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Abstract: The rising prevalence of nonalcoholic fatty liver disease (NAFLD)-related cirrhosis high-
lights the need for a better understanding of the molecular mechanisms responsible for driving the
transition of hepatic steatosis (fatty liver; NAFL) to steatohepatitis (NASH) and fibrosis/cirrhosis.
Obesity-related insulin resistance (IR) is a well-known hallmark of early NAFLD progression, yet
the mechanism linking aberrant insulin signaling to hepatocyte inflammation has remained unclear.
Recently, as a function of more distinctly defining the regulation of mechanistic pathways, hepatocyte
toxicity as mediated by hepatic free cholesterol and its metabolites has emerged as fundamental
to the subsequent necroinflammation/fibrosis characteristics of NASH. More specifically, aberrant
hepatocyte insulin signaling, as found with IR, leads to dysregulation in bile acid biosynthetic path-
ways with the subsequent intracellular accumulation of mitochondrial CYP27A1-derived cholesterol
metabolites, (25R)26-hydroxycholesterol and 3β-Hydroxy-5-cholesten-(25R)26-oic acid, which appear
to be responsible for driving hepatocyte toxicity. These findings bring forth a “two-hit” interpretation
as to how NAFL progresses to NAFLD: abnormal hepatocyte insulin signaling, as occurs with IR,
develops as a “first hit” that sequentially drives the accumulation of toxic CYP27A1-driven cholesterol
metabolites as the “second hit”. In the following review, we examine the mechanistic pathway by
which mitochondria-derived cholesterol metabolites drive the development of NASH. Insights into
mechanistic approaches for effective NASH intervention are provided.

Keywords: bile acid pathways; cholesterol metabolism; hepatotoxicity; mitochondria; oxysterols;
insulin resistance; fatty liver disease

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) was first reported in 1980 [1]. In the
four decades since, its prevalence has dramatically increased. Currently, NAFLD affects an
estimated 25% of the global adult population and is the most common chronic liver disease
worldwide [2,3]. NAFLD is currently the second leading indication for liver transplantation
in the United States and will likely become the number-one indication in the near future.
NAFLD is a metabolic disorder closely associated with obesity and type 2 diabetes mellitus
(T2DM); it is prevalent in T2DM patients with a global incidence of 55% [4]. However, the
correlation of NAFLD with T2DM is markedly higher when insulin resistance (IR) is used as
the true definition of T2DM. In recent clinical trials in patients with NAFLD [5–11], improv-
ing insulin sensitization using diabetes treating agents (i.e., a GLP-1 agonist) was shown
to improve liver histology in NAFLD. Even though the clinical data suggest that IR plays
a pivotal role in NAFLD development, the direct causative factors for the development
and progression of NAFLD remain unclear. To achieve optimal clinical results, a complete
“mechanistic” understanding of the metabolic pathways that initiate and perpetuate the
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transition of steatosis (or fatty liver; NAFL) to steatohepatitis (NASH) is necessary. Simply
put, a limited understanding of disease etiology limits the therapeutic disease-modifying
options for patients with NAFLD. Currently, there are no FDA approved medications for
the treatment of NAFLD [12].

It is now well-appreciated that the dysregulation of bile acid homeostasis is found in
the metabolic diseases T2DM and NAFLD [13–15]. In addition, hepatic free cholesterol and
cholesterol-metabolite-mediated toxicity have emerged as likely mechanistic drivers for the
necroinflammation and fibrosis characteristic of NASH [16]. In the liver, the metabolism of
cholesterol into bile acid mainly occurs via two tightly regulated pathways [14]: the micro-
somal CYP7A1-initiated “neutral (classical) pathway” and the mitochondrial CYP27A1-
initiated “acidic (alternative) pathway” (Figure 1). The neutral pathway is the predominant
producer of bile acids, while the foremost role of the acidic pathway is to generate oxys-
terols (i.e., (25R)26-hydroxycholesterol (26HC), 25-hydroxycholesterol (25HC), and 24(S)-
hydroxycholesterol (24HC)) and cholestenoic acids (i.e., 3β-hydroxy-5-cholesten-(25R)26-
oic acid (3βHCA)) [17] that control cellular cholesterol and lipid homeostasis [14,18,19].
Our recent findings indicate a key enzymatic step in the acidic pathway to be regulated by
both insulin and glucagon [20–22]. These observations prompted us to hypothesize that IR
in NAFLD might be linked to the dysregulation of cholesterol metabolism via the acidic
pathway [14]. Specifically, it was hypothesized that insufficient insulin signaling could
lead to the toxic accumulation of mitochondrial CYP27A1-driven cholesterol metabolites
such as 26HC and 3βHCA within hepatocytes that trigger subsequent toxic/inflammatory
pathways. Of note, in the following discussion, we use the term “IR” for the general patho-
logical condition describing a reduced hepatocyte response to insulin and/or a paucity
of hepatocellular insulin. The cellular/molecular mechanism of how IR is developed in
NAFLD [23,24] is not the scope of the current review.

