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ranging from simple steatosis [nonalcoholic fatty liver 
(NAFL)] to steatohepatitis (NASH) with or without 
liver fibrosis or cirrhosis. The natural history of disease 
progression is complex, supported by findings of rapid 
fibrosis progression on one hand and spontaneous  
disease regression on the other hand (3, 4). Unfortu-
nately, we do not have a pathophysiology-driven explana-
tion for the observed phenotypic variability of this liver 
disease.

NAFLD is considered as the hepatic manifestation of 
the metabolic syndrome, as it is strongly associated with 
conditions of dietary excess such as obesity, dyslipid-
emia, type 2 diabetes mellitus (T2DM), and hyperten-
sion (5). Insulin resistance and lipid excess within the 
liver are considered as the earliest markers or evidence 
of progression of NAFLD followed by inflammation and 
subsequent fibrosis (6). Interestingly, excess liver lipid 
is contributed to by increased de novo fatty acid synthe-
sis within the liver, further exacerbating dietary induced 
liver lipid excess (7). What complicates this relatively 
straightforward sequence of metabolic events is that 
only a small percentage of those with fatty liver progress 
to NASH. The amount of lipid excess does not seem to 
correlate with disease activity or progression, i.e., the 
presentation of liver lipid excess that occurs in lean 
NASH patients (8, 9). Furthermore, the coexistence of 
NASH in type 1 diabetes mellitus suggests other causes 
than insulin resistance promoting fatty liver to NASH 
(10). In the absence of a common thread, NAFLD has 
become described as a complex metabolic entity of liver 
lipid excess. It is obvious that only a better understand-
ing of the pathophysiologic derangement promoting 
progression from fatty liver to NASH will allow us to de-
velop effective treatment approaches other than weight 
loss.

Abstract  NAFLD is an important public health issue closely 
associated with the pervasive epidemics of diabetes and obe-
sity. Yet, despite NAFLD being among the most common of 
chronic liver diseases, the biological factors responsible for 
its transition from benign nonalcoholic fatty liver (NAFL) to 
NASH remain unclear. This lack of knowledge leads to a 
decreased ability to find relevant animal models, predict 
disease progression, or develop clinical treatments. In the 
current study, we used multiple mouse models of NAFLD, 
human correlation data, and selective gene overexpression 
of steroidogenic acute regulatory protein (StarD1) in mice to 
elucidate a plausible mechanistic pathway for promoting the 
transition from NAFL to NASH. We show that oxysterol 7-
hydroxylase (CYP7B1) controls the levels of intracellular 
regulatory oxysterols generated by the “acidic/alternative” 
pathway of cholesterol metabolism. Specifically, we report 
data showing that an inability to upregulate CYP7B1, in the 
setting of insulin resistance, results in the accumulation of 
toxic intracellular cholesterol metabolites that promote 
inflammation and hepatocyte injury.  This metabolic path-
way, initiated and exacerbated by insulin resistance, offers 
insight into approaches for the treatment of NAFLD.
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NAFLD has emerged as the most common chronic 
liver disease and is soon to become a major cause for 
liver cancer and transplantation (1). With one-fourth 
of the population affected, it will have a dramatic 
global economic impact on healthcare systems and  
patient’s well-being (2). NAFLD is a disease spectrum 
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Our laboratory hypothesized that liver lipid excess in 
NAFLD and NASH might be linked to dysregulation of 
cholesterol metabolism through the alternative pathway 
of bile acid synthesis (Fig. 1A) (11). As previously hy-
pothesized by Javitt and colleagues and our own group, 
this pathway was the initial pathway of bile acid synthe-
sis; which was likely not originally a pathway to form bile 
acids, but a pathway that controlled the levels of the 
regulatory oxysterols regarded as key metabolic regula-
tors of both cholesterol and lipid biosynthesis (12–14). 
Moreover, the inner mitochondrial membrane has low 
levels of cholesterol and the alternative pathway may 
have also evolved to remove excess cholesterol via side-
chain oxidation by sterol 27-hydroxylase (CYP27A1) 
and further metabolism by oxysterol 7-hydroxylase 
(CYP7B1). As a vital metabolic pathway, it is pervasive 
within body tissues. The ultimate ability to form bile ac-
ids likely developed within hepatocytes as a way to aid 
the absorption of dietary lipids. However, an inability to 
increase rates of bile acids to aid in the absorption of 
larger amounts of dietary lipids without generating 
toxic amounts of oxysterols and their metabolic prod-
ucts likely led to the neutral pathway of bile acid synthe-
sis; a pathway where 7-hydroxylation of cholesterol is 
the initial metabolic step allowing for the synthesis of 
nonregulatory less toxic metabolites (14).

In this regard, Setchell et al. (15) reported that the 
absence of CYP7B1 in children led to oxysterol-induced 
liver inflammation and cirrhosis within the first year of 
life. Dai et al. (16) subsequently showed that the absence 
of CYP7B1 led first to the presence of fat within the liver 
with subsequent liver inflammation in a pattern found in 
the transition from fatty liver to NASH. Interestingly, 
Tang, Pettersson, and Norlin (17) showed that upregula-
tion of the insulin signal pathway seemed able to upregu-
late Cyp7b1. Biddinger et al. (18), in a cholesterol gallstone 
mouse model, reported that Cyp7b1 mRNA levels were 
markedly suppressed in liver selective insulin receptor 
knockout mice. However, the potential importance of 
regulation of CYP7B1 by insulin has never been truly ad-
dressed in the context of NAFLD and NASH.

NAFLD is a rheostat of disease. Within the existing 
literature, the timing of the transition of fatty liver to 
NASH and to fibrosis is not clearly delineated, i.e., lack-
ing a clear starting point from which to initiate investi-
gation. As a result, the lines of initiation appear to have 
become blurred within the multitude of ensuing meta-
bolic consequences of cellar toxicity, inflammatory cell 
infiltrate, cell to cell interactions, collagen synthesis, 
liver architectural changes, and increased cell metabolic 
contents such as bile acids associated with cholestasis. 
Thus, establishing inciting events appeared unlikely in 
the absence of coupling several early-event in vivo models. 
In the current study, we chose to pursue five overlapping 
mouse models of NAFL, coupled to human data, and 
describe evidence for a new model explaining how the 
dysregulation in cellular oxysterol levels initiated by the 
chronic suppression of CYP7B1 plays a role in the tran-
sition from NAFLD to NASH.

METHODS

Materials and chemicals
All chemicals were of the highest purity commercially available. 

HPLC grade solvents were purchased from Fisher Scientific (New 
Lawn, NJ), and all other reagents were from Sigma-Aldrich, Inc. 
(St. Louis, MO), unless indicated otherwise: oxysterol standards, 
7-hydroxycholesterol (7-HC), 24(S)-hydroxycholesterol (24-
HC), 25-hydroxycholesterol (25-HC), (25R)-26-hydroxycho-
lesterol (26-HC), 7,24(S)-dihydroxycholesterol (7,24-diHC), 
7,25-dihydroxycholesterol (7,25-diHC), and (25R)-7,26-
dihydroxycholesterol (7,26-diHC) were purchased from Avanti 
Polar Lipids, Inc. (Alabaster, AL). d6-25-HC (26,26,26,27,27,27- 
[2H6]25-HC) was purchased from Cayman Chemical (Ann Arbor, 
MI). Tauro (T) -Muricholic acid (MCA), MCA, TMCA, MCA, 
TMCA, MCA, cholic acid (CA)-3-sulfate (S), chenodeoxycholic 
acid (CDCA)-3S, ursodeoxycholic acid (UDCA)-3S, deoxycholic 
acid (DCA)-3S, lithocholic acid (LCA)-3S, glyco (G)CA-3S, 
GCDCA-3S, GUDCA-3S, GDCA-3S, GLCA-3S, TCA-3S, TCDCA-
3S, TUDCA-3S, TDCA-3S, and TLCA-3S were kind gifts from 
Professor Takashi Iida (Tokyo, Japan). [2,2,4,4-d4]CA [d4-CA, 
internal standard (IS) for unconjugated bile acids], [2,2,4,4-d4]
GCA (d4-GCA, IS for glycine-conjugated bile acids), and [2,2,4,4-
d4]TCA (d4-TCA, and IS for taurine-conjugated and double-
conjugated bile acids) were obtained from C/D/N Isotopes, Inc. 
(Pointe-Claire, Quebec, Canada). All other oxysterol standards and 
bile acids were from Steraloids, Inc. (Newport, RI). SV Total RNA 
Isolation System was obtained from Promega Co. (Madison, WI). 
Cyp7b1 antibody was available from Proteintech Group Inc. 
(Rosemont, IL). Anti-GRP78 (BiP) and anti-GAPDH antibodies 
were from Abcam (Cambridge, MA). Monoclonal anti-CCAAT-
enhancer-binding homologous protein (CHOP) antibody was from 
Thermo Fisher Scientific (Waltham, MA). Human liver tissues were 
obtained from the National Institutes of Health (NIH)-sponsored 
Liver Tissue Distribution Center at the University of Minnesota.

