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ARTICLEINFO ABSTRACT

Article history: Cytosolic sulfotransferase (SULT2B1b) catalyzes oxysterol sulfation. 5-Cholesten-3p-25-diol-
Received 28 September 2011 3-sulfate (25HC3S), one product of this reaction, decreases intracellular lipids in vitro by
Accepted 29 November 2011 suppressing liver X receptor/sterol regulatory element binding protein (SREBP)-1c signaling,

with regulatory properties opposite to those of its precursor 25-hydroxycholesterol. Upregu-
lation of SULT2B1b may be an effective strategy to treat hyperlipidemia and hepatic steato-
sis. The objective of the study was to explore the effect and mechanism of oxysterol
sulfation by SULT2B1b on lipid metabolism in vivo. C57BL/6 and LDLR™~ mice were fed
with high-cholesterol diet or high-fat diet for 10 weeks and infected with adenovirus encod-
ing SULT2B1b. SULT2B1b expressions in different tissues were determined by immunohis-
tochemistry and Western blot. Sulfated oxysterols in liver were analyzed by high-pressure
liquid chromatography. Serum and hepatic lipid levels were determined by kit reagents
and hematoxylin and eosin staining. Gene expressions were determined by real-time re-
verse transcriptase polymerase chain reaction and Western Blot. Following infection,
SULT2B1b was successfully overexpressed in the liver, aorta, and lung tissues, but not in
the heart or kidney. SULT2B1b overexpression, combined with administration of
25-hydroxycholesterol, significantly increased the formation of 25HC3S in liver tissue and
significantly decreased serum and hepatic lipid levels, including triglycerides, total choles-
terol, free cholesterol, and free fatty acids, as compared with controls in both C57BL/6 and
LDLR™~ mice. Gene expression analysis showed that increases in SULT2B1b expression
were accompanied by reduction in key regulators and enzymes involved in lipid
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metabolism, including liver X receptor o, SREBP-1, SREBP-2, acetyl-CoA carboxylase-1, and
fatty acid synthase. These findings support the hypothesis that 25HC3S is an important en-

dogenous regulator of lipid biosynthesis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is emerging as the
most common liver disease in the United States and world-
wide [1,2]. The spectrum of NAFLD ranges from simple non-
progressive steatosis to progressive nonalcoholic steatohepa-
titis that may lead to cirrhosis and hepatocellular carcinoma
[3-5]. The pathogenesis of steatosis and progression to nonal-
coholic steatohepatitis and cirrhosis involve numerous meta-
bolic and inflammatory pathways and remain incompletely
understood [6]. However, the central role of lipid accumulation
in the liver in the pathogenesis of NAFLD has been confirmed
in clinical correlation studies and animal models [6,7]. Thus,
decreasing serum and hepatic lipid levels are crucial to the
prevention of NAFLD.

Recently, we found that overexpression of mitochondrial
cholesterol delivery protein (steroidogenic acute regulatory
protein) upregulated bile acid synthesis and secretion via the
“acidic” pathway initiated by cholesterol 27-hydroxylase, and
downregulated cholesterol and fatty acid biosynthesis. A
search for the possible mechanism of these regulatory effects
led to the finding of a novel sulfated oxysterol, 5-cholesten-3p-
25-diol-3-sulfate (25HC3S) [8-10]. Addition of 25HC3S in
human and rat hepatocytes and human acute monocytic leu-
kemia cell line-derived macrophages decreased expression
and processing of nuclear liver X receptor (LXR) and its target
gene sterol regulatory element binding protein (SREBP)-1, and
subsequently decreased intracellular levels of free fatty acids,
cholesterol, and triglycerides. Furthermore, addition of exoge-
nous 25HC3S increased cytosolic inhibitor of kappa B-alpha
(IkBa) IxB expression, decreased nuclear factor-«B, and subse-
quently decreased inflammatory responses in hepatocytes
[11,12]. The results suggest that 25HC3S could play an impor-
tant role in preventing nonalcoholic steatohepatitis. However,
the effects of endogenous 25HC3S in vivo on serum and he-
patic lipid metabolism have not been investigated.