In this review, we examine the existing literature to determine if liver-mitochondria-
driven cholesterol metabolites are key pathogenetic factors driving fatty liver to inflamma-
tion (NASH). We propose a mechanistically derived “two-hit hypothesis” describing how
IR-mediated dysregulation drives the increase and chronic accumulation of mitochondria-
driven cholesterol metabolites (i.e., oxysterols and cholestenoic acids) that result in the
development of NASH, with IR developing as the “first hit” that subsequently leads to the
accumulation of toxic cholesterol metabolites as the “second hit”. The current review will
provide a renewed mechanistic insight into understanding the pathogenesis of NAFLD
and provide an insight into new therapeutic approaches.
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Figure 1. Major cholesterol metabolic pathways to bile acids in the liver—IR drives mitochondrial
cholesterol accumulation. StarD1 carries cholesterol into the inner mitochondrial membrane (IMM),
where CYP27A1 hydroxylates a cholesterol side chain to generate 26HC. Part of 26HC can be further
oxidized to 3βHCA when excess 26HC is present. An ER-resident CYP7B1 7α-hydroxylates 26HC
(and 3βHCA: not shown in this illustration) to form 7α,26-diHC (3β,7α-diHCA), facilitating their
conversion to CDCA (and MCAs in mice). Subsequent HSD3B7 (3βHSD) converts 7α,26-diHC into
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7α,26-diHCO prior to the reduction of the ∆4-bond. Mitochondrial 26HC and 3βHCA can be
metabolized by glucuronidation and sulfation as well. CYP7A1, the rate-determining enzyme of the
neutral pathway whose expression, like that of CYP7B1, UGT1A6, and SULT2B1, is also regulated by
insulin signaling. Impaired CYP7B1 expression in the setting of IR or in its genetic deficiency creates
a described environment for the toxic accumulation of 26HC/3βHCA in hepatocyte mitochondria.
Meanwhile, genetic HSD3B7 deficiency leads to the accumulation of CYP7B1 metabolites (i.e., 7α,26-
diHC). However, it is associated with a milder cholestasis, providing evidence that CYP7B1 activity
plays a greater role in lessening the toxic effects of 26HC/3βHCA. IR impairs Ugt1a6 and Sult2b1
expression, potentiating the accumulation of 26HC/3βHCA. StarD1 is tightly regulated to prevent
mitochondrial cholesterol overload to generate excess 26HC/3βHCA, averting 26HC/3βHCA-driven
hepatocyte toxicity. Conversely, StarD1 protein expression appears increased under IR conditions,
facilitating cholesterol transport into IMM and furthering 26HC/3βHCA synthesis, overwhelming
the compensatory sulfation/glucuronidation of 26HC and 3βHCA. Although not clearly defined,
accumulating 26HC and 3βHCA appear to upregulate StarD1 in a feed-forward manner [20,25]. The
correlation of StarD1 protein expression with 26HC/3βHCA levels and hepatic toxicity suggests its
level of expression plays an underappreciated role in controlling levels of mitochondrial cholesterol
metabolites. Abbreviations: CA, cholic acid; CDCA, chenodeoxycholic acid; C4, 3-Oxocholest-4-en-
7α-ol; CYP7A1, cholesterol 7α-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase; CYP27A1, sterol
26-hydroxylase; HSD3B7 (3βHSD), 3β-hydroxy-∆5-C27-steroid dehydrogenase/isomerase; IMM,
inner mitochondrial membrane; MCA, muricholic acid; StarD1, steroidogenic acute regulatory
protein, SULT2B1 (Sult2b1 donates murine), sulfotransferase 2b1; UGT1A6 (Ugt1a6 donated murine),
UDP-glucuronosyl transferase 1A6; 3βHCA, 3β-hydroxy-5-cholesten-(25R)26-oic acid; 7α-HC, 7α-
hydroxycholesterol; 7α,26-diHC, 7α,(25R)26-dihydroxycholesterol; 7α,26-diHCO, 3-Oxocholest-4-en-
7α,(25R)26-diol; 26HC, (25R)26-hydroxycholesterol; 26HC3S, (25R)26-hydroxycholesterol-3-sulfate;
26HC-26-O-GlcA, 26-hydroxycholesterol-(25R)26-O-β-glucuronide.

2. Hepatic Cholesterol Metabolism

The liver is considered the most important organ controlling the body’s cholesterol
and lipid homeostasis. Under normal physiologic conditions, the liver tissue maintains
relatively low amounts of cholesterol yet deals with a high flow of sterols, consistent with
its role in the synthesis and homeostasis of lipoproteins and bile acid [26]. Hepatic bile acid
synthesis accounts for a major fraction of daily cholesterol turnover. Under physiological
conditions, the metabolism of cholesterol into bile acids occurs via two main pathways
(Figure 1). In humans, the neutral (or classical) pathway accounts for most bile acid pro-
duction (>90%), whereas the acidic (or alternative) pathway accounts for much a smaller
portion (up to 10%). The neutral pathway is initiated by a liver-specific cytochrome P-450,
cholesterol 7α-hydroxylase (CYP7A1). The product, 7α-Hydroxycholesterol (7αHC), is
then rapidly converted into 7α-hydroxy-4-cholesten-3-one (often called C4) by the action
of 3β-hydroxy-∆5-C27-steroid dehydrogenase/isomerase (3βHSD; HSD3B7). The subse-
quent microsomal sterol 12α-hydroxylase (CYP8B1) determines the ratio of cholic acid
(CA: 3α,7α,12α-trihydroxy-5β-cholanoic acid) to chenodeoxycholic acid (CDCA: 3α,7α-
dihydroxy-5β-cholanoic acid). Of note, in rodents, CDCA is rapidly metabolized to muri-
cholic acids (3α,6ξ,7α-dihydroxy-5β-cholanoic acid) by Cyp2c70 [27]; therefore, little CDCA
is present in mouse gallbladder bile [28].

The alternative (acidic) pathway starts with the transport of cholesterol into the inner
mitochondrial membrane (IMM), where sterol 26-hydroxylase (CYP27A1) is present. Most
mitochondrial cholesterol transport is accomplished through the lipid transfer proteins
at membrane contact sites or cytosolic diffusible lipid proteins [29]. Steroidogenic acute
regulatory protein (StarD1) has been identified as the predominant cholesterol carrier from
outer mitochondrial membrane (OMM) to the IMM [30,31]. Global StarD1 knockout mice
develop congenital lipoid hyperplasia, and all mice die within 10 days after birth [32].
This indicates that other lipid transporters (i.e., MLN64 [33,34]) do not compensate for
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StarD1 function. CYP27A1 is constitutively expressed in the IMM. Once cholesterol is
transported to the IMM, CYP27A1 immediately hydroxylates cholesterol to form (25R)26-
hydroxycholesterol (26HC) [17,35]. Since 26HC has a terminal hydroxy group, part of
26HC can be further hydroxylated into a carboxylic acid, 3βHCA, by CYP27A1. Which
metabolic conditions lead 26HC to 3βHCA is unknown [36–38]. Both 26HC and 3βHCA
are regulatory molecules that bind to LXRα in vitro in human hepatocytes [19] and promote
reverse cholesterol transport [39–41]. Additionally, 26HC and 3βHCA can bind to sterol
regulatory element-binding protein (SREBP)-2 [42], which leads to the downregulation of
hydroxy-methylglutaryl-CoA reductase (HMGCR), inhibiting de novo cholesterol synthe-
sis. However, the true functions of 26HC and 3βHCA in vivo are still being debated [43]. It
is of importance that unlike hepatocyte-specific CYP7A1, CYP27A1 is widely expressed
in different organs and cells. A mutation in CYP27A1 disrupts the side-chain oxidation of
cholesterol, which is a necessary step for subsequent side-chain shortening reactions for bile
acid synthesis. Therefore, patients with a CYP27A1 deficiency develop cerebrotendinous
xanthomatosis (CTX), which is a devastating neurological milieu, due to the accumula-
tion of cholesterol and 5α-cholestanol in the brain and tendons [44,45]. It is particularly
interesting that although there are several reports of CYP27A1 deficiency causing neonatal
cholestasis [46–49], most adult CTX patients have normal liver function despite their high
levels of cholesterol and 5α-cholestanol [50,51].