Animal models
An F2 intercross of the mouse strains 129S1/SvlmJ and 

C57Bl/6J (B6/129) that develop classic fatty liver with progres-
sion to NASH on a supplemental WD chow, were obtained from 
Dr. Sandra Erickson (University of California, San Francisco). 
The mice were bred at the animal facility of McGuire Veterans 
Affairs Medical Center with a 12 h light cycle (6:00 AM to 6:00 PM). 
All mice had free access to water. Unless specified differently, 
mice were fed an ad libitum WD with 42% of calories from fat and 
43% from carbohydrates (Harlan-Teklad TD.88137; Envigo, 
Frederick, MD) for 2–6 weeks. One group of mice was prolonged 
on the WD feeding for 32 weeks for reaffirming the B6/129 
mouse as previously characterized as a viable NASH model. 
Controls were age-matched B6/129 mice fed a regular chow 
(RC; irradiated Teklad LM-485). All mice were 12 weeks old at the 
time they were euthanized unless otherwise noted. For the study 
of in vivo steroidogenic acute regulatory protein (StarD1) overex-
pression (Figs. 1–3), Ad-StarD1 or Ad--galactosidase (-Gal; 
for control) recombinant virus (1 × 109 pfu) was injected into the 
tail vein of B6/129 mice on the seventh day from start of WD feed-
ing. These adenovirus constructs were prepared as previously 
described (19). WD feeding was continued for another week, 
and the mice were euthanized on the fourteenth day. Blood was 
centrifuged at 1,620 g for 15 min at 4°C, and serum in the super-
natant was collected. All specimens were snap-frozen in liquid 
nitrogen and stored at 78°C until further analysis. A portion of 
liver was also fixed in 10% neutral buffered formalin and sent to 
the Department of Pathology at Virginia Commonwealth University 
to be processed and stained with H&E. Images were taken with a 
Nikon Ti-U microscope and NIS Elements software.
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The STAM™ mice were prepared and characterized at SMC 
Laboratories Inc. (Tokyo, Japan) as previously described (20). 
Briefly, 200 g of streptozotocin (STZ) were subcutaneously in-
jected into C57Bl/6J male mice at 2 days after birth. The mice 
were fed a low-fat RC diet (CE-2; CLEA Japan Inc.) until 4 weeks 
of age, and then fed an ad libitum HFD (HFD32; CLEA Japan 
Inc) until 8 weeks (NASH stage). STZ injection led to approxi-
mately 60% of  cells being impaired when they were evaluated at 
9 weeks of age (supplemental Fig. S1). One group of mice was 
continued on their RC diet for an additional 4 weeks (fed RC for 
8 weeks).

All mice were fasted 4 h prior to being euthanized unless 
otherwise noted. At the time of euthanasia, mice were subjected 
to isoflurane inhalation. All animal protocols were approved by 
the IACUC of the McGuire Veterans Affairs Medical Center and the 
Virginia Commonwealth University; both are accredited by the 
Association for Assessment and Accreditation of Laboratory 
Animal Care International and comply with the Guide for Care 
and Use of Laboratory Animals published by the NIH.

Measurement of serum and liver biochemical parameters
Serum total cholesterol (TC), HDL-C, LDL-C, TGs, glucose, 

aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), and alkaline phosphatase levels were measured by the en-
zymatic procedures run on Siemens Vista 1500 instrumentation. 
Serum insulin was measured by the sensitive ELISA sandwich as-
say method using Crystal Chem ultra-sensitive mouse insulin 
ELISA kit (Elk Grove Village, IL) according to manufacturer’s 
instructions. For plasma insulin measurement of the STZ-treated 
mice, Ultra-Sensitive Mouse Insulin ELISA kit (Morinaga Institute 
of Biological Science, Inc., Yokohama, Japan) was used. Plasma 
glucagon of C57Bl/6J mice was measured using Glucagon Quan-
tikine ELISA kit (R&D Systems, Inc., Minneapolis, MN). Liver TC 
and free cholesterol (FC) were measured by enzymatic assay using 
the Cholesterol E and Free Cholesterol E kits (FUJIFILM Wako 
Chemicals U.S.A. Co, Richmond, VA). Infinity Triglycerides kit 
(Thermo Fisher Scientific) was used for liver TG measurement. 
The serum lipoprotein profile was obtained by the FPLC using an 
Agilent 1100 series HPLC system as follows: 100 l of serum was 
injected onto a Superose 6, 10/300 GL column (GE Healthcare, 
Chicago, IL). NaCl (154 mM) containing 1 mM EDTA (pH 8.0) 
was used for the elution buffer at a flow rate of 0.2 ml/min. 
Effluents were monitored at 280 nm (21). Lipoproteins were 
identified by coelution with VLDL, LDL and HDL standards 
(Sigma-Aldrich). Starting at 20 min, fractions were collected every 
1.2 min (240 l/fraction) until 100 min. Cholesterol content was 
measured by adapting the Cholesterol E kit, adding 20 l of a 10× 
reagent buffer to 180 l of each fraction in a 96-well plate, heating 
at 37°C, and measuring absorbance at 595 nm.

Measurement of nonparenchymal cells from B6/129 
mouse livers

Primary hepatocytes were removed from the livers of the StarD1-
overexpressed B6/129 mice using the collagenase-perfusion 
technique as previously described (22). Briefly, the liver was 
digested with 0.025% collagenase in William’s E culture medium 
(40 ml) at 37°C for 10 min. The digest was filtered through a 
double thickness of sterile gauze. Hepatocytes were removed by 
centrifugation (60 g at 4°C for 5 min), and nonparenchymal cells 
(approximately 9.0 × 106 cells) in the supernatant were collected. 
The live-dead staining was conducted using Zombie Aqua 
(#423102; BioLegend, San Diego, CA) according to manufactur-
er’s protocol. Cells were washed with FACS buffer (5% FBS in PBS 
with 2 mM EDTA). Fc receptors were blocked with 5 g 2.4G2 for 
10 min at 4°C. Antibodies were added for 45 min at 4°C. Cells 
were washed twice with FACS buffer and fixed in fixation buffer 

(BioLegend, #420801) for 10 min at room temperature. Flow cy-
tometry data were collected on a BD LSR Fortessa™ X-20 (BD, 
Franklin Lakes, NJ) and analyzed in FlowJo (BD) software, all as 
previously described (23). Antibodies used in this study were as 
follows: APC-conjugated anti-mouse CD45, PE/Cy7-conjugated 
anti-mouse F4/80, PE-conjugated anti-mouse CCR3, BV421-con-
jugated anti-mouse MHCII, FITC-conjugated anti-mouse CD11c, 
PE-conjugated anti-mouse B220, APCFIRE750-conjugated anti-
mouse Ly6C, FITC-conjugated anti-mouse Ly6G (all from BioLe-
gend), and BUV395-conjugated anti-mouse CD11b (BD).

Real-time quantitative PCR
Total RNA from the liver tissue was isolated with the Promega 

Total RNA Isolation system according to manufacturer’s protocol. 
qPCR was performed with 2 g of RNA using the Affimetrix 
(Santa Clara, CA) VeriQuest SYBR Green PCR Master Mix in an 
Applied Biosystems 7500 PCR system (Foster City, CA). Primers 
are listed in supplemental Table S2. All data were produced in 
triplicates for each mRNA. The comparative CT method was used 
to calculate relative quantification of gene expression. The mRNA 
expression levels obtained for each gene were normalized to the 
expression of the Gapdh housekeeping gene by using the follow-
ing equation: relative mRNA expression = 2(Ct of each geneCt of Gapdh) 
(where Ct is the threshold cycle). For Fig. 3, total RNA was ex-
tracted from the nonhepatocyte-enriched fraction using Invitro-
gen™ TRIzol™ reagent per the manufacturer’s instructions. RNA 
was quantified using a NanoDrop ND-100 spectrophotometer. 
One microgram of total RNA was reverse transcribed using Super-
Script IV (Thermo Fisher Scientific) with oligo(dT20). The 
mRNA expression levels obtained for each gene were normalized 
to the expression level of the housekeeping gene, tbp: Normalized 
relative expression = 2Ct (24).

Western blot
Protein samples from B6/129 mouse livers were separated on 

12% SDS-PAGE gel and then transferred onto a PVDF membrane 
using a Bio-Rad semidry transfer cell apparatus. The membrane 
was incubated in TBST (TBS and Polysorbate 20) with 5% nonfat 
dry milk for 2 h at room temperature. The membrane was then 
incubated overnight in TBST with 2.5% nonfat dry milk contain-
ing a dilution of a primary antibody at 4°C, as indicated. The 
membrane was then washed three times in TBST for 30 min at 
room temperature. After washing, the membrane was incubated 
in a 1:2,000 dilution of the corresponding HRP-conjugated IgG in 
TBST with 2.5% nonfat dry milk for 1.5 h at room temperature. 
Finally, the membrane was washed three more times in TBST. 
Protein bands were visualized using SuperSignal West Pico chemi-
luminescent substrate and developed on a Bio-Rad ChemiDoc 
Touch imaging system. Quantification of protein expression lev-
els of Cyp7b1, BiP, and GAPDH were performed using ImageJ 
software. Relative levels of Cyp7b1 and BiP expression were nor-
malized by GAPDH.

