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Nonalcoholic fatty liver disease (NAFLD) is characterized by a massive
accumulation of lipid droplets (LDs). The aim of this study was to
determine the function of 17β-hydroxysteroid dehydrogenase-13
(17β-HSD13), one of our newly identified LD-associated proteins in
human subjects with normal liver histology and simple steatosis, in
NAFLD development. LDs were isolated from 21 human liver biop-
sies, including 9 cases with normal liver histology (group 1) and 12
cases with simple steatosis (group 2). A complete set of LD-associ-
ated proteins from three liver samples of group 1 or group 2 were
determined by 2D LC-MS/MS. By comparing the LD-associated pro-
tein profiles between subjects with or without NAFLD, 54 up-regu-
lated and 35 down-regulated LD-associated proteins were found
in NAFLD patients. Among them, 17β-HSD13 represents a previously
unidentified LD-associated protein with a significant up-regulation
in NAFLD. Because the 17β-HSD family plays an important role in
lipid metabolism, 17β-HSD13 was selected for validating the proteo-
mic findings and exploring its role in the pathogenesis of NAFLD.
Increased hepatic 17β-HSD13 and its LD surface location were con-
firmed in db/db (diabetic) and high-fat diet-fed mice. Adenovirus-
mediated hepatic overexpression of human 17β-HSD13 induced
a fatty liver phenotype in C57BL/6 mice, with a significant increase
in mature sterol regulatory element-binding protein 1 and fatty acid
synthase levels. The present study reports an extensive set of hu-
man liver LD proteins and an array of proteins differentially
expressed in human NAFLD. We also identified 17β-HSD13 as a path-
ogenic protein in the development of NAFLD.
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Nonalcoholic fatty liver disease (NAFLD) has become a major
health concern worldwide (1). NAFLD comprises a morpho-

logical spectrum of liver lesions ranging from simple triglyceride
(TG) accumulation in hepatocytes (simple steatosis) to inflam-
matory and hepatocellular ballooning injury (nonalcoholic stea-
tohepatitis), eventually leading to fibrosis and cirrhosis (2).
NAFLD is a well-documented risk factor for hyperlipidemia (3),
type 2 diabetes (4), and hepatocarcinoma (5). Histologically,
NAFLD is characterized by a significant accumulation of lipid
droplets (LDs) (1), subcellular organelles consisting of a neutral
lipid core covered by a monolayer of phospholipids and many
associated proteins (6–9). LDs provide a temporary storage site
for accumulated TGs resulting from either enhanced de novo
synthesis or increased exogenous uptake of fatty acids in hepa-
tocytes. Stored TGs in LDs are mobilized for the assembly of
very low-density lipoproteins or used for peroxisomal and mi-
tochondrial β-oxidation under tight control from multiple nu-
clear transcription factors (10).
An LD is now recognized as an organelle involved in lipid

storage and metabolism, membrane traffic, and signal trans-
duction (11). Increased accumulation of LDs is associated with
many metabolic diseases, including obesity, hepatosteatosis, and

atherosclerosis. In addition to a monolayer of phospholipids,
LDs are also covered by many proteins (12), which have been
considered to play an important role in the dynamic regulation of
the size and lipid contents of LDs (13).
The hallmark feature of the pathogenesis of NAFLD is the

accumulation of TGs in the liver, which results in large hepatic
LDs (14). Although a number of studies have provided useful
information about the protein composition of LDs in many dif-
ferent species, ranging from bacteria to mammals (12), there has
yet to be a report detailing the proteome of human liver LDs. In
the present study, we performed a proteomic study of human liver
LDs purified from human subjects with or without simple stea-
tosis. We also compared protein profiles of LDs of human livers
with or without simple fatty liver. Among many differentially
expressed proteins, 17β-hydroxysteroid dehydrogenase-13 (17β-
HSD13) represents a previously unidentified human liver LD-as-
sociated protein, which is significantly up-regulated in the hepatic
LDs of patients with fatty liver and enhances hepatic lipogenesis in
normal mouse liver and cultured human hepatocytes.

