lipid metabolism are 

expected to play a role in halting or reversing NAFLD and NASH. BA binding resins, such 

as cholestyramine and colesevelam, are useful medications for patients with type II diabetes 

due to their lipid-lowering effects. Cholestyramine improved glucose tolerance, but leptin-

deficient mice were also found to have increased ALT and no changes in steatosis or 

inflammation on histology (Solis et al., 2013). In contrast, use of sevelamer, a phosphate 

binder, in mice with NAFLD decreased hepatic steatosis and pro-inflammatory cytokines 

(McGettigan et al., 2016). Metformin, a medication that decreases hepatic glucose 

production, has been shown to improve glucose tolerance in patients with liver disease, but it 

does not stop the progression of NAFLD, perhaps because it only protects hepatocytes 

against BA-induced apoptosis but no other pathways of apoptosis (Woudenberg-Vrenken et 

al., 2013).

A small study involving non-obese patients with NAFLD found improved ALT levels with 

the use of the cholesterol inhibitor, ezetimibe, but no decrease in hepatic steatosis after 

twelve months (as evaluated via ultrasonography) (Enjoji et al., 2010). N-3 polyunsaturated 

FAs (PUFAs) may be protective against HFD-induced fatty liver disease as fat-1 mice, which 

produce N-3 PUFAs, have improved hyperlipidemia, decreased hepatic steatosis and 

fibrosis, and decreased serum cholesterol and TGs (Kim et al., 2014).

8.2 FXR and TGR5 Agonists

As already discussed, FXR and TGR5 are involved in BA, lipid, and glucose homeostasis. 

Moderate increases in BA have been shown in studies to be hepatoprotective, decreasing 

hepatic inflammation and fibrosis, and therefore may play a role in the treatment of NAFLD 

(Liu et al., 2016a). To this end, FXR and TGR5 agonists have been developed. GW4064 is 

an FXR specific agonist (Maloney et al., 2000) that has been shown to lower serum glucose 

and triglyceride levels in mice (Zhang et al., 2006a). WAY-362450 is an FXR agonist that 

decreases hepatic inflammation in mice, as evidenced by a decrease in AST, ALT, 

expression of inflammatory genes, and hepatic collagen (Zhang et al., 2009). INT-767 is a 

dual FXR and TGR5 agonist with lipid-lowering effects (Rizzo et al., 2010), and its use in 

leptin deficient mice improved hepatic steatosis and inflammation perhaps via increased 

intrahepatic monocytes and production of IL-10 (McMahan et al., 2013).

8.3 Obeticholic Acid

Obeticholic acid (OCA, INT-747) is a CDCA derivative that selectively and potently 

activates FXR. In a multicenter prospective randomized trial, patients with NASH received 

either OCA or a placebo and those who received OCA had improved NAFLD activity scores 
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by at least 2 points compared with the placebo group (Neuschwander-Tetri et al., 2015). 

However, lipid profiles of patients receiving OCA were worse, with increased total 

cholesterol and LDL but decreased HDL (Neuschwander-Tetri et al., 2015). In a phase II 

trial comparing placebo with OCA in patients with NAFLD and type II diabetes, OCA was 

associated with decreased ALT and GGT, improved insulin sensitivity, and decreased 

markers of liver fibrosis via an FXR-dependent pathway involving FGF19 (Mudaliar et al., 

2013). While OCA shows promise in reverting NASH and increasing insulin sensitivity, it is 

also associated with a worsening lipid profile. Phase III clinical trials evaluating the effect of 

OCA on NASH have begun.

8.4 BA Conjugates

Administration of BAs has also been studied. A study evaluating chenodeoxycholyl-arginine 

ethyl ester conjugate (CDCArg) showed promising results in the treatment of NASH as it 

was found to reduce hepatic steatosis and lobular inflammation and to suppress SREBP1 

activity in HFD fed mice (Voloshin et al., 2014). Recently, 3α, 7α,11β-trihydroxy-6α-

ethyl-5β-cholan-24-oic acid (TC-100), which is a hydrophilic semi-synthetic BA derivative 

that specifically binds to FXR, has been synthesized and studied for its in vivo effects. It 

showed greater binding ability to FXR compared to OCA and similarly regulated FXR target 

genes, such as Cyp7a1, Shp, Bsep, and Ostα (Pellicciari et al., 2016). It has the potential to 

decrease BA toxicity via increasing BA efflux from the liver as it was noted to cause higher 

expression of Bsep than OCA and CDCA (Pellicciari et al., 2016).