Oxysterol analysis in the liver tissue
Quantification of oxysterols was performed by LC/ESI-MS/MS 

according to the reported method (25) with modification: Liver 
tissue (100 mg) was digested in 1.0 mg/ml Proteinase K (0.5 ml in 
water) at 55°C for 6 h. Chloroform/methanol (1:2, v/v, 2 ml) was 
added to the digest, and the mixture was ultra-sonicated in a Bran-
son type B-220 ultra-sonic bath (Danbury, CT) for 30 min. After 
centrifugation at 1,620 g for 5 min, the supernatant was collected 
in a clean glass tube. This procedure was repeated twice, and the 
combined extract was evaporated to dryness under a nitrogen 
stream at 40°C. The residue was redissolved in ethanol (1 ml). Ali-
quots (100 l each) of this solution were used for oxysterol and 
bile acid analysis (see next section). For oxysterol analysis, a 100 
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l aliquot of this solution was mixed with 10 l of d6-25-HC (100 
pmol/ml in methanol) and 10 l of butylated hydroxytoluene (5 
mg/ml in ethanol). After adding water (0.5 ml) and n-hexane 
(1.0 ml), the mixture was thoroughly vortexed (approximately 2 
min), centrifuged at 180 g for 5 min, and the organic upper layer 
was collected in a glass tube. The bottom layer was washed again 
with n-hexane (1.0 ml) by the same procedure, and the combined 
extract was evaporated under reduced pressure. The residue was 
redissolved in n-hexane (0.5 ml) and loaded onto an InertSep 
NH2 cartridge (100 mg/1 ml; GL Sciences Inc., Tokyo, Japan) to 
remove cholesterol. Prior to loading the sample, the column was 
rinsed with 1.0 ml of chloroform/methanol (1:1) and condi-
tioned with 3 ml of n-hexane. After loading the sample, the col-
umn was washed with n-hexane (1.0 ml), and the desired 
oxysterols were eluted with 1.0 ml of chloroform/methanol 
(20:1). Oxysterols were then derivatized to nicotinyl ester form 
according to the method by Sidhu et al. (25) with modifications. 
Derivatization reagent (100 l), which was a mixture of nicotinic 
acid (80 mg), N,N′-dimethyl-4-aminopyridine (30 mg), and 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC; 100 mg) in N,N′-dimethylformamide (1.0 ml), was added 
to the oxysterol sample, and the mixture was incubated at 60°C 
for 1 h. Water (0.5 ml) and n-hexane (1.0 ml) were added, and 
the solution was thoroughly vortexed (approximately 2 min). Af-
ter centrifugation at 180 g for 5 min, the n-hexane layer was col-
lected and evaporated under a reduced pressure. The residue was 
dissolved in acetonitrile (100 l), and an aliquot (10 l) was in-
jected into a Shimadzu LCMS-8050 system equipped with an ESI 
probe. A Nexera X2 HPLC pump with SunShell C30 column 
(100 × 2.1 mm inner diameter, 2.6 m particle size; ChromaNik 
Tecnology Inc., Osaka, Japan) was used for the chromatographic 
separation. The column was heated at 35°C. Mobile phase A (5 mM 
ammonium acetate with 0.1% formic acid) and mobile phase B 
[isopropanol-acetonitrile (3:2) containing 0.1% formic acid] 
were used for gradient elution as follows: 0–2 min 70% B, 2–6 min 
70–76% B, 6–16 min 78% B, 16–18 min 96% B, 18–20 min 96% B, 
20–20.1 min 96–70% B, and 20.1–25 min 70% B. Flow rate was 
kept constant at 0.25 ml/min. The nebulizer gas flow was set at 3.0 
liters per minute, and the heating gas and the drying gas were set 
at 10 liters per minute. The interface temperature was 300°C; the 
desolvation line temperature was 250°C; and the heat block tem-
perature was set at 400°C with an interface voltage of 4,000 V. The 
collision gas (argon) pressure was 270 kPa. Quantification of all 
analytes was achieved in positive multiple reaction monitoring 
mode (supplemental Table S1). Oxysterols were quantified ac-
cording to the calibration curve constructed by IS against known 
concentration of authentic standards.

Bile acid analysis in liver tissue and gallbladder bile
A 100 l aliquot of the liver extract suspended in ethanol (see 

the Oxysterol analysis in the liver tissue section above) was com-
bined with 100 l of IS solution, which was a mixture of 1.0 nmol/
ml of d4-CA, d4-GCA, d4-TCA, d4-GCDCA, d4-TCDCA, d5-CDCA-3S, 
d5-GCDCA-3S, and d5-TCDCA-3S in 50% ethanol. After dilution 
with water (800 l), the mixture was loaded to an InertSep C18-B 
cartridge (100 mg/1 ml), which was preconditioned with 1 ml of 
methanol and 3 ml of water. The cartridge was washed with water 
(1 ml) and the desired bile acids were eluted with 1 ml of 90% 
ethanol. After evaporation of the solvent, the residue was dis-
solved in 1 ml of 20% acetonitrile and then 5 l of this solution 
was injected into the Shimadzu LCMS-8050 system. An InertSus-
tain C18 column (150 × 2.1 mm inner diameter, 3 m particle 
size; GL Sciences) was used at 40°C. Mobile phase A (5 mM am-
monium acetate) and mobile phase B (acetonitrile) were used for 
gradient elution as follows: 0–0.5 min 14% B, 0.5–5 min 14–22% 
B, 5–36 min 22–60% B, 36–46 min 60–98% B, 46–50 min 98% B, 

50–50.1 min 98–14% B, and 50.1–56.0 min 14% B. Flow rate was 
kept constant at 0.2 ml/min. The nebulizer gas flow was set at 3.0 
liters per minute. The heating gas and the drying gas were set at 
10 liters per minute. The interface temperature, desolvation line 
temperature, and heat block temperature were set at 300°C, 
250°C, and 400°C, respectively. The interface voltage was 3,000 
V. Quantitative analysis was performed using multiple reaction 
monitoring transition pairs for each analyte in negative ion mode. 
For unconjugated bile acids that did not yield major fragment, 
the same mass was monitored for both parent and daughter ions. 
Bile acids were quantified according to the calibration curve con-
structed by IS against known concentration of authentic stan-
dards. Supplemental Table S1 presents bile acids and their 
abbreviations quantified in this study.

For gallbladder bile acid analysis (Fig. 2B), a HPLC method 
was used (26). Bile (2–5 l) was diluted with sodium acetate buf-
fer [100 mM (pH 5.6), 250 l] containing 15 units of cholylgly-
cine hydrolase (Clostridium welchii; Sigma-Aldrich, #C4018) and 
150 units of sulfatase (Type H-1; Sigma-Aldrich, #S9626), and the 
mixture was incubated at 37°C for 16 h. After adding isopropanol 
(250 l), norDCA (50 nmol, IS), and 0.1 N NaOH (3 ml), the 
mixture was applied to a Waters Sep Pak tC18 cartridge (500 mg 
sorbent), which had been primed with methanol (10 ml) and wa-
ter (10 ml). The cartridge was washed by water (5 ml), 10% ace-
tone (4 ml), and water (5 ml). Retained bile acids were eluted 
with methanol (6 ml). Methanol was evaporated under a nitrogen 
stream. Bile acids were derivatized to their 24-phenacyl esters and 
analyzed by HPLC-UV as described (26). Each bile acid was quan-
tified as total of unconjugated, 24-aminoacyl conjugated (taurine 
and glycine), 3-sulfated, 3-glucuronidated, and multi-conjugated 
forms. “Cholic acids (CAs)” is defined as the total of CA, TCA, 
GCA, CA3S, CA3G, TCA3S, and GCA3S.

Statistical analysis
All data are reported as mean ± SE. Where indicated, data were 

subjected to Welch’s t-test and determined to be significantly dif-
ferent at P  0.05.

RESULTS

StarD1 overexpression in B6/129 male mice reduced liver 
lipids but increased ALT and serum non-HDL

The data in Fig. 1 presents the effect of adenoviral StarD1 
overexpression on lipid levels in WD-fed B6/129 male 
mice. We have previously reported that increasing hepatic 
StarD1 gene expression in mice increases bile acid synthesis 
(27). As liver cholesterol and lipid content are coordinately 
regulated, we hypothesized that increasing cholesterol me-
tabolism would not only decrease liver cholesterol but also 
decrease liver lipid. StarD1 and -Gal (as control) were 
overexpressed for the last 7 days in male mice fed a WD for 
14 days. StarD1 overexpression significantly decreased he-
patic TC, TG, and FFA levels (Fig. 1B). Liver histology with 
H&E staining confirmed the biochemical reduction in the 
hepatic lipid levels found with increased StarD1 expression 
(Fig. 1C). Interestingly, despite lowered hepatic lipids, a 
marked increase in ALT (3.5-fold), a marker of hepatic in-
jury, was observed in the StarD1-overexpressing mice (Fig. 
1D). Additionally, serum TG levels were slightly increased 
(Fig. 1E). More specifically, an increase in non-HDL 
(VLDL + LDL) coupled to a decrease in HDL in serum 
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was observed. Serum glucose was significantly lowered 
with StarD1 overexpression. FPLC revealed an increase 
in VLDL coupled to a decrease in the HDL (Fig. 1F), 
which was consistent with serum biochemical analysis. 
These results suggested that the decrease in hepatic lip-
ids with increased expression of StarD1 in B6/129 mice 
was secondary to facilitated hepatic lipid secretion into 
the serum.