In healthy liver, microsomal oxysterol 7α-hydroxylase (CYP7B1) quickly hydroxylates
26HC and 3βHCA, reducing their regulatory and cytotoxic properties. Human CYP7B1
cDNA shares 40% of its sequence identity with CYP7A1 [52]. This enzyme specifically acts
on 25HC, 26HC, 3βHCA, and some steroids (i.e., pregnenolone and dehydroepiandros-
terone) in steroidogenic tissues [53]. It does not act on endogenous cholesterol. Subse-
quently, HSD3B7 converts 7α-hydroxylated metabolites (7α,(25R)26-dihydroxycholesterol
(7α,26-diHC) and 3α,7α-dihydroxy-5-cholesten-(25R)26-oic acid (not shown in the figure))
to their 3-Oxo-∆4 forms (7α,(25R)26-dihydroxy-4-cholesten-3-one (7α,26-diCO); 3-Oxo-7α-
hydroxy-4-cholesten-(25R)26-oic acid (not shown in the figure)). These intermediary sterols
(or acids) are predominantly converted into CDCA (MCA in rodents). However, there is
evidence that 26HC and 3βHCA can also be converted into CA in rodent hepatocytes [54].
It should be emphasized that the dysfunction of CYP7B1 disrupts the metabolism of 26HC
and 3βHCA, leading to the chronic accumulation of a developing toxic milieu. Therefore,
neonates with the CYP7B1 deficiency rapidly reveal hepatic inflammation that progresses to
severe fibrosis and cirrhosis [55–57] when exposed to the chronic accumulation of high lev-
els of mitochondria-derived cholesterol metabolites. Supportive of this understanding are
patients with HSD3B7 deficiency, who predominantly accumulate their 7α-hydroxylated
metabolites (i.e., 3β,7α-diHCA), revealing much milder cholestasis [58,59]. These obser-
vations, coupled with those in CTX patients, suggest that specific mitochondria-driven
cholesterol metabolites are the key molecules causing hepatic toxicity. With this in mind, it
was initially questioned why Cyp7b1 knockout (Cyp7b1−/−) mice have normal liver func-
tion [22,60], unlike in human cases of CYP7B1 deficiency. However, differing from humans,
Cyp7b1−/− mice can alternatively use Sult2b1 and Ugt1a6a for the detoxification of 26HC
and 3βHCA. In addition, StarD1 was diminished in the Cyp7b1−/− mouse livers [61]. This
ability of the Cyp7b1−/− mouse liver to maintain cellular oxysterols and cholestenoic acid
presents new strategies for NASH intervention which will be discussed later.

3. Key Concept of the Two-Hit Hypothesis

Succinctly put, a dysregulated mitochondrial cholesterol metabolism, as found with IR,
can be hepatotoxic, generating the subsequent inflammatory response found in NASH. The
key to understanding the transition from NAFL to NASH centers on the early “initiating”
events, which were not described in the literature until recently. Table 1 lists the represen-
tative literature that mechanistically studied the role of mitochondria-driven cholesterol
metabolites in the development of NASH. Depending on the study approach, including
animal models, NAFLD stage, patient cohort, or sex differences [62], contradictory results
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have been reported in the role of cholesterol metabolites in the pathogenesis of NAFLD
and for that matter, the role of lipids. Furthermore, the definition of where NAFLD is
first apparent is not clearly defined, with many not considering early elevation in plasma
aspartate aminotransferase (AST) and alanine transferase (ALT) levels to be evidence of
early toxicity. Just as importantly, many models are designed to study “well-established”
NAFLD in which overlapping compensatory inflammation, cell stress, organelle toxicity,
etc., begin to occur in addition to the underlying condition, causing the understanding of
what initiates the transition to be lost. It is also noteworthy that non-physiologic animal
models have been widely used which lose the important pathological features of NAFLD,
such as IR [63]. The fact that cholesterol must be added to diets to develop NAFLD has been
minimized in the face of the high lipid content that is generally present, and the essential
sequential reason for the presence of both is underappreciated. Therefore, careful compari-
son is needed when examining the existing literature as to whether the data support the
proposed two-hit hypothesis.

Table 1. Mechanistic studies role of mitochondria-driven cholesterol metabolites in NASH development.

Model

Main Findings in Terms of
Role Oxysterols

(Cholestenoic Acids) in
NAFLD Pathogenesis

Pitfalls and
Unresolved Question

Raselli et al. [64]

1. Biopsy-proven NASH

1. Elevated 24(R/S)HC and
7αHC but no changes in 25HC
and 26HC levels in NASH
livers compared with control
livers without inflammation.

1. The data compared
advanced NASH (NAS score
3–5; NASH fibrosis) and
normal livers. No comparison
is provided between steatosis
and a normal liver.

2. C57Bl/6; Ch25h−/−; Ebi2−/−;
Cyp7b1−/− mice fed with high-fat,
high-cholesterol diet and
high-fructose corn-syrup in their
drinking water for 10–20 weeks.

2. Elevated 24(R/S)HC and
7αHC but no changes in 25HC
and 26HC levels in NASH
livers (C57Bl/6). No
genotype-related differences
were found in the
development of NASH; no
essential role of these gene
expressions and/or 26HC in
NASH pathogenesis.

2. The study focused on
established NASH in which
hepatic IR is no longer the key
factor for oxysterol regulation.

Kakiyama et al. [20]

1. ♂B6/129 mice fed with a Western
diet for 2–6 weeks

1. Elevated liver
26HC/3βHCA and
suppressed Cyp7b1 mRNA in
early fatty liver without
histologic inflammation.
Correlated levels of
26HC/3βHCA to HOMA-IR
sores and
liver enzymes (ALT).

1. It remains unclear whether
the elevated levels of
26HC/3βHCA themselves are
direct causes of hepatotoxicity.
Mechanistic study is missing.