It is reported that 25HC3S is synthesized by cytosolic sulfo-
transferase (SULT2B1b) through sulfation of 25-hydroxycho-
lesterol (25HC) [13,14]. Moreover, the regulatory properties of
25HC are opposite to those of 25HC3S, increasing nuclear LXR

and SREBP-1 protein levels and increasing acetyl-CoA carboxyl-
ase-1 (ACC1) and fatty acid synthase (FAS) messenger RNA
(mRNA) levels [11,12,14]. Thus, SULT2B1b, by determining the
balance between 25HC and 25HC3S, could play an important
role in lipid metabolism. SULT2B1b is expressed in hepatocytes
and liver tissue, and highly regulated by duration of culture and
insulin in primary rat hepatocytes [13,15,16]. Overexpression of
SULT2B1b in primary human aortic endothelial cells decreases
mRNA and protein levels of LXRo, adenosine triphosphate
(ATP)-binding cassette transporter A1l (ABCA1), SREBP-1c, ACC,
and FAS, and subsequently reduces cellular lipid levels [14].
The effects of SULT2B1b overexpression in the presence of
25HC are similar to those produced by direct addition of
25HC3S in cell culture [14].

In the present study, we further evaluated the effect of
SULT2B1b on the lipid metabolism in serum and liver tissue in
vivo in mouse NAFLD models. The results indicate that 25HC
sulfation by SULT2B1b substantially decreases serum and he-
paticlipid levels by inhibiting the LXR/SREBP-1c signaling path-
way. This finding supports the hypothesis that 25HC3S is an
important endogenous regulator of lipid biosynthesis.

2. Materials and methods

2.1. Animals and treatment

Eight-week-old female C57BL/6 mice were purchased from
Charles River Laboratories (Cambridge, MA), and LDLR™" mice
were obtained from Jackson Laboratory (Sacramento, CA).
Mice were hosted under a standard 12/12-hour light/dark
cycle. Mice were fed with either a high-cholesterol diet (HCD,
3.1 kecal/g, 2% cholesterol and 5.7% fat) or a high-fat diet (HFD,
4.5 kcal/g, 0.2% cholesterol and 21.2% fat) for 10 weeks. Mice
were then infected with recombinant adenovirus encoding cy-
tomegalovirus (CMV)-driven SULT2B1b (1 x 108 pfu per mouse)
through tail vein injection. The CMV-SULT2B1b was prepared
as previously described [14]. Ad-CMV-p-Gal adenovirus was
used as control. In addition, some mice were given an intraper-
itoneal injection of 25HC (0.01% wt/wt, about 0.2 mg per mouse)

Table 1 - Animal groups

C57BL/6 mice_HCD

C57BL/6 mice_HCD + 25HC

LDLR™~ mice_HFD

Control SULT2B1b Control SULT2B1b Control SULT2B1b
Mouse type C57BL/6 C57BL/6 C57BL/6 C57BL/6 LDLR™™ LDLR™~
Mouse sex B F F F F M F M
Mouse number 5 5 5 5 3 3 4 3
Diet HCD HCD HCD HCD HFD HFD
Virus infection 3-Gal SULT2B1b -Gal SULT2B1b p-Gal SULT2B1b
IP inject 25HC No No Yes Yes No No

F indicates female; M, male.




838 METABOLISM CLINICAL AND EXPERIMENTAL 61 (2012) 836-845

2 days after infection. Mice were killed following an overnight
fast 6 days after adenovirus infection. The detailed information
for the animal groups was shown in Table 1. All protocols were
approved by the Institutional Animal Care and Use Committee
of the McGuire VA medical center.

2.2. Immunohistochemistry

Formalin-fixed liver tissues were processed for histological ana-
lyses and stained with hematoxylin and eosin (H&E). Briefly,
deparaffinized 4-um sections were stained with rabbit anti-
SULT2B1b antibody (Abcam, Cambridge, MA, USA). Immobilized
antibodies were detected by the avidin-biotin-peroxidase tech-
nique (Vectastain ABC Kits, Vector Laboratories, Burlingame,
CA, USA). 3-3’-Diaminobenzidine (DAB) was used as the chro-
mogen, and hematoxylin was used as the nuclear counterstain.

2.3.  Analysis of composition of sulfated oxysterols in
liver tissue

Total lipids in liver tissue were extracted by the Folch method
[17]. Briefly, 200 mg of mouse liver tissue was homogenized in
1 mL of phosphate-buffered saline. Twenty milliliters of chlo-
roform:methanol (2:1, vol/vol) was added in the homogenates,
sonicated for 1 to 2 hours, and filtered. Four milliliters of water
and 100 uL of 1 mol/L K,CO; were added, mixed, and allowed
to stand for about 3 hours for the phase separation.