StarD1 overexpression in B6/129 male mice led to lower 
level of hepatic Cyp7b1 mRNA expression

The data in Fig. 2A presents the effect of adenoviral 
StarD1 overexpression on Cyp27a1 and Cyp7b1 mRNA, two 
key genes involved in oxysterol synthesis in mitochondria 
and their subsequent metabolism, as previously described 
(14). With StarD1 overexpression in B6/129 male mice, 
Cyp7b1 mRNA expression level was only 15% of control, 
while the Cyp27a1 mRNA level remained unchanged. We 
have recently shown that decreased Cyp7b1 mRNA expres-
sion inversely correlated with increased oxysterol levels 
following StarD1 overexpression (14). More specifically, 
increased expression of StarD1 significantly increased 24-
HC and 26-HC levels in B6/129 mouse liver. Furthermore, 
as Setchell et al. (15) reported, the absence of CYP7B1 in 
humans led to liver inflammation and subsequent cirrhosis 
within the first year of life in association with accumulation 
of 24-HC, 25-HC, 26-HC and 3-hydroxy-5-cholestenoic 
acid (3-HCA). These observations prompted us to hy-
pothesize that excess 24-HC and 26-HC, and/or their me-
tabolites, might lead to liver toxicity and be the cause of 

increased ALT in the StarD1 overexpression mouse model. 
StarD1 overexpression previously has been shown to in-
crease rates of bile acid synthesis in mice and rats (28). 
Therefore, bile acid-induced hepatocyte toxicity was also 
considered. However, the findings were not supportive: 
gallbladder bile acid analysis (representative of entero-
hepatic circulating pool) showed that total bile acid 
concentrations were unchanged with/without StarD1 over-
expression (Fig. 2B). Furthermore, elevated composition 
of muricholic acids (MCAs) with reduced CA derivatives 
(CAs), in contrast to those in control mice, created a more 
hydrophilic bile acid pool. Cyp8b1 mRNA levels in WD-fed 
mice corresponded with reduced CAs, being 20% of 
control RC-fed mice (P  0.001, n = 4) (data not shown in 
Fig. 2). Therefore, bile acid composition or concentration 
seemed unlikely as either a direct or indirect cause of liver 
inflammation.

StarD1 overexpression led to sterile inflammation
In order to assess sterile inflammation in association 

with increased oxysterol formation, StarD1-overexpressed 
B6/129 mouse livers were further evaluated. After hepato-
cytes were removed, nonparenchymal cells from B6/129 
mouse livers were measured by both flow cytometry and 
qPCR. CD45+ antigen-positive cell analysis (Fig. 3A) showed 
a significant increase in the percentage of both B cells and 
eosinophils in StarD1-overexpressed mice compared with 
-Gal controls. There was no observable difference be-
tween neutrophils, dendritic cells, or Kupffer cells. We ad-
ditionally analyzed the nonhepatocyte portion of liver by 

Fig.  1.  StarD1 overexpression leads to removal of 
cholesterol/lipids from livers of WD-fed B6/129 mice. 
StarD1 and -Gal as control were overexpressed for the 
last 7 days in male mice fed a WD (Harlan-Teklad 
TD.88137) for 14 days. A: Key steps of the alternative 
pathway of bile acid synthesis in hepatocytes. B: StarD1 
overexpression decreased liver TC, FC, FFA, and TG 
levels. C: Liver histology by H&E staining (40×) visually 
confirmed the measured biochemical reduction in 
liver lipid levels found with increased StarD1 expres-
sion. D: Increased ALT was observed in StarD1-overex-
pressed mice. E: Serum biochemical analysis revealed 
an increase in non-HDL (VLDL + LDL) level and a 
marked decrease in HDL and glucose (Glu). F: FPLC 
analysis demonstrated a marked increase in serum 
VLDL coupled to a dramatic decrease in the HDL frac-
tion; findings consistent with serum biochemical anal-
ysis shown in panel E. -Gal control, n = 6; StarD1 
overexpression, n = 7. Welch’s t-tests were performed 
between -Gal control and StarD1-overexpressed mice, 
and significance is indicated by *P  0.05, **P  0.01, 
and ***P  0.001.
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qPCR (Fig. 3B). The gene expression for chemokine (C-C 
motif) ligand 24 (Ccl24), chitinase-like 3 (Chi3l3), and ni-
tric oxide synthase 2 (Nos2) were all significantly elevated 
in StarD1-overexpressed mice compared with -Gal con-
trols. GATA binding protein 3 (Gata3) expression ap-
peared increased, but differences did not reach statistical 
significance. RAR-related orphan receptor C (Rorc) expres-
sion was significantly reduced in StarD1-overexpressed 
mice compared with -Gal controls, while arginase 1 (Arg1) 
expression trended down.

WD feeding of B6/129 male mice led to lower hepatic 
Cyp7b1 mRNA level of expression and accumulation of 
intercellular 26-HC and 3-HCA

Based on findings obtained in the StarD1 overexpression 
model, we examined the role of Cyp7b1 and hepatic oxyster-
ols with NAFLD progression using a diet-induced NASH 
mouse model. Male B6/129 mice were fed a WD for 2–6 
weeks to induce fatty liver. Table 1 presents body weight, liver 
lipids, and serum biochemical parameters of these mice. 
With longer periods of WD feeding, body weight and hepatic 
TG (lipid) and cholesterol contents became increasingly el-
evated, evidence for developing fatty liver. Liver histology 
(H&E staining) (Fig. 4A) showed obvious lipid accumula-
tion, but there was no histologic evidence of inflammatory 
cell infiltrates in 2- to 6-week WD-fed B6/129 mice. Pro-
longed WD feeding for 32 weeks led to characteristic inflam-
matory nodule formation, as seen in NASH, reaffirming the 
B6/129 mouse as previously characterized as a viable NASH 
model. Despite the absence of visual histologic evidence of 
inflammatory cell infiltrate, 2 week WD-fed mice had a more 
than 2-fold elevation of ALT and AST (Table 1). These data 
suggested that early biochemical inflammation was already 
occurring with just 2 weeks of WD feeding.

The hepatic Cyp7b1 mRNA level of expression in 2 week 
WD-fed B6/129 male mice was only 20% of control RC-fed 

B6/129 mice (Fig. 4B). This suppression in Cyp7b1 per-
sisted with continued WD feeding. As previously demon-
strated by our laboratory (29), changes in Cyp7b1 protein 
level correlated to changes in the mRNA level. Cyp7b1 pro-
tein level of 2 week WD-fed B6/129 mice was 45% of that 
of RC-fed controls (supplemental Fig. S2). Liver oxysterol 
and cholestenoic acid analyses revealed that 26-HC and 3-
HCA levels became elevated in a time-dependent manner 
over the 6 week WD feeding (Fig. 4C). The accumulation 
of these two metabolites correlated with Cyp7b1 mRNA 
repression.

Table 2 presents liver bile acid compositions of the timed 
WD-fed B6/129 mice. As in the StarD1 overexpression 
model, the hepatic total bile acid concentration was un-
changed with WD feeding at all measured time points. In 
addition, as compared with mice fed RC, the elevated com-
position of MCA in WD-fed mice was more hydrophilic. A 
similar change in liver bile acid composition without alter-
ing total concentration was recently reported in C57Bl/6J 
mice fed a colin-deficient HFD (30). CA derivatives were 
lowered in 2 week WD-fed B6/129 mice (Table 2) with cor-
responding lowered Cyp8b1 mRNA expression (25% of 
control RC-fed mice, P = 0.015, n = 5) (data not shown). 
Therefore, bile acid toxicity was an unlikely cause of he-
patic inflammation in these mice. Of note, accumulation 
of 26-HC and 3-HCA, which occurred in the 2 week WD-
fed mice, presented with a >2-fold elevation in ALT and 
AST (Table 2) at a time when no histologic inflammatory 
infiltrate was visualized. In summary, the data strongly indi-
cate that excess accumulation of 26-HC and 3-HCA associ-
ated with chronic suppression of Cyp7b1 contribute to 
hepatic inflammation (Fig. 4A).