A study from Israel examined the role of a fatty acid-BA conjugate, Aramchol (3β-

arachidyl-amido, 7α–12α-dihydroxy, 5β-cholan-24-oic acid), in patients with NAFLD 

(Safadi et al., 2014). Patients receiving a high dose of Aramchol had significantly lower liver 

fat content and increased adiponectin levels (Safadi et al., 2014). However, no histological 

end points were assessed.

8.5 Ursodeoxycholic Acid

Due to the hepatoprotective effects seen in cholestasis, UDCA was thought to play a role in 

NASH. However, multiple trials have shown a lack of improvement in NAFLD or NASH 

and it is not currently recommended for use in patients with NAFLD or NASH (Dufour et 

al., 2006; Haedrich and Dufour, 2011; Leuschner et al., 2010; Lindor et al., 2004; Parikh et 

al., 2016). C57BL/6 mice fed a HFD given UDCA in conjunction with omega-3 had 

decreased liver fibrosis and inflammation compared with a group of mice given only 

omega-3 (Kim et al., 2014). This study also demonstrates decreased mRNA expression of 

SREBP1c in mice given UDCA and omega-3. Taurine-conjugated UDCA (TUDCA) 

administered to ob/ob mice resulted in improved hepatic steatosis, decreased serum ALT and 

AST, and decreased expression of FA synthesis genes, but no improvement in glucose 

intolerance (Yang et al., 2010). Since NASH is believed to be a progression of NAFLD 

secondary to increased fibrosis, inflammation, and hepatic lipid deposition, these studies 

support the notion that UDCA may play a role in reversing NASH.

The use of UDCA alone did not result in any significant improvements on body weights, 

liver function profile, or liver histology on rats with NASH (Fan et al., 2005). In a 
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randomized controlled trial conducted by Parikh et al., patients with NAFLD were given 

either vitamin E or UDCA (Parikh et al., 2016). UDCA was not superior to vitamin E when 

comparing improvements in ALT and NAFLD fibrosis score. Similarly, other randomized 

controlled clinical trials showed no improvements in histology compared with placebo or 

vitamin E in patients with NASH given UDCA (Dufour et al., 2006; Leuschner et al., 2010; 

Lindor et al., 2004). While a randomized controlled study conducted by Ratziu et al. showed 

significant improvements in ALT and serum markers of fibrosis, this study did not include 

histological end points (Ratziu et al., 2011). In a more recent study, morbidly obese patients 

receiving UDCA had decreased serum free fatty acids (FFAs), total and LDL cholesterol, 

and increased triglycerides and BAs compared with the placebo group (Mueller et al., 2015). 

BA synthesis was thought to be increased by decreased FGF19 and decreased FXR 

activation. Further, cholesterol synthesis was increased due to increased SREBP2 and 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGCR) (Mueller et al., 2015).

UDCA in conjunction with losartan, an angiotensin receptor blocker (ARB), decreased 

NAFLD activity score and have had a synergistic role in decreasing hepatic fibrosis in rats 

via decreased expression of pro-inflammatory cytokines, TGFβ, toll-like receptor 4 (TLR4), 

and hepatic stellate cells (Namisaki et al., 2016).