2. Streptozotocin-injected
♂C57Bl/6 mice fed with LFD.

2. Plasma insulin level is
directly correlated to hepatic
Cyp7b1 mRNA expression.

2. Mechanism as to how
insulin signal pathway
regulates hepatic Cyp7b1 gene
expression was not studied.



Cells 2023, 12, 1434 7 of 22

Table 1. Cont.

Model

Main Findings in Terms of
Role Oxysterols

(Cholestenoic Acids) in
NAFLD Pathogenesis

Pitfalls and
Unresolved Question

Na et al. [65]
♂Catalase knockout mouse;
C57Bl/6J fed with
HFD for 11 weeks

Significantly reduced
3β,7α-diHCA secondary to
Cyp7b1 mRNA
downregulation in the livers
of HFD-fed mice with higher
serum ALT. The effect was
more profound in Catalase
knockout mice.

Histologic evaluation is
missing and NAFLD stage is
unclear; the presence of IR is
unknown; the tissue
26HC/3βHCA level is
unknown. The causative
factor of liver injury cannot be
proven solely by this study.

Evangelakos et al. [66]

♂Cyp7b1−/−; C57Bl/6 littermates
fed with a choline-deficient HFD
and housed in a thermoneutral
temperature for 8 months.

The thermoneutral housing of
Cyp7b1−/− mice promoted
MAFLD more profoundly
compared to the wild-type
mice littermates. However,
oxysterols did not correlate
with the aggravation of
MAFLD.

The model focused on
established NASH, and
oxysterol correlation with
early disease progression is
unknown. It is unclear
whether choline-deficient
HFD metabolically follows
human metabolic disease.

Shoji et al. [67]
Suga et al. [68]

♂C57Bl/6J fed with
choline-deficient,
methionine-reduced high-fat diet
for 3–21 days

When transitioning from
NAFL to NASH, the hepatic
desmosterol, 4βHC,
secondary bile acid, etc., levels
were significantly reduced.
However, 26HC/3βHCA
levels were unchanged.

Unclear whether
choline-deficient HFD
metabolically follows human
metabolic disease.

Minowa et al. [22]

1. Biopsy-proven NASH patients 1. Elevated 26HC/3βHCA
levels in NASH livers.

1. NASH patient cohort and
the 26HC/3βHCA levels in
early fatty liver
remain unknown.

2. ♂Cyp7b1−/− mice fed with WD
and HCD for 4 weeks.

2. Elevated 24(S),25EC, 26HC,
and 3βHCA in the WD-fed
Cyp7b1−/− mice with IR.
Oxysterol sulfation and
glucuronidation can also be
impaired in early fatty liver
with IR; contributing to the
accumulation of
26HC/3βHCA.

2 and 3. There were no
significant changes in the
enzyme activities of oxidative
phosphorylation with early
NAFL, although these
mRNAs were significantly
downregulated. It remains
unclear if oxysterol-associated
mitochondrial dysfunction is
the initial cause
of hepatocyte injury.

3. ♂B6/129 mice fed with Western
diet for 2–8 weeks

3. Accumulated
26HC/3βHCA in the liver
mitochondria of NAFL mice
with elevation of ALT.
RNA-seq data showed that
genes in mitochondria
oxidative phosphorylation
and thermogenesis are
impaired.

Abbreviations: ALT, alanine transferase; LFD, low-fat diet (normal rodent chow); HCD, high-cholesterol
diet; HFD, high-fat diet. Ch25h−/−, microsomal cholesterol 25-hydroxylase knockout mouse; Ebi2−/−,
Epstein–Barr-virus-induced G-protein-coupled receptor 2 knockout mouse; MAFLD, metabolic associated fatty
liver disease.
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4. Insulin Regulation of Mitochondrial Bile Acid Intermediates

Tissue oxysterol levels are tightly regulated by their synthesis (i.e., StarD1; CYP27A1)
and metabolism (i.e., CYP7B1), which are coordinately regulated by various factors such
as insulin, cytokines, bile acids, and hormones. Moreover, the ability of hydroxysteroid
sulfotransferase (SULT) and UDT-glucuronosyl transferase (UGT) to metabolite oxysterols
represent additional means through which to metabolically regulate cellular levels of
cholesterol and oxysterols, including 25HC and 26HC [21]. The potential importance of the
insulin-mediated coordinated regulation of these genes has never been truly addressed in
the context of NAFLD.

Insulin regulates Cyp7b1 through hepatocyte nuclear factor (HNF)-4α [69,70]. HNF4α
is one of the most abundant transcription factors in the liver and is a well-described
regulator of glucose metabolism, lipid metabolism, and insulin secretion. HNF4A gene
mutation causes maturity-onset diabetes of the young type 1 (MODY1), which is associated
with an increased risk of T2DM [71]. Therefore, any disruption in this signaling pathway
can lead to Cyp7b1 disruption, resulting in impaired 26HC and 3βHCA metabolism and a
developing hepatotoxic milieu. In obese, IR, or DM mouse models, Cyp7b1 is significantly
downregulated [72,73]. Biddinger et al., reported that hepatocyte insulin receptor deletion
led to significantly reduced Cyp7b1 mRNA in mouse livers [74]. Conversely, Tang et al.
demonstrated that the upregulation of the insulin signaling pathway seemed able to restore
Cyp7b1 [75]. Our group has also provided evidence of impaired hepatic Cyp7b1 in multiple
mouse models of IR, including WD-induced NAFL mice (B6/129) and streptozotocin (STZ)-
treated diabetic mice [20,21]. Moreover, it is reported Sult2b1 is regulated by Hnf4α [21,76].
Therefore, the dysregulation of the insulin-Hnf4α-Cyp7b1/Sult2b1 pathway can contribute
to 26HC/3βHCA accumulation.