To establish whether the suppression of Cyp7b1 was spe-
cific for WD feeding or the B6/129 strain, WT (C57Bl/6J) 
mice were fed a WD and/or a high-fructose corn syrup 
diet, a diet also known to induce fatty liver (supplemental 

Fig.  2.  StarD1 overexpression in B6/129 mice led to 
hepatic Cyp7b1 mRNA downregulation without alter-
ing gallbladder total bile acid concentration. A: Effect 
of Ad-StarD1 overexpression on hepatic Cyp7b1 and 
Cyp27a1 mRNA expression. B: Gallbladder bile acid 
concentration (a) and composition (b) of StarD1-
overexpressed B6/129 male mice. Bile acids were mea-
sured by HPLC after deconjugation (see Methods). 
Each bile acid was the sum of unconjugated, 24-amino-
acyl conjugated, 3-sulfated, 3-glucuronidated, and 
double-conjugated forms of bile acids. i.e., CAs repre-
sents the total of CA, TCA, GCA, CA3S, CA3G, TCA3S, 
and GCA3S. MCAs include three isomers (-, -, and 
-MCA) and their conjugated forms. Abbreviations 
are shown in supplemental Fig. S1 (n = 4 in each 
group). Welch’s t-tests were performed between -Gal 
control and StarD1-overexpressed mice and signifi-
cance indicated by ***P  0.001.
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Fig.  3.  Sterile inflammation is associated with increased oxysterol formation in mice. StarD1 was overexpressed in B6/129 male mice 
to drive endogenous oxysterol formation as outlined in the Methods. Mouse livers were evaluated at day 14, which was 7 days following 
StarD1 overexpression, by both flow cytometry and qPCR. All cells were gated off of live singlets. A: Measurement of total percent he-
matopoietic cells (CD45+), percent B cells (CD45+B220+MHCII+), percent eosinophils (CD45+CD11b+CCR3+), percent neutrophils (CD
45+CD11bhiF4/80lowLy6G+Ly6C+), percent dendritic cells (CD45+CD11c+MHCII+), and percent Kupffer cells (CD45+CD11b+F4/80+). B: 
Normalized relative mRNA expression of inflammation markers related to NAFLD, normalized to the housekeeping gene (Tbp). Statis-
tics were performed as a Student’s t-test between groups in A and a Mann-Whitney nonparametric comparison in B. Error bars depict 
SEM. *P  0.05 versus -Gal control.
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Fig. S3). As C57Bl/6J mice have been shown to develop 
fatty liver at a slower rate than B6/129 mice, mice were fed 
for 4 weeks. Either together or alone, WD and high-fruc-
tose corn syrup diets led to equal, but lower than RC-fed, 
levels of Cyp7b1 mRNA expression.

To bring human relevance to mouse findings, a small 
cohort of human samples determined as normal liver or 
live with steatosis without inflammation was obtained for 
analysis from NIH-sponsored LTCDS. CYP7B1 mRNA lev-
els were lower in livers with steatosis. The levels of CYP7B1 
mRNA expression correlated with tissue level of 26-HC 
(supplemental Fig. S4).

WD feeding in B6/129 male mice lead to lower hepatic 
Ch25h mRNA level of expression and lower intracellular 
level of 25-HC

Unlike the StarD1 overexpression mouse model, WD 
feeding did not lead to an elevation in hepatic 24-HC levels 
in B6/129 mice. And, in contrast to children with CYP7B1 
deficiency (15) and in StarD1-overexpressed mouse liver 
(14), liver 25-HC level was lower with WD feeding in 
B6/129 mice (Fig. 4C). The decrease of 25-HC appeared 
due to impaired synthesis of 25-HC with WD feeding, fol-
lowing the observed lower mRNA expression level of cho-
lesterol 25-hydroxylase (Ch25h) (Fig. 4B). As compared 
with mitochondrial Cyp27a1, Ch25h in the ER (31) nor-
mally plays a larger role in cholesterol metabolism to 25-
HC in both humans and rodents. Therefore, it was not 
unexpected to see a decrease in 25-HC levels with a lower 
level of Ch25h mRNA expression.

Developing insulin resistance correlates with lower levels 
of Cyp7b1 and Ch25h mRNA expression in male B6/129 
mice

With WD feeding, serum glucose and insulin levels be-
came elevated in B6/129 mice (Table 1). A homeostatic 
model assessment of insulin resistance (HOMA-IR) score 
showed that these mice had developed insulin resistance 
with just 2 weeks of WD feeding. There are reports showing 
that the insulin signaling pathway is strongly linked to 
Cyp7b1 and Ch25h expression. For example, a significantly 
lower Cyp7b1 mRNA expression was reported in selective 

liver-specific insulin receptor knockout mice (18). Reduced 
Cyp7b1 (32, 33) and Ch25h (34) expression was also ob-
served in insulin-resistant mice. Therefore, the reduced 
hepatic insulin sensitivity due to WD feeding appeared to 
impair downstream Cyp7b1 and Ch25h mRNA expression in 
B6/129 mice.

In summary, insulin resistance induced with WD feeding 
in B6/129 mice led to the chronic suppression of Cyp7b1 
mRNA and accumulation of a toxic concentration of 26-
HC and 3-HCA in liver, initiating inflammation. 25-HC, 
which can be rapidly metabolized to 25-hydroxycholesterol-
3-sulfate (25HC3S) (35), has previously been shown to 
have both pro- and anti-inflammatory effects on immune 
response and broadly suppresses viral infection in a cell-
intrinsic manner (36, 37). Suppression of Ch25h with insu-
lin resistance led to lower levels of 25-HC.

WD feeding of B6/129 female mice led to similar changes 
as those observed in WD-fed B6/129 male mice

As shown in supplemental Fig. S5, female B6/129 mice 
expressed markedly lower basal levels of Cyp7b1 mRNA 
than their male age-matched counterparts. And, like their 
male counterparts, the female mice showed a lower Cyp7b1 
mRNA level of expression with WD feeding. Supplemental 
Table S3 shows that all other metabolic parameter changes 
with WD feeding in female B6/129 mice were similar to 
their male counterparts.

Expression levels of Cyp7b1 and Ch25h mRNA in STZ-
induced diabetic mice

To further investigate the linking of insulin signaling 
with Cyp7b1-mediated hepatocyte inflammation, we ob-
tained liver tissues from STAM™ mice (20). The STAM™ 
model represents a previously well-described NASH mouse 
model where STZ-induced insulin resistance is used to ac-
celerate the transition from fatty liver to NASH with HFD 
feeding. The 2-day-old pups of C57Bl/6J mice are given 
STZ, which reliably destroys 60% of  cells, as described in 
the Methods (supplemental Fig. S1). When stressed with 
HFD feeding starting at age 4 weeks, the mice develop insu-
lin resistance with NASH by 8 weeks (20). Attempting to 

TABLE  1.  Body weight, liver lipids, and serum parameters of timed WD-fed male B6/129 mice

RC

WD

2 Weeks 4 Weeks

Body weight (g) 36.2 ± 1.19 39.6 ± 0.770 42.1 ± 0.524a

Liver TG (mg/g) 18.9 ± 2.25 270 ± 41.8b 452 ± 46.7b

Liver TC (mg/g) 10.3 ± 3.05 8.90 ± 0.859 24.1 ± 1.64a

Serum TG (mg/dl) 101 ± 15.0 73.6 ± 5.98c 137 ± 15.4
Serum TC (mg/dl) 151 ± 14.9 231 ± 20.0a 227 ± 6.45b

ALT (U/ml) 32.6 ± 2.77 74.0 ± 12.3a 102 ± 11.3b

AST (U/ml) 89.0 ± 27.6 84.0 ± 3.29a 81.0 ± 6.24
Serum glucose (mg/dl) 284 ± 37.4 369 ± 12.9 358 ± 10.7
Serum insulin (ng/ml) 1.15 ± 0.305 4.65 ± 0.752b 3.4 ± 1.2
Serum glucagon (pg/ml) 52.1 ± 4.19 41.2 ± 3.78 66.7 ± 19.4
HOMA-IR 0.875 ± 0.314 4.14 ± 0.595b 3.45 ± 1.26

Values are expressed as mean ± SE. B6/129 mice fed WD for 2 weeks (n = 5) and 4 weeks (n = 4). All mice were 
11 weeks old when euthanized. Controls were the age-matched B6/129 mice fed a RC diet (n = 5).

aP < 0.05 versus control group (RC), by Welch’s t-test.
bP < 0.01 versus control group (RC), by Welch’s t-test.
cP < 0.001 versus control group (RC), by Welch’s t-test.
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minimize the effects of HFD feeding yet explore STZ pan-
creatic  cell reduction, we studied STZ male mice fed RC 
first. Cyp7b1 mRNA levels in 4- and 8-week-old STZ mice 
were 70% and 30% of age-matched littermates who did not 
receive STZ, respectively (Fig. 5A). Ch25h mRNA expres-
sion in 4-week-old WT and STZ mice were not statistically 
different, but Ch25h expression levels of 8-week-old STZ 
mice were 60% of control mice. Table 3 presents the 

plasma biochemical markers of the 8-week-old STZ-injected 
mice fed a RC diet. The STZ-injected mice had markedly 
elevated plasma glucose and insulin levels as compared 
with those of age-matched uninjected littermates. The sig-
nificantly elevated HOMA-IR score demonstrated that the 
mice had developed insulin resistance by 8 weeks of age 
without the need for HFD feeding. These findings sug-
gested the development of early insulin resistance with a 