Results
Histological and Morphological Analyses of the Livers of Human
Subjects With or Without Simple Steatosis. Histological and mor-
phological examination showed typical hepatocellular steatosis
and ballooning, without inflammation and fibrosis in patients
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with simple steatosis (SI Appendix, Fig. S1 A–C). Electron mi-
croscopic examination demonstrated the presence of LDs of
various sizes in the cytoplasm of hepatocytes of patients with
simple steatosis (SI Appendix, Fig. S1D). Clinical features of all
patients are summarized in SI Appendix, Table S1.

Isolation and Characterization of LDs from Human Liver.Human liver
LDs were purified using a modification of a method described
previously (15, 16). The quality of the preparation was first exam-
ined by fluorescence microscopy using Nile red staining (Fig. 1A).
LDs stained with Nile red showed spherical structures of various
sizes. Consistent with a previous report, the sizes of most LDs
ranged between 1 and 3 μm, which is smaller than fat cell LDs and
bigger than LDs from skeletal muscle (17). To assess the quality of
the isolated LDs, equal amounts of proteins from LD, total mem-
brane, cytosol (Cyto), and postnuclear supernatant (PNS) fractions
were separated by SDS/PAGE. Silver staining revealed that the LD
protein profile was quite different from the profiles of the other
three fractions (Fig. 1B). To assess the purity of the isolated LDs,
subcellular organelle and compartment-specific markers were tested
in the four fractions, which included three LD-specific markers
[adipose differentiation-related protein (ADRP), acyl-CoA synthe-
tase long-chain family member 1 (ACSL1), and comparative gene
identification-58 (CGI-58)], one cytoplasmic marker (GAPDH),
two endoplasmic reticulum (ER) markers (p62 and BIP), and two
mitochondrial markers (Tim23 and COX IV) (Fig. 1C). As shown
in Fig. 1C, we found that all three LD-specific marker proteins were
highly enriched in the LD fraction. The mitochondrial membrane
proteins Tim23 and COX IV were also identified in the LD frac-
tion. These findings indicate that the liver LD preparations were of
high purity and free of contaminations by other organelles, except
for mitochondria. The presence of mitochondrial proteins in the LD
fraction was consistent with previous reports that LDs interact with
mitochondria, mediated by SNAP 23 (18).

Analysis of Liver LD Proteome of Human Subjects Without NAFLD.
To obtain a complete set of LD-associated proteins, three liver
LD preparations isolated from three human subjects without
NAFLD were separated using gel electrophoresis and silver stain-
ing, showing very similar protein patterns (SI Appendix, Fig. S2A).
LD proteins were then analyzed by 2D LC-MS/MS. A total of 596
proteins were identified in the first preparation, 555 in the second
preparation, and 501 in the third preparation (SI Appendix, Tables
S2–S4). Collectively, a total of 713 proteins were found in three
preparations (SI Appendix, Table S5).
To enhance the validity of the data, only proteins with two or

more unique peptides and present in all three preparations were
considered to be putative human liver LD proteins (SI Appendix,
Fig. S2B). Overall, we identified 148 proteins, which we consider
to be valid constituents of the human liver LD proteome (SI
Appendix, Table S6). Among these proteins, 66 (44.6%) have
been identified in LDs previously, 26 (17.6%) of which have
previously been reported as possible liver LD proteins in human
hepatoma cell lines and mouse livers (19, 20). The remaining 82
(55.4%) proteins are, to our knowledge, first described here
in LDs.
The 148 LD-associated proteins were categorized into 10