8.6 ASBT Inhibitors

Inhibition of the ASBT receptor is another potential mechanism to improve NAFLD and 

NASH. Administration of an ASBT inhibitor in mice fed a HFD led to increased clearance 

of BAs in feces, increased hepatic BA synthesis, decreased FGF15, increased I-BABP, and 

decreased hepatic steatosis (Rao et al., 2016). Furthermore, the hepatic BA pool shifted 

towards FXR agonistic BAs and SREBP1c expression decreased, but the hepatic steatosis 

score was not significantly improved in diet-induced obese mice given a short course of an 

ASBT inhibitor (Rao et al., 2016). Another study using a different ASBT inhibitor, 264W94, 

demonstrated improved glucose tolerance and upregulation of hepatic FXR in Zucker 

Diabetic Fatty rats (Chen et al., 2012). Like other therapeutic interventions, ASBT inhibitors 

appear to show promising results. However, interrupting the enterohepatic circulation of BAs 

could have undesired effects and, therefore, more studies need to be performed.

8.7 Bariatric Surgery

Although bariatric surgery, which most commonly refers to vertical sleeve gastrectomy and 

Roux-en-Y gastric bypass, is not currently approved treatment of NAFLD and NASH, it is 

emerging as a new potential treatment for NAFLD and NASH due to post-surgical 

improvements in glucose and lipid homeostasis. Its role will only be briefly mentioned in 

this article. Bariatric surgery increases BA levels, changes BA composition, decreases 

hepatic steatosis, and improves insulin resistance (Bhutta et al., 2015; Dutia et al., 2015; 

Myronovych et al., 2014; Noel et al., 2016). SHP is also believed to play a role in preventing 

liver inflammation after sleeve gastrectomies (Myronovych et al., 2014). However, more 

human studies need to be done to show histological improvements after bariatric surgery. 

Only then will NAFLD and NASH be more likely to be approved indications for bariatric 

surgery.
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9. BAs and Microbiota

Bacteria in the distal small bowel and colon break BAs down into secondary BAs, the main 

ones being DCA and LCA. Thus, gut microbiota can alter BA composition and affect BA 

metabolism. Results to date have been extensively reviewed (Bashiardes et al., 2016; He et 

al., 2016; Mouzaki et al., 2013; Mouzaki et al., 2016) and will only be briefly discussed 

here. One study looked at the role of intestinal FXR on NAFLD and found an increased level 

of tauro-β-muricholic acid (T-β-MCA) in the ileum in antibiotic- and tempol-treated mice on 

a HFD (Jiang et al., 2015). T-β-MCA is a known FXR antagonist. The activity of bile salt 

hydrolase (BSH), an enzyme responsible for breaking down taurine-conjugated BAs, was 

significantly decreased in antibiotic-treated mice (Jiang et al., 2015). It was also found that 

levels of certain ceramides in the ileum and serum were decreased, which leads to decreased 

activity of SREBP1c and subsequently decreased accumulation of hepatic lipids (Jiang et al., 

2015). Comparison of fecal BAs in humans with healthy livers, NAFLD, and NASH 

revealed higher total fecal BAs, higher glycine- and taurine-conjugated LCA in patients, and 

decreased levels of Bacteriodetes in patients with NASH (Mouzaki et al., 2013; Mouzaki et 

al., 2016). In contrast, another study showed increased levels of Bacteriodetes and decreased 

levels of Firmicutes in patients with NASH compared with patients with healthy livers (Zhu 

et al., 2013). C57BL/6 mice fed a HFD exhibited markedly increased Lactobacillus in fecal 

samples (Zeng et al., 2013). Many studies on gut microbiota and NAFLD look to quantify 

and qualify changes in gut microbiota. However, there is still a lack of data regarding a 

mechanism by which gut microbiota may lead to NAFLD progression and more studies need 

to be pursued.

10. Conclusion

BAs are involved in multiple pathways to regulate BA, glucose, and lipid metabolism. As 

discussed, many of these pathways involve BAs acting on FXR and TGR5, as well as other 

signaling pathways. Changes in BA levels and composition, via alterations in BA receptors, 

negative and positive feedback mechanisms, and even gut microbiota, therefore can affect 

other systems. These pathways are intricately involved with one another such that an 

alteration in one changes the others to maintain a homeostasis. However, repeated insults 

inevitably result in hepatocyte damage. Thus, the progression of NAFLD to NASH likely 

involves not just one pathway or one inciting event, but rather repeated insults over time, that 