The water/methanol (upper) phase, which contains sulfated
oxysterols, was evaporated under N, stream. The residue was
resuspended in 0.5 mL of methanol, 3.5 mL of water, and
0.5 mL of NaOH (1 N) by sonication; and the suspension was
passed through a preconditioned Sep-Pak C18 cartridge (Waters,
Milford, MA) to remove nonsulfated oxysterols. After succes-
sively washing the cartridge with 8 mL of water, 3.5 mL of 15%
acetone, and 8 mL of water again, the sulfated oxysterol fraction
was eluted in 5 mL of 75% methanol, which was taken to dryness
under N, stream below 40°C. The extracts were then hydrolyzed
in 1 mL of sulfatase (2 mg/mL) at 37°C for 4 hours. Deconjugated
oxysterols were extracted by Folch partition (chloroform:metha-
nol, 2:1), and the chloroform phase was taken to dryness.

The oxysterol samples thus obtained from the methanol/
water were oxidized with cholesterol oxidase as previously
described [18]. To the oxysterol sample dissolved in 50 uL
of 2-propanol were added 450 uL of water, 50 uL of 1 mol/L
potassium phosphate buffer, and 1.5 ug of progesterone as
an internal standard; and the resulting mixture was sonicat-
ed for 10 minutes. To the mixture, 0.4 U of cholesterol oxi-
dase in 50 uL of potassium phosphate buffer was added
and incubated at 37°C for 1 hour. Three hundred microliters
of methanol was added to stop the reaction. The products,
enones, were extracted 3 times with 2 mL of hexane; and
the extracts were evaporated under N, stream. The residue
was redissolved in 150 uL of 5% isopropanol in hexane, and
100 uL of the solution was subjected to high-pressure liquid
chromatography (HPLC) as described below.

The HPLC analysis was conducted with Alliance 2695 sepa-
ration module fitted with 2487 Dual N\ absorbance detector
(Waters). The separation was carried out on an Ultrasphere
silica column (5 um, 4.6 mm id x 250 mm; Beckman, Urbana,
IL) and hexane:isopropanol:acetic acid (965:25:10, vol:vol:vol)

as an eluent at a flow rate of 1.3 mL/min. The column temper-
ature was kept constant at 30°C. The enones were monitored
at 240-nm absorption.

2.4. Lipid levels in liver tissue and sera

Liver cholesterol and triglycerides were extracted and ana-
lyzed as previously described [14]. Briefly, mouse liver tissue,
100 mg, was homogenized in 1 mL of phosphate-buffered sa-
line. The lipids in the homogenates were extracted overnight
with 9 mL of chloroform:methanol (2:1, vol/vol), sonicated
for 1 to 2 hours, and filtered. The extract, 100 uL, was evapo-
rated to dryness and dissolved in 100 uL of isopropanol con-
taining 10% Triton X-100 for cholesterol assay, dissolved in
isopropanol for triglycerides assay, or in nonesterified fatty
acid solution (0.5 g of EDTA-Naj,, 2 g of Triton X-100, 0.76 mL
of 1 N NaOH, and 0.5 g of sodium azide per liter of H,O, pH
6.5) for free fatty acids assay. Total and free cholesterol, tri-
glycerides, and free fatty acids assays were performed accord-
ing to the manufacturer’s instructions.

For serum analysis, the lipid levels and the liver-specific cy-
tosolic enzyme activities of alkaline phosphatase, alanine
transaminase, and aspartate transaminase in serum of mice
were determined by clinical biochemistry laboratory blood as-
says at the VA Medical Center. The lipoproteins of cholesterol
(very low-density lipoprotein [VLDL], low-density lipoprotein
[LDL], and high-density lipoprotein [HDL]) were measured by
gel filtration using HPLC as previously described [19] with mild
modifications. Briefly, serum was centrifuged at 2000 rpm for 2
minutes, and 100 uL of supernatant was subjected to HPLC
with Pharmacia Superose 6HR 10/30 column (Oregon City, OR,
USA) using mobile phase, 154 mmol/L NaCl and 0.1 mmol/L
EDTA (pH 8.0) at flow rate of 0.2 mL/min. Each fraction was col-
lected starting at 20 minutes, 1.2 minutes each (240 uL) for up to
100 minutes. A total of 180 uL of each fraction was transferred to
a 96-well plate, and 20 uL Wako (Richmond, VA, USA) total cho-
lesterol kit 10x reagent buffer was added. After incubating at
37°C for 3 hours in the dark, the optical density was read at
595 nm for cholesterol assay. The protein profile was monitored
at an optical density of 280 nm as internal control.