groups based on their functional characteristics and subcellular
locations. As shown in SI Appendix, Fig. S2C, the most abundant
proteins were involved in lipid metabolism (23.6%, 35 proteins)
(SI Appendix, Table S6). Besides fatty acid synthase and ligase,
several sterol and alcohol dehydrogenases were also identified.
Furthermore, apolipoprotein A-I and B-100 were detected in
liver LDs, which is consistent with previous reports (17, 21).
These data are in agreement with the notion that the liver is the
center for sterol metabolism and alcohol detoxification, and
further suggest that LDs may be involved in these processes.
Another major group was cytoskeleton proteins (12.8%, 19 pro-
teins) that were reported to be related to LD movement (22).
Proteins involved in membrane trafficking also made up a no-
table part of all identified LD proteins (14 proteins, 9.5%).
These molecules play important roles in LD fusion, fission, and
interaction with other organelles (23, 24). Mitochondrial and
ER proteins were also found in the LD fraction, constituting 15
(10.1%) and 13 (8.8%) proteins, respectively, indicating tight
LD–mitochondrial and LD–ER interactions, as reported pre-
viously in different tissues and cell lines (23, 25, 26). Seven cell-
signaling proteins (4.7%), 5 chaperones (3.4%), 5 protein
translation- and degradation-related proteins (3.4%), and 31
other proteins (20.9%) were also identified in LDs, indicating
that LD may have other functions as an active organelle.

Comparative LD Proteomics Between Human Subjects With or Without
Simple Steatosis. Equal amounts of protein samples pooled either
from three patients with simple steatosis or three human subjects
with histologically normal liver were separated by SDS/PAGE and
processed using silver staining to exhibit protein profiles (Fig. 2A).
Seven bands (bands 1–7) with significantly higher intensity in
simple steatosis and five bands (bands 8–12) with increased in-
tensity in normal liver were excised and processed for proteomic
analysis. Of the 89 proteins isolated, 54 proteins were found to
be up-regulated in NAFLD, and 35 proteins were shown to be
down-regulated (SI Appendix, Table S7). Three perilipin family
proteins, including perilipin, ADRP, and Tip 47 were signifi-
cantly up-regulated in patients with simple steatosis, consistent
with the importance of the perilipin family in the pathogenesis
of fatty liver (27). Interestingly, a group of cytochrome P450
family proteins, such as cyp2E1, cyp4A11, and cyp2C9, was also
found to be associated with the LDs and up-regulated in fatty
liver, perhaps suggesting that these cytochrome P450 enzymes are
involved in the development of NAFLD. Many mitochondrial
proteins were found to be down-regulated in the LDs of pa-
tients with simple steatosis, possibly suggesting that mitochondrial

Fig. 1. Purification and validation of LDs using immunoblot analysis. (A)
Isolated human liver LDs were stained with Nile red and imagined by fluo-
rescence microscope. Arrow points to a lipid droplet. (B) Silver-stained gel
was used to compare the protein profiles of different subcellular fractions.
(C) Proteins separated by SDS/PAGE were transferred to a PVDF membrane
and immune blotted with indicated antibodies. The primary antibodies of
ADRP, ACSL1, and CGI58 were used to confirm the enrichment of LDs. BIP
(ER-specific marker), Tim23, and COX IV (mitochondrion-specific markers) were
used to represent the indicated organelles. GAPDH was used to exclude con-
tamination of cytosol. PNS, postnuclear supernatant; TM, total membrane.
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dysfunction is associated with the pathogenesis of fatty liver (SI
Appendix, Table S7). To confirm these findings, several proteins
were selected and determined with respect to differences in their
expression between patients with simple steatosis and those with-
out simple steatosis. As shown in Fig. 2B, increased ADRP and
fatty acid synthase (FAS) expression was confirmed in the LD
fractions of patients with simple steatosis, although FAS was also
expressed in other fractions (Fig. 2B). In addition, ADRP and FAS
expression was found to be up-regulated in the fatty livers at both
the mRNA level and the protein level (Fig. 2 C and D).
We then used the STRING 9.0 program to examine the as-

sociation between the identified proteins and the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway database to
define potential functional interactions among control and fatty
liver LD proteins (SI Appendix, Fig. S3A). Among the 35 down-
regulated proteins in fatty livers, we did not detect significant
enrichment in any KEGG pathway. However, for the 54 LD
proteins up-regulated in fatty liver, there was an enrichment in
4 KEGG pathways with P values <0.01 (i.e., retinol metabolism,
metabolism of xenobiotics by cytochrome P450, drug metabo-
lism, and linoleic acid metabolism) (SI Appendix, Table S8). In
the retinol metabolism pathway, 11 enzymes involved were up-
regulated in the LDs of fatty livers (SI Appendix, Fig. S3B).