Fig.  4.  Effect of WD feeding (2–6 weeks) on key hepatic oxysterols, Cyp7b1 and Ch25h mRNA expression, and histological inflammation in 
B6/129 mice. A: Representative liver histology (H&E staining, ×40) of RC-fed control and timed WD-fed B6/129 mice. B: Relative hepatic 
Cyp7b1 and Ch25h mRNA expression levels of B6/129 mice fed WD. C: Hepatic key oxysterol and 3-HCA levels of WD-fed B6/129 mice. All 
mice were 12 weeks old when euthanized except for the 6 week WD-fed group (marked as “†”), which was 15 weeks old when euthanized. 
The 12-week-old B6/129 mice fed with RC were used as controls. RC, irradiated Teklad LM-485; WD, Harlan-Teklad TD.88137. RC control, 
n = 5; 2 Week WD, n = 5; 4 Week WD, n = 4; 6 Week WD, n = 3. Welch’s t-tests were performed between RC-fed animals and each group of 
WD-fed animals. Significance is indicated by *P  0.05, **P  0.01, and ***P  0.001.
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compensatory mechanism of insulin overproduction in the 
remaining  cells. Similar findings with increased serum 
insulin levels were previously reported in STZ-treated RC-
fed rats (38). Interestingly, TG was also elevated 1.5-fold 
compared with controls. As in HFD-fed B6/129 mice, the 
ALT was increased 2.5-fold as compared with control mice, 
demonstrating early biochemical inflammation. The results 

suggest that insufficient intracellular insulin signaling with 
insulin resistance as the likely cause of the lower levels of 
Cyp7b1 and Ch25h mRNA expression. In the traditional 
STAM™ model (STZ-injected mice fed HFD), Cyp7b1 and 
Ch25h mRNA expression levels in 8-week-old mice were 
10% and 55%, respectively, of age-matched uninjected 
controls fed a RC diet (Fig. 5). Thus, like the B6/129 WD 

TABLE  2.  Liver bile acid compositions of the timed WD-fed B6/129 mice

RC (Control) (n = 5)

WD

Week 2 (n = 5) Week 4 (n = 4) Week 6 (n = 3)

Total bile acid 210 ± 67.0 195 ± 36.4 278 ± 191 131 ± 12.5
TCA 92.1 ± 35.2 55.1 ± 14.3 112 ± 79.4 49.7 ± 6.26
CA 2.38 ± 0.64 1.67 ± 0.26 1.88 ± 0.99 1.66 ± 0.417
TCA-7S 2.02 ± 0.401 2.53 ± 0.181 3.08 ± 0.911 2.07 ± 0.209
TCDCA 8.12 ± 2.92 7.29 ± 1.29 8.62 ± 4.35 6.70 ± 0.683
CDCA 1.45 ± 0.29 0.67 ± 0.04 0.58 ± 0.171 0.48 ± 0.162
TUDCA 1.93 ± 0.59 2.08 ± 0.44 3.41 ± 2.14 1.55 ± 0.176
UDCA 0.60 ± 0.15 1.48 ± 0.14a  1.19 ± 0.61 0.79 ± 0.233
TDCA 3.90 ± 1.09 1.39 ± 0.23 2.48 ± 1.13 3.60 ± 0.324
THDCA 1.59 ± 0.43 nd nd nd
T-MCA 4.92 ± 1.70 4.14 ± 1.40 5.11 ± 2.93 4.07 ± 1.21
MCA 3.32 ± 0.85 5.13 ± 0.75 3.10 ± 1.34 2.24 ± 0.190
T-MCA 54.5 ± 18.1 43.6 ± 10.8 83.9 ± 66.7 22.4 ± 5.85
MCA 15.9 ± 2.78 62.4 ± 8.04a 46.5 ± 28.0 28.7 ± 0.687b

T-MCA 11.4 ± 3.28 2.20 ± 0.661b 2.27 ± 1.50b 1.97 ± 0.531
MCA 6.19 ± 0.83 3.88 ± 0.62 2.87 ± 1.34 3.71 ± 0.939
T-22-MCA 1.16 ± 0.37 1.53 ± 0.34 1.95 ± 0.92 1.49 ± 0.661
MDCA nd nd 0.46 ± 0.13 nd
TCA-6-ol 0.62 ± 0.16 nd nd nd
T-isoLCA-5-3S nd 0.38 ± 0.08 nd nd

Values are expressed as mean ± SE in nanomoles per gram of tissue. Total bile acid represents sum of 124 bile 
acids (supplemental Table S1) measured. Only detected bile acids are presented above. nd, not detected; THDCA, 
taurohyodeoxycholic acid; T-22-MCA, tauro 3,6,7-trihydroxychol-5,22-diene-24-oic acid; MDCA, murideoxycholic 
acid; TCA-6-ol, tauro 6-hydroxycholic acid; T-isoLCA-5-3S, tauro 3-sulfoxy-5-cholen-24-oic acid.

aP < 0.01 versus control group (RC), by Welch’s t-test.
bP < 0.05 versus control group (RC), by Welch’s t-test.

Fig.  5.  Hepatic Cyp7b1 and Ch25h mRNA expression 
in the insulin-resistant mouse models: The 2-day-old 
male pups of C57Bl/6J mice were given low dose 
(200 g/mouse) STZ to partially destroy  cells as 
described in the Methods. The mice were fed a low-fat 
RC diet (CE-2, CLEA Japan Inc.) until 4 weeks of age 
(STZ-RC), and then fed an ad libitum HFD (HFD32, 
CLEA Japan Inc.) until age 8 weeks (STZ-HFD, STAM™). 
One group of mice was continued on their RC diet 
for an additional 4 weeks (8-week-old STZ-RC). 
Controls (WT-RC) were 4- or 8-week-old untreated 
C57Bl/6J mice fed RC. STZ-RC (4 weeks old, n = 5; 
8 weeks old, n = 6), STZ-HFD (8 weeks old, STAM™, 
n = 5), WT-RC (4 weeks old, n = 5; 8 weeks old, n = 6). 
Welch’s t-tests were performed between WT and STZ-
treated animals of the same age. Significance is indi-
cated by *P  0.05, **P  0.01, and ***P  0.001.
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feeding model, the STZ-injected mice with/without HFD 
feeding models also provide in vivo findings correlating 
insulin resistance to lower levels of Cyp7b1 and Ch25h mRNA 
expression and hepatocyte inflammatory responses.

Insulin coordinately regulates hepatic 26-HC and 25-HC 
levels

Hypothesizing insulin as a prime regulator of Cyp7b1 and 
Ch25h levels of expression, one could speculate a coordi-
nated Cyp7b1-Ch25h response to be associated with fluctua-
tions in serum/plasma insulin levels under physiologic 
conditions. The data in Fig. 6 demonstrate the correlation 
among plasma insulin, hepatic Cyp7b1 and Ch25h mRNA 
expression, and tissue 26-HC and 25-HC levels in individ-
ual WT (C57Bl/6J) mice fed a RC diet. With mice having 
free access to food until being euthanized, there was a large 
variation in the plasma insulin levels of individual mice 
(0.38–0.82 ng/ml). As hypothesized, the plasma insulin 
level of each individual mouse was relatively correlated to 
its hepatic Cyp7b1 mRNA level of expression (R2 = 0.490), 

and the Cyp7b1 mRNA expression level was well-correlated 
to the hepatic 26-HC (R2 = 0.734). Also, the hepatic Ch25h 
mRNA expression level of individual mice was well-corre-
lated to the hepatic 25-HC level (R2 = 0.563). Thus, hepatic 
26-HC levels were strongly correlated to their 25-HC levels 
in WT mouse liver (R2 = 0.816).

Supplemental Fig. S6 compares how levels of insulin in a 
fasted and fed state correlate with Cyp7b1 mRNA level of 
expression. Unlike the data presented in Fig. 6 where physi-
ologic dietary conditions were employed, B6/129 mice 
were fed a WD for 2 weeks prior to being euthanized in ei-
ther the fed or the 4 h-presacrifice fasted state. As previously 
shown in Fig. 4B, the basal Cyp7b1 mRNA level of nonfasted 
WD-fed male mice was 50% that of RC-fed mice in the pres-
ence of early insulin resistance (Fig. 4, Table 1). Despite the 
presence of WD feeding leading to lower Cyp7b1 mRNA ex-
pression in mice exhibiting evidence of early insulin resis-
tance, a lower serum insulin level with fasting led to even 
lower expression of Cyp7b1 mRNA. Once again, these in 
vivo findings provide evidence for insulin signaling as an 
important regulator of Cyp7b1 level of expression.

Levels of Cyp7b1 and Ch25h mRNA expression in B6/129 
and C57Bl/6J mice under physiologic conditions

As shown in supplemental Fig. S7, RC-fed B6/129 mice 
have a markedly higher level of Ch25h mRNA expression 
compared with that of RC-fed C57Bl/6J mice; changes 
which corresponded with trends in 25-HC levels. No signifi-
cant difference was seen in levels of Cyp7b1 mRNA expres-
sion between the two strains. Refer to Figs. 4 and 6 for the 
relative liver oxysterol levels of these mice.