2.5. Determination of gene expression involved in
lipid metabolism

Nuclear and cytosolic proteins from mouse liver tissue were
extracted according to the manufacturer’s instructions. A
total of 20 ug nuclear extracts or 50 ug cytosolic proteins was
loaded on 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis for detection of the specific proteins, includ-
ing LXRa, SREBP-1, SREBP-2, ACC1, FAS, and SULT2B1b, using
lamin B1 and p-actin as loading control for nuclear and cyto-
solic proteins, respectively. Western blot analysis was per-
formed as previously described [20].

Total RNA in liver tissue was isolated by SV total RNA iso-
lation kit (Promega, Wisconsin, WI) following the manufac-
turer’s instructions. The relative mRNA levels were
measured by real-time reverse transcriptase polymerase
chain reaction as previously described [20]. Quantitative nor-
malization of complementary DNA in each sample was per-
formed using glyceraldehyde-3-phosphate dehydrogenase as
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an internal control. The primer sets used in these assays are
shown in Supplemental Table 1.

2.6. Statistical analysis

Data are expressed as mean + SD. Significance of differences
was determined using Student t test for unpaired samples. A
value of P < .05 was considered statistically significant.

A

[ ] Hean

E Liver

[ =] Lung

[ Kidney
(£ #%] Aorta

[ -] g ociin
o A\

5 G°°‘;\)\:‘qp

C57BL/6 mice_HCD

Control

25HC3S

/

Absorbance
(mAU at 240nm)

10
8 1
6.
4
2 ]
0_
5

10 15 2

0

D Retention time (min)
10 SULT2B1b

@ E 8
2g 61
©
aN  a
S5 25HC3S
53 2]
Lo £ 0

0 5 10 15 20

-

Retention time (min)

3. Results

3.1. Effect of adenovirus infection on liver toxicity

Following infection with different amount of recombinant
adenovirus, serum activities of alkaline phosphatase, ala-
nine transaminase, and aspartate transaminase and the
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Fig. 1 - Determination of SULT2B1b expression in different tissues and SULT2B1b activities in liver tissue following infection
with Ad-SULT2B1b. C57BL/6 mice, 8 weeks old, were fed with HCD for 10 weeks and infected with Ad-control or Ad-SULT2B1b
(1 x 108 pfu) in the presence or absence of 25HC as indicated. SULT2B1b protein expressions in different tissues were analyzed
by immunohistochemistry at day 6 following infection (A), and its protein levels were analyzed by Western blot (B and C). Total
intracellular lipids were extracted with chloroform/methanol. Sulfated oxysterols in the liver infected with Ad-f3-Gal (D and E)
or Ad-SULT2B1b (F and G) were analyzed by HPLC. 24-Hydrocholesterol; 25HC; 27-hydrocholesterol; 24,25-epoxycholesterol;
7KG; 63HC 7a-hydrocholesterol; and 78HC were used as standard controls. *P < .05, **P < .01 vs control. n = 5 or 6.
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Table 2 - Lipids in serum in C57BL/6 mice or LDLR™~ mice after infection with 3-Gal control or SULT2B1b virus

C57BL/6 mice_HCD

C57BL/6 mice_HCD + 25HC

LDLR ™~ mice HFD

Control SULT2B1b Control SULT2B1b Control SULT2B1b
TG (mg/dL) 53+7.3 49 +12.4 39+34 32:+43" 328 +92.8 222 +47.2"
TC (mg/dL) 117 + 12.7 120 + 8.4 102 + 8.2 107 + 9.3 1338 + 203.8 1233 + 155.6

Values are mean + SD. TG indicates triglycerides; TC, total cholesterol.
" P <.05 vs control.

ratios of liver to body weight were determined at day 6 as
shown in Supplemental Fig. 1A and Supplemental Fig. 1B.
The activities and the ratios did not significantly change
as compared with Ad-p-Gal-infected mice, indicating that
no liver injury occurred when less than 1 x 10% pfu of
Ad-SULT2B1b per mouse was used. Thus, the dose of 1 x
10® pfu per mouse was selected to study the effect of
SULT2B1b on lipid metabolism. Under this condition, no
liver toxicity was detected in mice fed with HCD or HFD
(Supplemental Fig. 1C).