lead to an accumulation of hepatic lipids, insulin resistance, initiation of hepatocyte 

apoptosis, an increase in inflammation, and an increase in extracellular matrix that 

eventually results in fibrosis. There are currently no approved medications for either 

steatosis or steatohepatitis, perhaps secondary to the fact that there are in fact multiple 

pathways involved in steatosis progression. Potential drugs to date include medications 

already approved and in use for other medical problems, such as ezetimibe, BA derivatives, 

and NHR agonists. Future directions include looking at alterations in gut microbiota and 

undergoing bariatric surgery, both of which have roles in quantitative and qualitative changes 

in BAs. There are undoubtedly more pathways involved and more research needs to be done 

to understand the mechanism behind steatosis to steatohepatitis progression so that drugs 

that successfully treat NAFLD and NASH can be developed.
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Figure 1. Enterohepatic circulation of BAs
BAs are produced from cholesterol, enter bile canaliculi via BSEP and MRP2, empty into 

the duodenum upon stimulation of the gallbladder with CCK, get mostly reabsorbed in the 

terminal ileum via ASBT, then shuttled into the portal vein via OSTα/β where they are 

recycled back to the hepatocyte. Gut microbiota deconjugate BAs into LCA and DCA. LCA 

is insoluble and excreted in feces but DCA can be reabsorbed into the portal vein and 

recycled. BAs act on FXR in the liver to induce SHP to downregulate gene expression of 

CYP7A1/Cyp7a1 and CYP8A1/Cyp8b1. BAs also downregulate their own synthesis via a 

SHP-independent pathway involving FGF15 (FGF19 in humans) produced in the ileum. 

FGF15 leads to phosphorylation of FGFR4, which then activates ERK1/2 pathways to 

downregulate gene expression of CYP7A1/Cyp7a1 and CYP8B1/Cyp8b1. FGFR4 requires a 

cofactor, βklotho, to function. Green arrows indicate upregulation or stimulation. Red lines 

indicate downregulation. Broken arrows indicate that multiple steps are involved but not 

depicted.
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Figure 2. Potential pathways of NAFLD and NASH development and therapeutic targets for 
NAFLD/NASH treatment
The exact mechanism for NAFLD development and progression to NASH is unknown. 

However, obesity and insulin resistance/diabetes are believed to be two significant 

contributing factors. Obesity leads to increased hepatic lipids, insulin resistance, cytokines in 

WAT, and changes in intestinal flora. Increased hepatic lipids results in increased oxidative 

stress and apoptosis. Insulin resistance can result in diabetes. Cytokines result in increased 

hepatic inflammation and with repeated insults, can lead to fibrosis. Changes in microbiota 

can cause changes in BA composition that can disrupt many pathways, since BAs are 

important regulators of lipid and glucose metabolism. BA conjugates and derivatives (such 

as OCA, UDCA, and TC-100) decrease hepatic gluconeogenesis and hepatic lipids. BA 

conjugates and derivatives can increase hepatic and intestinal FXR. Increased intestinal FXR 

can lead to increased FGF15/19 and increased FGFR4. BA binding resins (such as 

cholestyramine and colesevelam), are medications being used by patients with diabetes and 

despite having an opposite effect on BAs compared to BA conjugates, have been shown to 

help lower systemic lipids. However, they do not currently have a role in improving hepatic 

steatosis. Metformin, also used in patients with diabetes, decreases gluconeogenesis. FXR 

and TGR5 agonists have shown promising results with improvement in glucose tolerance 

and decrease in hepatic inflammation. ASBT inhibitors (such as SC-435 and 264W94) also 
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show promising results, with decreased expression of SREBP1c and increased FXR (not 

depicted). Hepatic steatosis and glucose intolerance were demonstrated to be improved in 

rodent studies using ASBT inhibitors. Finally, bariatric surgery is emerging as another 

potential therapy for NAFLD and NASH. Bariatric surgery not only leads to weight loss, but 

has been shown to affect microbiota and improve insulin resistance independent of weight 

loss (not depicted).
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