Meanwhile, cholesterol transport to the IMM is a fundamental step of mitochondrial
26HC/3βHCA synthesis [77,78]. Cholesterol trafficking from the OMM to the IMM is medi-
ated by a highly regulated multimeric protein complex comprising StarD1, mitochondrial
translocator protein, a voltage-dependent anion channel, adenine nucleotide transporter,
and associated regulatory proteins [29]. Little is known if insulin directly regulates this sys-
tem. However, it appears that in NAFLD, hepatic StarD1 is upregulated both in human [79]
and in mouse models [22]. Alternatively, StarD1 appears to be positively regulated by
LXRα [25]. If this is the case, lower hepatocellular insulin responsiveness due to developing
IR leads to suppressed levels of Cyp7b1/Sult2b1, with resultant increases in mitochondrial
26HC/3βHCA. In a feed-forward manner, chronic persistent increases in hepatocellular
26HC upregulate StarD1 [14,20,25], leading to further cell accumulation of 26HC/3βHCA
(Figure 1). However, it should be mentioned that Saito et al. very recently reported that en-
dogenous 26HC failed to induce LXRα target gene expressions in a primary rat hepatocyte
model [42]. Further investigation is clearly needed into the StarD1 induction mechanism in
fatty liver. Of note, as with Cyp7b1 and Sult2b1, Cyp27a1 gene transcription is regulated by
Hnf4α [80]. It is possible that a paucity of insulin signaling (IR) may lead to a reduction in
Cyp27a1, thereby reducing the formation of 26HC/3βHCA. However, we and others have
found Cyp27a1 to be mostly constitutively regulated, a rationale for this effect appearing to
be minimal [61]. In support of this statement, when compared to StarD1 overexpression, we
found little increase in the synthesis of 26HC with the overexpression of Cyp27a1 in HepG2
and primary rodent hepatocyte cultures [30,81]. Therefore, the formation of 26HC/3βHCA
relies more on the supplementation of a cholesterol substrate into the IMM rather than
Cyp27a1 expression levels [31].
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5. Cholesterol Metabolites in Mitochondria Impairment

Dysregulation of the mitochondrial cholesterol metabolism and the resulting lipotoxi-
city have been identified in many metabolic diseases such as cancer, heart, and liver dis-
eases [79,80]. Elevated hepatic StarD1 is reported in patients with steatosis and NASH [79]
or NASH-driven HCC [82]. Elevated cholesterol contents in liver mitochondria have also
been demonstrated in experimental NASH models [77,83,84]. Mitochondrial cholesterol
accumulation can cause reduced mitochondrial membrane fluidity [85], reduced ATP
generation [86,87], impaired mitochondrial glutathione import [83,88–90] and oxidative
phosphorylation, and the disrupted assembly of respiratory super complexes [91]. Very
recently, our group also demonstrated in a WD-induced fatty liver mouse model that the
accumulation of 26HC/3βHCA in combination with cholesterol in the liver mitochondria,
can lead to downregulations in oxidative-phosphorylation-related mRNAs such as mito-
chondrial encoded units of the electron transport chain, including NADH dehydrogenase
in Complex I (i.e., NADH dehydrogenase 1-4: mt.Nd1-4), cytochrome c reductase in com-
plex III (i.e., mitochondrially encoded cytochrome b: mt.Cytb), cytochrome c oxidase in
Complex IV (i.e., mitochondrially encoded cytochrome c oxidase II: mt.Co2), and F- and
V-type ATPase (i.e., mitochondrially encoded ATP synthase 6: mt.Atp6) in Complex V [22].

A question arises: “Would mitochondrial dysfunction be led by cholesterol itself or by
Cyp27a1-mediated metabolites with early NAFLD conditions?” With elevated mitochon-
drial cholesterol transport in fatty liver, IMM Cyp27a1 immediately converts cholesterol
into 26HC and 3βHCA. Perhaps this question might be answered by observations in mod-
els of Cyp27a1 deficiency. Although not in all cases, most adult CTX patients have normal
liver function despite their high cholesterol and 5α-cholestanol [50,51]. Similarly, in an
atherogenic mouse model with Cyp27a1 deficiency, Zurkinden et al. [92,93] reported that
Cyp27a1/ApoE double-knockout mice were resistant to WD-induced liver inflammation,
as demonstrated by their lowered hepatic inflammatory and oxidative stress gene expres-
sions (i.e., Tnfα and Il1b). Another study in a goose model reported that hepatic Cyp27a1
mRNA expression can be significantly inhibited in goose fatty livers [94]. Geese are known
to accumulate significant amounts of fat before migration, but their livers do not reveal any
NASH-like pathology such as hepatic inflammation or fibrosis. Whether 26HC or 3βHCA
relate to the mitochondrial dysfunction remained unaddressed (which is challenging to
study in vivo); these observations signify that mitochondrial CYP27A1 activity is necessary
to drive mitochondrial toxicity and subsequent hepatocellular inflammation/fibrosis.

It should be mentioned that when combined with cholesterol in hepatocytes, fatty acids
can undergo lipid peroxidation to form nonenzymatic oxysterols that cause the impairment
of mitochondrial function, biogenesis, and the depletion of respiratory chain complexes
in NAFLD [95,96]. Exposing the hepatocyte to the combination of fatty acids (palmitic
and oleic acids) and an oxysterol, cholestane-3β,5α,6β-triol, can cause mitochondrial
dysfunction [97,98]. However, these events may represent a more chronic state. To the
best of our knowledge, there are no data on the synergistic interaction of free fatty acids
and CYP27A1-driven oxysterols (26HC/3βHCA) causing mitochondrial dysbiogenesis.
To identify the exact molecule, the mechanism driving mitochondrial dysfunction in the
metabolic conditions of early IR and the characterization of oxysterol (fatty acid) content
in mitochondrial lipid raft domains would aid in understanding how oxysterols alter the
structure and function of the mitochondrial membrane.

It should also be noted that the exact mechanism of how the 26HC and 3βHCA
within the mitochondria of hepatocytes trigger the inflammatory response in immune cells
remains unclear. In mice with accumulated mitochondrial 26HC/3βHCA in the early stages
of NAFLD, hepatic genes involved in oxidative phosphorylation, particularly the genes
encoded by mitochondrial DNA (mtDNA), were downregulated [22]. This observation
suggests decreased transcription or damaged mitochondrial DNA. As reviewed by Zhang
et al. [99], increased hepatocyte mitochondrial stress leads to an increase in the release
of damaged or fragmented mtDNA into cytosol through the mitochondrial permeability
transition pore. Hepatic non-parenchymal cells, including neutrophils, Kupffer cells,
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and dendritic cells, can take free mtDNA and mtDNA-enriched microparticles, thereby
triggering the inflammatory response. Recently, Yu et al. demonstrated that mtDNA from
the hepatocytes of mice fed a high-fat diet led to increased levels of tumor necrosis factor
(Tnf)α and interleukin (Il)-6 expression in co-cultured Kupffer cells, demonstrating its
ability to activate the nuclear factor-κB (NF-κB) signaling pathway [100]. The activation of
the NF-kB pathway by 26HC was also reported in endothelial cells [101]. Further study
using the early fatty liver model is needed for clarifying a more detailed mechanism.