3.2. SULT2B1Db expression in different tissues after
infection with Ad-SULT2B1b

Mice were infected with Ad-SULT2B1b or Ad-control through
tail vein injection in the condition as described above. Immuno-
histochemistry analysis showed that SULT2B1b gene expres-
sion following infection was significantly increased in the
liver, aorta, and lung tissues, but not in the heart or kidney
(Fig. 1A). Consistently, Western blot analysis following Ad-

C57BL/6 mice_HCD

C57BL/6 mice_HCD_25HC

SULT2B1b infection showed that SULT2B1b gene expression in-
creased by 20-fold in the liver, with more modest increases of
1.5-fold in the aorta and 2-fold in the lung, as compared with
control. No changes in expression of SULT2B1b were detected
in the heart or kidney (Fig. 1B and 1C).

3.3. Effect of SULT2B1Db on oxysterols and sulfated
oxysterols in liver tissues

To determine the specific activities of SULT2B1b, oxysterols
and sulfated oxysterols were extracted from liver tissues and
analyzed by HPLC. The results showed that SULT2B1b overex-
pression in the presence of 25HC significantly increased sul-
fated oxysterols, especially 25HC3S (Fig. 1E and G); decreased
nonsulfated oxysterols, including 7-ketocholesterol (7KC), 64-
hydroxycholesterol (68HC), and 25HC (Supplemental Fig. 2B
and Supplemental Fig. 2D). However, in the absence of 25HC,
SULT2B1b overexpression alone did not significantly change
the levels of oxysterols and sulfated oxysterols (Fig. 1D, F,
Supplemental Fig. 2A and Supplemental Fig. 2C).
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Fig. 2 - Effect of SULT2B1b overexpression on lipoprotein cholesterol in serum by HPLC. C57BL/6 mice and LDLR™~ mice,

8 weeks old, were fed with HCD or HFD for 10 weeks and then infected with Ad-control or Ad-SULT2B1b (1 x 10® pfu) in the
presence or absence of 25HC as indicated. The lipoprotein (VLDL, LDL, and HDL) cholesterol levels in sera in both C57BL/6 mice
and LDLR™~ mice were analyzed by HPLC (A, B, C). The lipoprotein protein levels were determined by absorbance at 280 nm
(D, E, F). The data represent 1 of 3 separate experiments.
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Fig. 3 - Effect of SULT2B1b overexpression on lipid levels in the liver tissues. The mice were fed and infected as stated in Fig. 2.
Total intracellular lipids were extracted with chloroform/methanol. Triglycerides, free fatty acids, total cholesterol, and free
cholesterol in liver in both C57BL/6 mice and LDLR™~ mice (A-C) were analyzed as described in “Materials and Methods.” Liver
morphology was examined by H&E staining (D). *P < .05, *'P < .01 vs control. n = 5 or 6.

3.4. Effect of SULT2B1Db overexpression on lipid levels in
sera and liver tissue

To study the effect of SULT2B1b on serum and hepatic lipid
levels, C57BL/6 and LDLR ™~ mice were infected by SULT2B1b
adenovirus, with or without intraperitoneal injection of
25HC, as described above. Total cholesterol and triglycerides
in sera were measured by clinical laboratory as shown in
Table 2. Following the combination of SULT2B1b overexpres-
sion and 25HC administration, triglyceride levels in serum in
C57BL/6 mice_HCD were significantly decreased by 18% as
compared with control mice injected with p-Gal virus. No sig-
nificant change was observed in the absence of 25HC. In
LDLR™~ mice_HFD, triglyceride levels in serum were de-
creased by 32% following SULT2B1b overexpression as com-
pared with the control injected with g-Gal virus. However,
total serum cholesterol levels in both C57BL/6 and LDLR™~
mice were unchanged with SULT2B1b overexpression. Inter-
estingly, SULT2B1b overexpression decreased cholesterol
levels in VLDL and LDL fraction in C57BL/6 and LDLR ™~ mice,
whereas it increased cholesterol levels in HDL fraction in
C57BL/6 mice (Fig. 2A, B, and C). The protein profile (internal
control) was unchanged following SULT2B1b overexpression
(Fig. 2D, E, and F). These effects were much stronger in the
presence of 25HC (Fig. 2).