Up-Regulation of 17β-HSD13 in the LD Fraction of Fatty Liver. Among
the many newly identified LD-associated proteins, 17β-HSD13
was found to be localized in the LD fraction of human fatty liver.
Because our mass spectra results showed 17β-HSD13 to be one
of the most abundant proteins in human liver LDs and the
hydroxysteroid (17β) dehydrogenase family plays an important
role in lipid metabolism, 17β-HSD13 was selected for further
exploration of its role in the pathogenesis of NAFLD. 17β-
HSD13 was highly abundant in mouse livers of both genders (SI
Appendix, Fig. S4A). To confirm its association with LDs, the
LD fractions from human subjects with normal and fatty liver
were loaded with three other subcellular fractions with equal
amount of proteins and separated by SDS/PAGE. As shown in

Fig. 3A, 17β-HSD13 was exclusively present in the LD fractions
and its expression markedly up-regulated in the LD fraction of
fatty liver. To further confirm this finding, Western blot and
immunohistochemistry assays were used to determine the ex-
pression level of 17β-HSD13 and its subcellular localization in
the livers of patients with or without fatty liver. 17β-HSD13
protein expression was significantly up-regulated in fatty livers
(Fig. 3B). It was mainly localized to the surface of LDs (Fig.
3C). This finding was further supported by an immunofluo-
rescence analysis in which Huh7 cells were transfected with the
17β-HSD13–GFP plasmid. As shown in Fig. 3D, 17β-HSD13
was exclusively localized to the surfaces of LDs in Huh7 cells,
supporting the conclusion that 17β-HSD13 is an LD-associated
protein in human liver.

Up-Regulation of 17β-HSD13 in Steatotic Liver of db/db Mice and Mice
Fed with a High-Fat Diet.As the first step in characterizing the role
of 17β-HSD13 in the pathogenesis of NAFLD, we examined its
expression levels in db/db (diabetic) mice, a murine model of
fatty liver and diabetes. Compared with db/m mice without fatty
liver, db/db mice exhibited massive lipid accumulation in the
liver as shown in our previous reports (28, 29). 17β-HSD13 ex-
pression was significantly up-regulated in the liver of db/db mice
(Fig. 4A). Similarly, 17β-HSD13 expression was significantly in-
creased in the livers of mice fed with a high-fat diet (HFD) for
3 mo (Fig. 4B). These findings suggest that 17β-HSD13 may play
an important role in the pathogenesis of fatty liver in mice
as well.

17β-HSD13 Promotes Lipogenesis in Mouse Livers and Cultured
Hepatocytes. To determine the role of 17β-HSD13 in the patho-
genesis of NAFLD, 17β-HSD13 was overexpressed in the livers
of normal C57BL/6 mice via an adenovirus-based approach

Fig. 2. Identification of LD-associated proteins which show altered expres-
sion in NAFLD livers versus control livers. (A) Equal protein loads of pooled
LD fractions isolated from human livers with or without NAFLD were sepa-
rated by SDS/PAGE and silver stained. The arrows indicate the bands se-
lected, excised from the gel, and processed for 2D LC-MS/MS analyses. (B)
Western blot analysis confirms up-regulation of ADRP and FAS in LD fraction
of NAFLD shown in SI Appendix, Table S7. Silver staining served as an even
loading control. (C) Real-time PCR analysis reveals that ADRP and FAS mRNA
levels were significantly up-regulated. n = 7, *P < 0.05 vs. controls. β-Actin
was used as an internal control. (D) Western blot assay of ADRP and FAS
protein expression levels using whole-tissue lysates of control and fatty liv-
ers. eIF5 was used as an internal control.