6. Cholesterol Metabolites and Endoplasmic Reticulum Function

Endoplasmic reticulum (ER) stress is another prevailing theory of driving NAFLD
to NASH [102]. As reviewed by Horn et al. [16], elevated levels of free cholesterol in
the ER membrane can impair the action of sarco/ER Ca2+-ATPase (SERCA) in mice, a
pump that maintains a high Ca2+ concentration in the ER lumen to facilitate protein
folding [103–106]. The impaired functionality of SERCA results in a decrease in luminal
calcium concentration, higher levels of unfolded proteins, and ER stress. Activation of the
unfolded protein response (UPR) leads to the upregulation of key enzymes that alleviate
ER stress by decreasing the ER secretory load and enhancing protein folding. However, our
recent studies observed that no ER-stress-related pathways were induced in a WD-induced
early NAFL mouse model despite the hepatic accumulation of cholesterol and Cyp27a1-
driven cholesterol metabolites [20,22]. To the best of our knowledge, no direct study has
been reported for Cyp27a1-driven cholesterol metabolites causing UPR.

Perhaps ER cholesterol and Cyp27a1-driven cholesterol metabolites have important
roles in the activation of fibrosis pathways (Figure 2). Wang et al. observed that the Aster
B/C-protein-mediated internalization of plasma membrane cholesterol to the ER led to
the TAZ-mediated transcriptional activation of fibrotic genes [107,108], hypothesizing ex-
cess cholesterol itself to activate fibrosis pathways. Meanwhile, we have recently found
that StarD5, a steroidogenic regulatory protein-related lipid transfer (START) domain
cholesterol-binding protein [109,110], plays a role in the assembly and secretion of both
cholesterol and triglyceride from hepatocytes (unpublished data). In StarD5−/− mice, cell
triglycerides accumulate with the early development of IR while the mice are fed a low-fat,
low-cholesterol rodent chow (unpublished data). For yet unclear reasons, we have also
observed that liver StarD5 is downregulated in conditions with hepatic triglyceride ex-
cess [111,112]. Our preliminary findings of elevated 26HC/3βHCA in WD-fed StarD5−/−

mice support an increased intracellular trafficking of excess ER cholesterol to the mitochon-
dria in NASH livers (unpublished data). With a disruption in 26HC/3βHCA metabolism
due to impaired Cyp7b1 in the ER, excess 26HC/3βHCA in the ER can be hypothesized
to activate TAZ-mediated fibrosis pathways (Figure 2). If this occurs, Cyp27a1-driven
oxysterol accumulation represents a new player for developing fibrosis. It may then be
possible to extend the current two-hit hypothesis to sequential events for what initiates
the transition from fatty liver to NASH and fibrosis. This hypothesis is currently under
investigation in our laboratories.
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Figure 2. Role of cholesterol metabolites in endoplasmic reticulum function—extended two-hit
hypothesis: Recent studies have provided evidence that increased levels of excess cholesterol in the
endoplasmic reticulum (ER) are capable of activating fibrotic pathways. Supportive of these findings,
Wang et al. demonstrated that Aster-B/C-protein-mediated cholesterol internalization from plasma
membrane (PM) to the ER can activate TAZ-transcriptional fibrosis pathways [107]. Additionally,
we have found StarD5, an ER stress-responsive transporter of cholesterol from the ER to the PM,
appears to be downregulated in conditions of triglyceride excess [111,112]. This may also contribute
to the accumulation of cholesterol in the ER. Under metabolic conditions of insulin resistance (IR),
excess ER cholesterol can be transported to the mitochondria and converted into 26HC and 3βHCA,
causing mitochondrial dysfunction. Both 26HC and 3βHCA can be rapidly transported to the ER.
However, an inability to upregulate CYP7B1 under IR leads to the accumulation of 26HC/3βHCA in
the ER. Therefore, it can be hypothesized that excess 26HC/3βHCA, together with cholesterol in the
ER, might activate the TAZ-mediated fibrosis pathways under the conditions of chronic IR in NASH.
This extended hypothesis introduces a novel concept of IR-induced hepatotoxicity and a mechanism
of NAFLD disease progression. Abbreviations: 3βHCA, 3β-hydroxy-5-cholesten-(25R)26-oic acid;
26HC, (25R)26-hydroxycholesterol; StarD1, steroidogenic acute regulatory protein.

7. Targeting Mitochondrial Cholesterol Metabolites for NASH Intervention

The ability to safely store fats within the liver can be considered necessary for survival,
as in the goose, which must store large amounts of fat to be able fly to the next migratory
destination; this is not dissimilar to humans when food was not as abundant or when regu-
lar meals were a luxury. Additionally, not excluding fats as a direct cause of mitochondrial
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toxicity [113], new observations suggest a role of fats in NAFLD as the inducer of IR [23],
which then leads to dysregulation in the cholesterol metabolism and the accumulation of
the more likely toxic oxysterol metabolites. Therefore, following the discussion and the
literature outlined in this manuscript, it is reasonable to hypothesize that either limiting the
synthesis or facilitating the elimination of toxic mitochondrial cholesterol metabolites could
improve hepatic inflammation in NAFLD. Table 2 lists the studies targeting mitochondria-
driven cholesterol metabolites for the improvement of a NASH-related liver inflammatory
condition. The liver-specific knockout of StarD1 in mice was shown to lessen steatohepatitis
-riven HCC [82].

Table 2. Studies modulating mitochondria-derived oxysterols for the improvement of the NAFLD
condition.

Agent or Models Animal Model and Treatment Results and Oxysterol-Related Mechanism

Liver-specific StarD1 knockout mouse;
(StarD1∆hep) mice [82]

Diethylnitorisamine (DEN; 25 mg/kg)-injected
StarD1∆hep (liver-specific StarD1 knockout
mice) fed with a high-fat, high-cholesterol diet
for 26 weeks.

StarD1∆hep mice were less sensitive
to DEN + HFHC-diet-induced HCC.