Glucagon acts as a complimentary regulator of Cyp7b1
Based upon the studies of Hylemon et al. (39) demon-

strating the ability of glucagon and cAMP to downregulate 

TABLE  3.  Plasma parameters of 8-week-old STZ-injected mice fed a 
RC diet

Control STZ-RC

TG (mg/dl) 109 ± 12.1 167 ± 13.4a 
ALT (U/ml) 19.5 ± 2.37 53 ± 8.04b

AST (U/ml) 53.1 ± 5.26 83.1 ± 8.91a

Glucose (mg/dl) 212 ± 16.8 654 ± 15.2c

Insulin (ng/ml) 0.527 ± 0.0823 1.16 ± 0.0774c

Glucagon (pg/ml) 36.1 ± 4.32 129 ± 20.8b

HOMA-IR 0.279 ± 0.0478 1.88 ± 0.146c

Values are expressed as mean ± SE. All mice were 8 weeks old when 
euthanized (n = 6 for each group). Controls was age-matched C57Bl/6J 
mice fed a RC diet.

aP < 0.05 versus control group (RC), by Welch’s t-test.
bP < 0.01 versus control group (RC), by Welch’s t-test.
cP < 0.001 versus control group (RC), by Welch’s t-test.

Fig.  6.  Coordinated regulation of hepatic 25-HC 
and 26-HC levels in WT mice. Eight-week-old C57Bl/6J 
mice were harvested, and their hepatic mRNA, oxys-
terols, and serum insulin were determined. The mice 
had free access to RC diet (CE-2, CLEA Japan Inc) 
until being euthanized. Each dot in the graphs repre-
sents one mouse (n = 6). A: Correlation of plasma 
insulin level to hepatic Cyp7b1 mRNA expression level 
of freely fed C57Bl/6J mice. B: Correlation of hepatic 
26-HC to Cyp7b1 mRNA expression level. C: Correla-
tion hepatic 25-HC level to Ch25h mRNA expression 
level. D: Correlation of hepatic 26-HC and 25-HC 
levels.
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the expression of cholesterol 7-hydroxylase (Cyp7a1) at 
both the mRNA and activity levels, we had previously 
explored the regulation of Cyp7b1 in primary rat hepato-
cytes (29). Based upon other regulatory similarities between 
Cyp7a1 and Cyp7b1, we observed glucagon to downregu-
late Cyp7b1 activity in vitro, but to a lesser degree (40% as 
opposed to the >80% found in Cyp7a1). Supplemental Fig. 
S8 demonstrates the in vivo existence of an inverse level of 
regulation between Cyp7b1 mRNA and plasma glucagon in 
STZ-treated diabetic mice fed a RC diet. This correlation is 
supportive of our previous in vitro primary hepatocyte find-
ings (29). It is well-documented that with T2DM, a paucity 
of insulin signaling within the cell with advancing insulin 
resistance leads to a paradoxical increase in levels of cell 
and serum glucagon. Whether glucagon is able to further 
suppress Cyp7b1 in an insulin resistant state is yet un-
known. However, GLP-1 agonists have demonstrated ben-
eficial effects in NAFLD treatment (40).

DISCUSSION

With the transition from NAFLD to NASH, there exists 
an early coexistence of pro-inflammatory and fibrotic pro-
cesses that generally occur in a complicated metabolic set-
ting of obesity, hyperlipidemia, and/or insulin resistance. 
As a result, an understanding of what drives the transition 
from benign NAFLD to NASH in humans remains poorly 
defined. It is therefore not surprising that various treat-
ment protocols for NASH have met with limited success. 
The findings of the current study provide strong evidence 
that insulin resistance-mediated dysregulation of CYP7B1 
establishes a cellular mechanism for the accumulation of 
“toxic” intracellular cholesterol metabolites that may initi-
ate/perpetuate fatty liver to NASH progression. The lack 
of hepatic inflammatory cell infiltrate found in the pres-
ence of early markers of hepatocellular inflammation is 
supportive of toxicity originating within the hepatocyte.

Hepatocyte ER stress as promoting NASH has become a 
pervasive theory on the transition from fatty liver to NASH. 
In times of cell stress, the ER is capable of activating an 
evolutionarily conserved survival pathway termed the un-
folded protein response in order to gain control of protein 
and lipid homeostasis (41). However, metabolically induced 

ER stress due to chronic excess of cholesterol in the ER 
leads to hepatocyte lipid accumulation in the presence of 
existing surplus, which may contribute to an inflammatory 
response as in NASH. Similarly, alone or in combination 
with excess ER cholesterol, activation of the unfolded pro-
tein response by excess FFA has long been proposed as 
contributing to the NASH inflammatory response (42).

The WD-fed B6/129 NASH model appears to differ 
from ER stress models in several important ways. In this 
regard, as outlined in the introduction and previous 
publications (11, 14), the alternative pathway of bile acid 
synthesis is designed for maintaining hepatocellular cho-
lesterol and lipid homeostasis. Our data show that insulin 
resistance alters this pathway by leading to chronic lower 
expression of Cyp7b1. As a result, the chronic accumula-
tion of oxysterols appears not only to directly provide sub-
strate for toxic metabolites but also to alter the regulation 
of pathways such as mitochondrial cholesterol uptake and 
FFA synthesis (11). Additionally, the increase in oxysterols 
appears to continue to drive lipoprotein cholesterol out of 
the liver, as demonstrated in the described StarD1 overex-
pression model (Fig. 1F). In contrast, the ER stress re-
sponse differs in that cholesterol synthesis continues 
upregulated while lipid export is dramatically repressed, 
i.e., contributing to the further increase in hepatocellu-
lar lipid accumulation and impaired lipid metabolism 
(43). Additionally, levels of ER stress markers, BiP and 
CHOP, were unchanged in B6/129 mice that showed his-
tologic and biochemical evidence of early NASH follow-
ing 2 weeks of WD feeding (supplemental Fig. S2).

It is clear that early WD feeding with associated Cyp7b1 
dysregulation secondary to insulin resistance, as described 
in this paper, and chemically induced ER stress are both 
able to induce steatohepatitis (44). Despite their differ-
ences, both processes may either independently or collab-
oratively perpetuate liver disease. However, in the WD 
feeding model, Cyp7b1 dysregulation is a very early process 
leading to the onset of NASH. This model can also help 
explain why type 1 diabetes mellitus (10), lean individuals 
(8, 9), and the genetic absence of CYP7B1 in children (16) 
all develop NASH.

The increase in hepatic B cells seen in the StarD1 over-
expression model (Fig. 3) may reflect a role for these cells 

Fig.  7.  Proposed mechanism promoting fatty liver to 
inflammation: Chronic persistent increases in 26-HC 
and 3-HCA as shown in this work with StarD1 overex-
pression, WD feeding, and T2DM models (STZ-treated 
mice) leads to accumulation of oxysterols and their 
lipotoxic metabolites, as occurs in humans in the ab-
sence of CYP7B1. In early fatty liver, lowered hepato-
cellular insulin levels due to the insulin-resistant 
condition suppressed Cyp7b1 gene expression. Inter-
estingly, Ch25h was also repressed in the insulin-resis-
tant condition, leading to lower hepatocellular 25-HC.
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in liver inflammation or an early pathway to a fibrotic 
phenotype. It has been previously shown that while T cell-
deficient animals can still get liver fibrosis, B cell-deficient 
animals are protected (45). High eosinophil levels in the 
liver are associated with increased type 2 liver inflamma-
tion that can lead to eventual fibrosis (46, 47). We also 
found increased Ccl24 gene expression, which is a pro-in-
flammatory mediator seen to be increased in NAFLD and 
NASH models (48). Increased type 2 inflammation is also 
associated with increased Chi3l3. We observed a decrease 
in the Arg1 mRNA level. Arg1 is associated with tissue repair 
responses (49) and can be a suppressive mediator in liver 
inflammation by reducing Nos2 responses (50). Nos2 is ad-
ditionally associated with increased liver inflammation and 
fibrosis (51). An increase in the mRNA levels of the tran-
scription factor, Gata3, was observed. Interestingly, Gata3 
can block against a T regulatory cell conversion, further 
exacerbating an inflammatory phenotype (52). These re-
sults all suggest that the B6/129 mice overexpressing 
StarD1 with early signs of inflammation in the liver were 
consistent with oxysterol-induced toxicity, which may even-
tually lead to a fibrotic phenotype.