Quantitative analysis of hepatic lipid levels showed that
overexpression of SULT2B1b significantly decreased hepatic
triglyceride, total cholesterol, and free cholesterol levels in
the presence of 25HC in C57BL/6 mice_HCD (Fig. 3B). No signif-
icant change was detected in the absence of 25HC as

compared with control (Fig. 3A). In LDLR™™ mice_ HFD,
SULT2B1b overexpression significantly decreased total cho-
lesterol and free fatty acids levels but did not change triglycer-
ides and free cholesterol levels significantly (Fig. 3C).
Consistently, H&E staining also showed that SULT2B1b over-
expression substantially decreased total neutral lipids in
liver tissue in both C57BL/6 mice and LDLR™~ mice (Fig. 3D).

3.5. Effect of SULT2B1Db on gene expressions involved in
lipid metabolism

To better understand the mechanism of effects of SULT2B1b
on lipid metabolism, gene expressions involved in lipid me-
tabolism were determined. As expected, overexpression of
SULT2B1b significantly decreased LXRo and SREBP-1 in nucle-
ar protein levels but not SREBP-2 in both C57BL/6 mice and
LDLR™~ mice fed with HCD or HFD. Consistently, SULT2B1b
overexpression also significantly decreased the cytosolic pro-
tein levels of FAS and ACC1 as shown in Fig. 4A and B.

Real-time reverse transcriptase polymerase chain reaction
analysis of the gene expressions at mRNA level involved in
lipid metabolism was shown in Table 3. Consistent with pro-
tein levels, SULT2B1b overexpression significantly decreased
mRNA levels of LXRo, SREBP-1, SREBP-2, glycerol-3-
phosphate acyltransferase (mitochondrial), acetyl-coenzyme
A acetyltransferase 2, CYP27A, ABCA1, ATP-binding cassette
transporter G1, and steroid sulfatase involved in lipid metabo-
lism in the mice injected peritoneally with 25HC; in the ab-
sence of 25HC, SULT2B1b overexpression only decreased
mRNA levels of LXRa, SREBP-1, and ABCA1.
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SREBP-2 Mature 1.0 + 016 086 + 0.03 1.0 + 014 081 = 0.17 1.0+ 016 0.65 =+ 0.07*
Cytosol

ACC-1 1.0 £ 034 054 =+ 013% 1.0 £ 020 040 + 003% 1.0 + 035 081 + 0.03

FAS 1.0 £+ 0.11 049 + 0.02%* |10 + 018 058 =+ 0.14%* 1.0+ 008 0.54 + 0.17 **

SREBP-1 Precursor 1.0 + 0.15 0.81 + 0.01% 1.0 £ 021 050 + 007%* | 1.0 + 009 082 + 0.10%

SULT2B1b 1.0 4+ 0.10 3.04 + 045%F | 1.0 + 0.07 878 + 243*%% |10 + 0.08 253 + 0.78%*

Values are mean + SD; * P< .05, ** P < .01 vs Control

Fig. 4 - Effect of SULT2B1b overexpression on gene expressions involved in lipid metabolism at the protein level. The mice

were fed and infected as stated in Fig. 2. Nuclear proteins (LXRa, SREBP-1 mature, SREBP-2 mature) and cytosolic proteins (FAS,
ACC1, SREBP-1 precursor, SULT2B1b) in liver tissue were analyzed by Western blot with specific antibodies (A). Western blot
data were quantitatively analyzed (B). Cytoplasmic proteins were normalized to $-actin; nuclear proteins, to lamin B1. *P < .05,

**P < .01 vs control. n = 5 or 6.

4, Discussion

The present study shows that in vivo SULT2B1b overex-
pression with 25HC supplementation in Western diet-fed
mice increases 25HC sulfation and levels of its product
25HC3S, mainly in liver tissue. These effects are accompa-
nied by decreases in serum and hepatic triglycerides, total
cholesterol, free cholesterol, and free fatty acids, and by re-
duction in key regulators and enzymes in lipid metabolism,
including SREBP-1, SREBP-2, ACC1, and FAS. The results are
consistent with previous in vitro studies demonstrating
that SULT2B1b overexpression in the presence of 25HC
leads to 25HC3S formation and decreases intracellular
lipid levels [11,12,14]. The present results in vivo confirm
that oxysterol sulfation by SULT2B1b can play an important
regulatory role in lipid metabolism and that oxysterol sulfa-
tion must be added to the list of signaling pathways in-
volved in lipid homeostasis [14,21].