Ad-Sult2b1 [114]
LDL−/− mice (♂/♀) and mice fed with a HFD
for 10 weeks. Ad-Sult2b1 virus was injected
(i.v., 1 × 108) 6 days before sacrifice.

Improved NAFLD condition (i.e., ALT/AST↓ *;
cholesterol/triglyceride↓; Steatosis
(Histology)↓; hepatic inflammation and stress
responses (mRNA)).

Ad-Sult2b1 [115]
Ad-Sult2b1 virus was injected (i.v., 1 × 108)
into C57Bl/6 mice, and the mice were fed a
HFD for 8 weeks.

The Ad-Sult2b1-injected mice promoted liver
regeneration after 70% partial hepatectomy.

25-Hydroxycholesterol 3-Sulfate [116]

C57BL/6J mice (♀) fed with a HFD for
16 weeks. As of 10 weeks after the HFD
feeding was initiated, 25HC3S (25 mg/kg, i.p.)
was injected twice a day for 6 weeks.

Improved NAFLD condition (i.e., ALT/AST↓;
cholesterol/triglyceride↓; steatosis
(histology)↓; improved glucose tolerance test).

Coffee [21]
B6/129 mice (♂) fed with 1% or 4% (wt/wt)
regular coffee or decaffeinated coffee blended
WD for two weeks.

The coffee-fed mice had significantly lower
serum ALT and hepatic inflammatory mRNAs
and improved HOMA-IR scores compared to
the WD-only fed mice. These mice had
reduced 26HC/3βHCA secondary to
upregulated hepatic Sult2b1 and
Cyp7b1 mRNAs.

Berberine [117]

B6/129 mice (♂/♀) were fed with a Western
diet–high-fructose diet to up to 21 weeks. As
of 12 weeks of age, Berberine (50 mg/kg/day)
was administered via gavage.

Significantly improved histology, NAS scores,
and NASH-associated inflammation and stress
responses in BBR-treated mice. Higher hepatic
Cyp7b1 mRNA in BBR-treated mice compared
to the mice without treatment.

Psyllium husk (lipase inhibitor) [118]
C57Bl/6 (♂) mice fed a high-fat diet for
16 weeks. Psyllium husk (140 mg/kg) was
administered via oral gavage three times/day.

Improved NAFLD condition (i.e., body
weight↓; ALT/AST↓; cholesterol/triglyceride↓;
NAS score↓; steatosis (histology)↓). Higher
hepatic Cyp7b1 mRNA in the
Psyllium-husk-treated mice compared to the
mice without treatment.

Ortlistat (lipase inhibitor) [118]
C57Bl/6 (♂) mice fed a high-fat diet for
16 weeks. Ortlistat (20 mg/kg × 1 and 10
mg/kg × 2) was administered via oral gavage.

Improved NAFLD condition (i.e., body
weight↓; ALT/AST↓; cholesterol/triglyceride↓;
NAS score↓; steatosis (histology)↓). Higher
hepatic Cyp7b1 mRNA in the Ortlistat-treated
mice compared to the mice without treatment.

Ilexaponin A1 [119]
C57BL/6 (♂) mice fed a high-fat diet for
8 weeks. Ilexaponin A1 (120 mg/kg/day) was
administered via oral gavage.

Improved NAFLD condition (i.e., ALT/AST↓;
NAS score↓; steatosis (histology)↓; hepatic
inflammatory genes↓) of the
Ilexaponin-A1-administered mice. Higher
hepatic Cyp7b1 mRNA in the
Ilexaponin-A1-treated mice compared to the
mice without treatment.

* Down-arrow (↓) indicates “decreased level”.
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The beneficial effects of hepatocyte selective StarD1 deletion or downregulation have
also been reported in many other animal models, including acetaminophen-mediated acute
liver failure [120], Niemann–Pick Type C [121], and alcohol-induced steatohepatitis [122].
Acid ceramide appears to have a hepatic-StarD1-repressing effect [121]. Several small-
molecule StarD1 inhibitors were also identified via structure-based design [123]. However,
to the best of our knowledge, these molecules have never been tested for NASH interven-
tions. Of importance, the global inhibition of StarD1 can be lethal, as the steroidogenic
inhibition of StarD1 appears to disrupt vital steroid biosynthesis [124–127]. Perhaps the
challenging part of testing these StarD1 inhibitors would be their selective delivery to
the liver.

Based on the observations from CTX patients [50,51], Cyp27a1−/− mice [92,93], and
goose fatty liver models [94], it is also reasonable to consider Cyp27a1 inhibition for
reducing NASH inflammatory responses. Although no such studies have been reported
for NASH intervention, Cyp27a1 inhibition is now being explored for the treatment of
breast cancer [128,129] and toxic retinol accumulation in the eye [130]. Additionally, oral
CDCA has successfully been used to lessen liver inflammation in patients with CYP7B1
deficiency [56,59,131]. CDCA has a CYP27A1 inhibitory effect. It should be mentioned
that in humans, complete CYP27A1 inhibition increases cholesterol and 5α-cholestanol
levels, causing CTX [132]. Therefore, CYP27A1 needs to be “partially” inhibited. Lam et al.
have identified two FDA-approved drugs for hypertension (Felodipine and Nilvadipine)
which have an estimated Cyp27a1 inhibitory effect of 50% [133]. The group reported that
the administration of either Felodipine or Nilvadipine (1 mg/kg) for 7 days in C57Bl/6
mice did not elevate serum cholesterol levels. These two drugs are worth testing for their
effectiveness in reducing NASH inflammatory responses.

Several studies have been reported in modulating oxysterol metabolic enzymes (i.e.,
Cyp7b1 and Sult2b1) with the purpose of improving NASH-related hepatic conditions. Bai
et al. demonstrated that the adenovirus-mediated overexpression of Sult2b1 improved
hepatic inflammation and stress responses in LDL−/−mice and HFD-induced NAFL mouse
models [114]. Similarly, Zhang et al. demonstrated that Sult2b1 overexpression in HFD-fed
mice promoted liver regeneration after a 70% partial hepatectomy [115]. Although both
studies did not measure hepatic oxysterol profiles, the increased sulfation of 26HC/3βHCA
in the liver likely led to a reduction in their cytotoxicity. Additionally, the overexpression
of Sult2b1 increases sulfation to endogenous 25HC, generating 25-Hydroxycholesterol-3-
Sulfate (25HC3S) [114,134]. Ren and coworkers have demonstrated the implications of this
sulfated oxysterol in many biological processes, including lipid biosynthesis, inflammatory
responses, the promotion of cell survival, and recently, its potentially exciting role as an
epigenetic regulator [134–136]. As listed in Table 2, the intraperitoneal injection of 25HC3S
(25 mg/kg) twice per day for 6 weeks significantly improved liver function in HFD-fed
mice with improved glucose tolerance [116]. Stabilization of the mitochondria was also
reported for 25HC3S [137].