It should be noted that 7-hydroxylation of cholesterol 
or oxysterols not only lessens any further metabolite’s abil-
ity to serve as a regulatory molecule but also decreases its 
hydrophobicity and potential as a toxic metabolite. This 
becomes particularly relevant with CYP7B1. CYP7B1 is not 
only capable of 7-hydroxylation of 24-, 25-, and 26-HC but 
is also able to 7-hydroxylate toxic 3-HCA (53, 54). There-
fore, in the presence of low levels of CYP7B1 expression, 
toxic unsaturated cholestenoic acids have the propensity to 
accumulate and induce tissue injury, as observed with neo-
natal liver disease where there is an absence of CYP7B1 (15, 
16). Of note, mutation in CYP7B1 develops spastic paraple-
gia type 5 (SPG5) in later life, an autosomal recessive inher-
ited spastic paraplegia. These patients do not develop liver 
failure in their childhood, but prolonged neonatal cho-
lestasis has been reported (55, 56). It should also be noted 
that significant variation in oxysterol levels exists in de-
scribed SPG5 patients, and serum levels of 26-HC and 3-
HCA in patients with SPG5 (57, 58) are elevated compared 
with healthy individuals, but not as high as those of the 
neonates with significant liver failure (15). It remains un-
clear whether one or the combination of several accumu-
lating metabolites contribute to the early toxicity. The 
differences in the level, type, and rate of oxysterols and 
their metabolites’ accumulations are likely reasons as to 
why this gene mutation can develop different phenotypes. 
In this context, there is an evidence that the liver failure 
due to the Cyp7b1 mutation was successfully treated with 
supplemental bile acid therapy (16). This patient had 
lower serum oxysterols (or 3-HCA) than those who pro-
gressed to the end stage liver disease (15). Moreover, an 
early trial has provided early evidence for the possible use 
of bile acid therapy for the treatment of SPG5 patients 
(57).

Interestingly, Raselli et al. (59) recently determined he-
patic oxysterols in NASH patients, and found only 24- and 
7-hydroxylated sterols to be elevated. Furthermore, with 20 

weeks of HFD feeding of Cyp27a1/ and Cyp7a1/ mice, 
they were able to induce hepatic steatosis, inflammation, 
and a similar oxysterol profile as seen in their NASH pa-
tients. This differs from our in vivo findings in hepatic tis-
sues of mice and of humans where 26-HC was the 
predominate elevated oxysterol. The reason for this dis-
crepancy is currently unclear. However, Na et al. (60) 
found a significant reduction of hepatic 3,7-dihydroxy-5-
cholestenoic acid (3,7-diHCA) with decreased Cyp7b1 
gene expression in C57Bl/6J mice fed a HFD for 11 weeks; 
observations supportive of our findings.

Cyp7b1/ mice accumulate increased levels of 24-, 25-, 
and 26-HC (14, 61) similar to humans with the absence of 
CYP7B1. However, Cyp7b1/ mice seem resistant to the 
“fatty liver → steatohepatitis → fibrosis” phenotype ob-
served in humans or mouse models such as those outlined 
in this report. Although previously well-characterized, until 
recently the model has not been challenged with aging or 
crossed with an existing phenotypic genetic mouse model 
to amplify a phenotypic presentation. In cleverly designed 
studies, Umetani et al. (62) utilized Cyp7b1/ mice crossed 
with ApoE/ mice and allowed the mice to age a full 12 
months, which enabled them to demonstrate that elevated 
tissue 26-HC was associated with inflammation and athero-
genesis. The required aging and utilization of the ApoE/ 
mice suggests that, as with other mouse models of cho-
lesterol and lipid metabolism lacking a distinct human 
phenotype (i.e., Cyp27a1/ and cerebrotendinous xan-
thomatosis), compensatory survival mechanisms can en-
sue. However, with more focused metabolite study, the 
Cyp7b1/ mouse may yet be used to uncover a clearer un-
derstanding of the responsible metabolite(s) and the 
compensatory pathways (61) that may be protective. As a 
function of their chemical structure and membrane dis-
ruptive properties, the in vitro addition of oxysterols or 
their metabolites is fraught with difficulty in interpreting 
their ability to disrupt cell function as occurs in a NAFLD 
setting. The toxicity found with their endogenous in vivo 
production in the StarD1 overexpression model (Fig. 1) 
coupled to the findings of patients with CYP7B1 deficiency 
(15, 16) provides for a correlative “cause and effect” model, 
which is currently undergoing further exploration in our 
laboratory and others.

Figure 7 outlines the role of Cyp7b1 in a mitochondrial 
feed-forward response to excess cellular cholesterol. Like 
LXR, StarD1, a mitochondrial cholesterol delivery protein, 
has been shown to be upregulated in a feed-forward man-
ner by oxysterols (14, 63). Under normal physiologic con-
ditions, this works to transiently increase oxysterol synthesis, 
which regulate HMGR-controlled cholesterol synthesis 
and LXR-driven FFA synthesis to control cholesterol and 
lipid homeostasis. However, with chronically elevated 
exogenously delivered cell cholesterol and persistently 
elevated oxysterols, this can be envisioned to become a 
“feed-forward” pathway of excess cholesterol delivery into 
the mitochondria. Therefore, an inability to adequately 
prevent accumulation of surplus mitochondrial cholesterol, 
cholesterol which is also capable of being oxidized within 
the mitochondria, could become toxic. The recent findings 
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of Torres et al. (64) suggest StarD1 to be upregulated in ER 
stress, findings that appear to couple ER stress-increased 
mitochondrial cholesterol delivery to toxicity. The tox-
icity associated with increased oxysterol levels driving 
StarD1 expression, as shown in this work, is further evi-
dence. Furthermore, the findings of this work and of sup-
portive human data, support our hypothesis that toxic 
cholesterol metabolites are able to initiate and promote 
NASH.

Previously, we showed that the in vitro addition of glu-
cagon (cAMP) to primary rat hepatocyte culture led to 
downregulation of Cyp7b1 mRNA (29). With the early de-
velopment of insulin resistance in our WD-fed B6/129 
mouse model (Table 1), no significant increase in serum 
glucagon levels was found, as is usually found with more 
advanced T2DM. These limited findings clearly do not 
rule out glucagon as a downregulator of Cyp7b1, but 
rather suggest the importance of insulin signaling for 
Cyp7b1 expression (Fig. 7).

Our findings also provide evidence that insulin acts to 
coordinately regulate Cyp7b1 and Ch25h mRNA expression 
in the liver. This represents a novel observation with a yet 
unclear understanding that was uncovered as a function of 
the observed disparity in 25-HC and 26-HC in B6/129 mice 
fed a WD. In the present study, the hepatic Ch25h mRNA 
level was found to be lower in WD-fed B6/129 and STAM™ 
mice, both of which demonstrate a level of insulin resis-
tance. Noebauer et al. (34) also previously reported similar 
findings in obese insulin-resistant C57Bl/6J mice where sig-
nificantly lower hepatic Ch25h mRNA and protein levels 
were found as compared with WT mice. More specifically, 
they demonstrated that adenovirus-mediated Ch25h over-
expression improved glucose tolerance and insulin sensi-
tivity, lowering the HOMA-IR in these insulin-resistant 
mice. As observed in the studies presented in this report, 
their observations suggest Ch25h’s regulation, like Cyp7b1, 
to be tied to insulin and play a role in homeostasis of 
glucose.

Under physiologic conditions, the majority of 25-HC is 
produced by Ch25h within the ER of cells (31). Tradition-
ally, 25-HC has been viewed as a cholesterol metabolite 
with cholesterol and lipid regulatory properties, but 25-HC 
also possesses a range of inflammatory and anti-inflamma-
tory effects (36, 37, 65–67). With LPS treatment, Ch25h/ 
mice secrete higher levels of the cytokines, interleukin 
(IL)-1, IL-1, and IL-18 (66), with increased sensitivity to 
septic shock and a greater ability to repress bacterial growth 
(66). More specifically, 25-HC is known to repress IL-1 
expression via antagonizing SREBPs, which creates a neg-
ative feedback pathway for interferon-induced inflamma-
tion (66). 25-HC also amplifies secretion of inflammatory 
cytokines such as macrophage colony-stimulating factor, 
IL-6, and IL-8 (65, 68). Thus, suppression of Ch25h with 
insulin resistance could lead to lower levels of potentially 
protective 25-HC, potentiating the toxic effects of 26-HC 
and 3-HCA. Conversely, our laboratories have provided 
evidence suggesting that 25-HC induces a proinflamma-
tory response, but for the subsequent sulfated metabo-
lite (25HC3S), by translocating to the nucleus to initiate 

PPAR- anti-inflammatory pathways. This finding suggests 
a more intricate regulation is involved in 25-HC mediated 
inflammatory pathways (69). Moreover, 25-HC has re-
cently been shown to be a high-affinity activator of DNA 
methyltransferase 1, and an important epigenetic regula-
tor of numerous genes (70). However, how this unique 
coordinate response of hepatic Ch25h and Cyp7b1 to insu-
lin resistance contributes to liver inflammation remains 
unclear.

In summary, the inability to upregulate Cyp7b1 in the 
setting of insufficient insulin signaling appears to establish 
hepatocyte accumulation of toxic intracellular cholesterol 
metabolites; metabolites that then initiate/perpetuate 
hepatocyte injury. More specifically, findings by Tang, 
Pettersson, and Norlin (17) suggest that the suppression of 
Cyp7b1 appears to be explained by a paucity of “cellular” 
insulin, which under most circumstances presents as insu-
lin resistance; a state where “serum” insulin and glucagon 
levels are elevated. This hypothesis is further supported by 
the fact that focused treatment of diabetes with insulin sen-
sitization and glucagon relief has been the most successful 
medicinal treatment to date. As this cellular regulatory 
pathway is found in most cells in the body, it may be rele-
vant for our understanding of insulin resistance-related 
inflammatory pathways outside the liver that promote 
diseases such as atherosclerosis.
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