There is no significant difference in dietary intake be-
tween experimental and control mice (data not shown).
Thus, serum and hepatic lipid levels depend on lipid synthe-
sis and clearance. To confirm that the decreases in serum
and hepatic lipid levels are mediated through suppression
of lipid biosynthesis, low-density-lipoprotein receptor (LDLR)

knockout mice have been used in the present study. Low-
density-lipoprotein receptor is an important molecule in
clearance of lipids from circulation [22-24]. Binding of lipo-
proteins to LDLR facilitates their endocytosis and delivery of
lipids to target tissues [25]. Therefore, in this animal model,
the serum lipid levels more directly represent the rates of
lipid biosynthesis from liver tissue. Interestingly, overexpres-
sion of SULT2B1b in the knockout mice not only decreases
neutral lipid levels in the liver but also changes the lipid pro-
files in the sera, indicating that SULT2B1b overexpression de-
creases VLDL and LDL synthesis and secretion from liver
tissue and increases HDL synthesis (Fig. 2). High-density lipo-
protein plays a key role in reverse cholesterol transport,
which involves transport of cholesterol from peripheral tis-
sues and cells to the liver, transforming it into bile acids
and finally eliminating it from the body [26-28]. It has been
shown that the patients with high VLDL and LDL and low
HDL are at a higher risk of myocardial infarction and sudden
death [29-32]. Whether these patients have lower expression
of SULT2B1b or lower sulfated oxysterol levels is unknown
and merits further investigation.

Three SULT isoenzymes in human and 4 in rat have been
cloned and identified [33-36]. He et al [37] reported that
SULT2B1b has been localized to the cytosol and nuclei of
both human cells and tissues. Fuda et al [38] and Javitt et al
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Table 3 - Relative hepatic mRNA expression in C57BL/6 mice or LDLR”" mice after infection with B-Gal control or

SULT2B1b virus

C57BL/6 mice_HCD

C57BL/6 mice_HCD + 25HC

LDLR™~ mice HFD

Control SULT2B1b Control SULT2B1b Control SULT2B1b

Fatty acid metabolism

SREBP-1c 1.0 + 0.29 0.57 +0.19" 1.0 £0.16 0.53 +0.18" 1.0 + 0.23 1.14 + 0.27

ACC1 1.0 £ 0.37 0.93 +0.15 1.0 £ 0.27 0.79 + 0.09 1.0+022 0.84 + 0.22

FAS 1.0 + 0.41 0.76 + 0.21 1.0 + 0.50 0.57 + 0.14 1.0 + 0.27 1.01 = 0.20

LXRa 1.0 +0.14 0.81 +0.09" 1.0 +0.30 0.63 = 0.08" 1.0 +0.19 0.82 +0.11"

PPARa 1.0+0.26 0.59 +0.17" 1.0 +0.29 0.58 = 0.15" 1.0 +0.27 0.81 +0.19"

FABP4 1.0 + 051 0.68 + 0.19 1.0 + 0.45 0.43 = 0.16" 1.0 +0.27 0.87 +0.27

FATP 1.0 £ 0.39 0.59 + 0.15 1.0+ 0.25 0.62 +0.17" 1.0 + 0.33 0.51 +0.18"
Triglyceride metabolism

GPAM 1.0 + 0.62 0.94 + 0.36 1.0 £ 0.33 0.69 +0.11" 1.0 + 0.19 0.90 + 0.17

MTTP 1.0 + 0.55 0.93 + 0.41 1.0 + 0.28 0.81 +0.16 1.0 + 0.17 0.89 +0.16

PLTP 1.0 + 0.69 0.94 + 0.51 1.0 £0.13 0.85 + 0.20 1.0 +0.15 0.69 + 0.111
Cholesterol metabolism

SREBP-2 1.0 + 0.68 0.92 + 0.50 1.0 + 0.08 0.71 + 0.077 1.0 + 0.14 0.94 +0.16

HMGR 1.0 +0.19 0.90 + 0.08 1.0 + 0.24 0.96 + 0.24 1.0 + 0.26 0.91 +0.29

LDLR 1.0 + 0.20 1.13 £ 0.25 1.0 + 0.39 0.53 +0.11" 1.0 + 0.34 0.80 + 0.22

ACAT1 1.0 + 0.12 1.02 = 0.35 1.0 £0.18 1.11 =+ 0.29 1.0+023 1.00 = 0.13

ACAT2 1.0 £ 0.27 0.61 +0.10" 1.0 £0.21 0.73 = 0.06" 1.0 +0.19 0.89 + 0.10
Cholesterol efflux