Similarly, the overexpression of Cyp7b1 has been found to lower fasting glucose lev-
els and improve hepatic steatosis in ob/ob mice [138]. Currently, no small molecule that
specifically upregulates Cyp7b1 is known. However, several agents (i.e., Psyllium husk,
Ortlistat [118], and Ilexaponin A1 [119]) have been shown to be associated with the upregu-
lation of Cyp7b1 in experimental NASH models (Table 2). Our group also demonstrated
that the administration of berberine (50 mg/kg/day) in Western diet/high-fructose-diet-fed
mice with induced NASH restored hepatic Cyp7b1 mRNA [117]. The berberine-treated
mice had significantly improved liver histology, NAS scores, and NASH-associated in-
flammation and stress responses. More recently, we have reported that dietary coffee
preserved hepatic Cyp7b1 and Sult2b1 mRNA and protein expressions, thereby maintaining
physiologic levels of 26HC/3βHCA in a WD-induced fatty liver mouse model [21]. The
coffee-administered mice had markedly improved IR and early liver toxicity markers.
Many other agents are reported to have a Cyp7b1-restoring effect in non-NASH animal
models, such as ursodeoxycholic acid (UDCA) [139], Astragalus polysaccharides [140,141],
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Yinchenhao decoction [142], and ellagic acid [143]. These agents may be worth testing for
their effectiveness in reducing early inflammatory responses in NAFLD.

Lastly, Farnesoid X receptor (FXR) agonists, such as obeticholic acid (OCA), appear
to be a hopeful medication for NAFLD treatment because of their anti-inflammatory,
insulin-sensitizing, anti-steatotic, and anti-fibrotic effects, which have been demonstrated
in animal models [144]. However, the expressions of Cyp27a1 and Cyp7b1 are not regulated
by FXR [52,69]; therefore, the beneficial effects of OCA are likely independent from the
modulation of the mitochondrial cholesterol metabolisms. A recent study demonstrated
no significant changes in the mRNA expression of Cyp27a1 or Cyp7b1 when mice were ad-
ministrated an FXR agonist, GW4064 [145]. Meanwhile, liver X receptor (LXRα) activation
has been attempted in many drug discovery studies for the treatment of dyslipidemia and
atherosclerosis, but all of them have been failed due to LXR’s ability to stimulate de novo
lipogenesis. Furthermore, the LXRα agonist possibly increases hepatic StarD1 expression,
leads to mitochondrial 26HC/3βHCA accumulations, and worsens hepatic inflammation.

8. Conclusions and Remarks

The prevalence of NASH is rapidly increasing worldwide and has no approved phar-
macological treatment to date. The literature reviewed herein supports the concept of a
“two-hit” hypothesis, with the dysregulation of intracellular insulin signaling representing
the “first hit” and the toxic accumulation of mitochondrial cholesterol metabolites repre-
senting a “second hit”, leading to initially toxic and subsequently inflammatory responses.
This last observation is significant as very early transition from NAFL to NASH lacks any
inflammatory cell infiltrate [20].

The restoration of insulin signaling as a treatment for diabetes is a beneficial NASH
treatment [23]. However, the response to the agents is not always complete. As shown in
recent clinical trials in patients with NAFLD [5–11], GLP-1 agonists induce weight loss and
improve insulin sensitization yet are unable to lessen or reverse fibrosis. This inadequate
response presumably occurs as an inability to fully correct cell insulin signaling, with
continued production and dysregulation caused by cholesterol metabolites. Furthermore,
appetite, which represents a living organism’s greatest survival drive, will undoubtedly
be equally hard to fully control. As in the treatment of hypertension and hyperlipidemia,
multiple pathways will likely need to be addressed to achieve a maximal response with the
lowest toxicity profile. Several pharmaceutical agents are currently available for modifying
hepatic 26HC/3βHCA, such as partial Cyp27a1 inhibitor [133], Cyp7b1 upregulators (i.e.,
berberine [117]) or 25HC3S [116,136]. The combined use of these agents with a GLP-1
agonist might have a dramatic effect on improving the hepatocyte inflammatory response
in NASH, as does the addition of Ezetimibe (Zetia) to HMGR inhibitors [146,147]. Such
tests in animal models and randomized controlled trials in patients with NASH or fibrosis
are eagerly awaited.

It should be mentioned that the “two-hit hypothesis” can be extended to extrahepatic
organs. Importantly, cardiovascular diseases are the leading cause of morbidity and mortal-
ity in patients with NAFLD. Endovascular atherosclerotic plaques contain a high level of
26HC [148]. The role of oxysterols and cholestenoic acids in macrophages may be closely
related to the liver and may have an impact on macrophage cholesterol efflux [39] and the
reverse cholesterol transport pathway [149]. It is possible that as in NAFLD, insufficient
insulin signaling contributes to excess 26HC/3βHCA formation within cardiovascular
tissue, leading to inflammation.

The acidic pathway represents an “originating pathway” of bile acid synthesis whose
essential purpose is to generate important cholesterol and lipid regulatory molecules
(oxysterols and cholestenoic acids), with their subsequent further metabolism as a means
of creating a nutritional advantage by adding bile acids to the intestinal milieu. However,
the generation of excess amounts of potentially toxic molecules on the way to generating
bile acids could be easily avoided by initially 7α-hydroxylating cholesterol via CYP7A1
(the neutral pathway); leaving the acidic pathway to its preeminent function. As was
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found with NAFLD, metabolic conditions exist that demonstrate how important it is to
maintain physiological levels of mitochondria-driven cholesterol metabolites and their
need to be constantly fluctuating to regulate changing hepatic lipid and cholesterol levels.
Over the last century, our knowledge of cholesterol/bile acid chemistry and biology has
been advanced extraordinarily [150]. We still need greater systematic and mechanistic
understandings of these interesting biomolecules, which will most likely provide us with
new avenues for therapeutic innovations in metabolic syndrome.
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