ABCA1 1.0 £ 0.22 0.65 + 0.09" 1.0 £ 031 0.51+0.16" 1.0 + 0.26 0.89 +0.17

ABCG1 1.0 +0.23 1.15 + 0.28 1.0 + 0.29 0.64 = 0.22" 1.0 + 0.27 0.83 +0.19
Bile acid metabolism

CYP7a 1.0 + 0.33 0.78 + 0.42 1.0 + 0.35 0.57 +0.31 1.0 + 0.20 0.90 + 0.48

CYP27a 1.0 £ 0.27 0.80 + 0.14 1.0 £ 031 0.50 = 0.07" 1.0 £0.21 1.10 = 0.21
Others

SULT2B1b 1.0+ 0.24 193.5 + 46.17 1.0 £0.17 754.1 + 114.8" 1.0 + 0.44 324.6 + 36.77

STS 1.0 + 0.73 0.52 + 0.23 1.0 £ 0.37 0.41 = 0.06" 1.0 + 0.57 1.28 + 0.37

Values are mean + SD; n = 5 to 6. PPARa indicates peroxisome proliferator activated receptor a; FABP4, fatty acid binding protein 4; FATP, fatty
acid transport protein; GPAM, glycerol-3-phosphate acyltransferase (mitochondrial); MTTP, microsomal triglyceride transfer protein; PLTP,
phospholipid transfer protein; HMGR, 5-hydroxy-3-methylglutaryl-coenzyme A reductase; ACAT, acetyl-coenzyme A acetyltransferase;

ABCG1, ATP-binding cassette transporter G1; STS, steroid sulfatase.
“P < .05, TP < .01 vs control.

[33] reported that SULT2B1b could sulfonate a variety of oxy-
sterols, including 7-KC. Cells with high expression of
SULT2B1b are significantly more resistant to the cytotoxic ef-
fects of 7KC, and overexpression of SULT2B1b protects from
7KC-induced loss of cell viability [38]. Our previous studies
also showed that SULT2B1b effectively sulfates 25HC in
human aortic endothelial cells, with the main product of
25HC3S [14]. However, in the present study, overexpression
of SULT2B1b in vivo only significantly increased 25HC3S ,
whereas other sulfated oxysterols such as 24HC-S, 27HC-S,
7KC-S, 6BHC-S, 7aHC-S, and 7BHC-S were almost unchanged
or undetectable (Fig. 1D, E, and F and Fig. 2G). These results
suggest that SULT2B1b may have a potential specificity for
25HC sulfation in mouse liver. Furthermore, hepatic
SULT2B1b expression in mice with HFD decreased by 90%
compared with those with normal-cholesterol diet or HCD.
Thus, we hypothesized that lower level of SULT2B1b may be
one of the major pathogenesis during occurrence and devel-
opment of NAFLD.

Overexpression of SULT2B1b inactivates the response of
liver oxysterol receptor (LXR) to multiple oxysterol ligands
[21], suggesting that SULT2B1b is involved in LXR signaling
pathway. It has been hypothesized that the oxysterol sulfa-
tion by SULT2B1b is an inactivation processing [21].

However, our laboratory studies showed that addition of ex-
ogenous 25HC3S to primary human hepatocytes and human
acute monocytic leukemia cell line-derived macrophages,
and overexpression of SULT2B1b in human aortic endotheli-
al cells decrease SREBP-1/2 expression and block the activa-
tion of SREBP-1c; suppress the expression of key enzymes,
including 3-hydroxy-3-methylglutaryl-CoA reductase, ACC1,
and FAS involved in lipid metabolism; and subsequently de-
crease cholesterol and neutral lipid levels [11,12,14]. These
results indicate that the sulfated oxysterol may act as an
LXR antagonist rather than only an inactive form of LXR li-
gand and that SULT2B1b plays an important role in lipid
homeostasis.

In conclusion, the present study adds to the convincing
body of evidence implicating the oxysterol sulfate 25HC3S in
regulation of serum and hepatic lipid metabolism in vivo.
Oxysterol sulfation is catalyzed by SULT2B1b; and activity of
this enzyme, by determining the balance between 25HC and
25HC3S, may play an important role in lipid homeostasis.

Appendix A. Supplementary data
Supplementary to this article can be found online at doi:10.
1016/j.metabol.2011.11.014.
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