Fig. 3. LD surface localization of 17β-HSD13 in human liver and cultured
hepatocytes. (A) Western blot analysis showing that 17β-HSD13 was mark-
edly up-regulated in LD fraction of NAFLD. Silver staining served as an even
loading control. (B) Immunoblot assay using whole liver lysates demon-
strating that 17β-HSD13 was significantly up-regulated in fatty livers. (C)
Immunostaining of 17β-HSD13 showing that 17β-HSD13 was localized at the
surface of LDs in human livers. Note: More intense staining of 17β-HSD13 in
fatty liver than control liver. (D) LD surface localization of GFP-tagged 17β-
HSD13 (17β-HSD13–GFP) in Huh7 cells. Green: 17β-HSD13-GFP; Mauve:
LipidTOX Deep Red; Blue: DAPI. (Scale bar, 1 μm.)
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(SI Appendix, Fig. S4 B and C). As shown in Fig. 4C, hepatic
overexpression of 17β-HSD13 for 4 d markedly induced neutral
lipid accumulation as assessed by morphological examination
and Oil red O staining. Enhanced lipogenesis was further con-
firmed by the finding that hepatic TG contents were significantly
increased in the livers with 17β-HSD13 overexpression (Fig. 4D).
However, hepatic overexpression of 17β-HSD13 had little effect
on plasma TG and cholesterol (CHO) levels (SI Appendix, Fig.
S4D). To elucidate the underlying mechanisms, we measured
expression levels of genes involved in lipogenesis by Western blot
and found that mature sterol regulatory element-binding protein 1
(SREBP-1) levels were significantly increased in mouse livers with
17β-HSD13 overexpression (Fig. 4 E and F). Consistently, expres-
sion of FAS, a target gene of SREBP-1, was also significantly up-
regulated following 17β-HSD13 overexpression using adenovirus
infection. However, SCD1 expression level was reduced (Fig. 4 E
and F). The genes involved in fatty acid β-oxidation showed no
change or a slight decrease in expression levels.
To further confirm the lipogenic effect of 17β-HSD13 in the

liver, HepG2 cells were transfected with pEGFP-N1 plasmid or
17β-HSD13–EGFP fusion protein. As shown in SI Appendix, Fig.
S5A, overexpression of 17β-HSD13 significantly increased the
number and size of LDs. Similar changes were observed in Huh7
cells, another human hepatocyte cell line (SI Appendix, Fig. S5 B
and C), suggesting that lipogenesis was markedly enhanced.

Discussion
NAFLD is becoming a major chronic liver disorder that affects
at least 10% of the general population worldwide (30). Although
NAFLD is considered a complicated disease resulting from the
interaction of environmental factors and a susceptible polygenic
background, the underlying mechanisms remain largely unchar-
acterized. To our knowledge, the present study has, for the first
time, established a database of the LD-associated proteins of
normal human livers using a proteomic approach. By comparing
protein expression profiles, 89 differentially displayed proteins
were identified in the LDs of NAFLD patients. Among these
proteins, 17β-HSD13 was found to be a most abundant novel LD-
associated protein, which is significantly up-regulated in NAFLD
livers. 17β-HSD13 expression was also markedly increased in the

livers of db/db mice and HFD-fed mice. Overexpression of 17β-
HSD13 in the livers of C57BL/6 mice and cultured hepatocyte
lines resulted in significantly increased lipogenesis and an increase
in the number and size of LDs, respectively. Enhanced lipogenesis
in the liver was found to be associated with increased activity of
SREBP-1 and its downstream target gene FAS. Collectively, these
findings suggest 17β-HSD13 as an LD-associated protein that may
play an important role in the pathogenesis of NAFLD.
The present study identified 148 LD-associated proteins from

three normal human livers. As expected, the perilipin family of
proteins including ADRP, TIP47, and S3-12 were found in the
LDs of human livers. Our study provides direct evidence that
perilipin is expressed on the surface of LDs of normal human
livers, which may play an important role in the pathogenesis of
NAFLD. In support of this finding, the expression levels of
perilipin, as well as ADRP and TIP47, have been found to be
significantly up-regulated in the livers of patients with NAFLD,
supporting the possibility that enhanced expression of the per-
ilipin family members contributes to hepatic ectopic lipid accu-
mulation and the increased number of LDs in fatty liver (31–33).
The present study also identified FAS as an LD-associated

protein. FAS catalyzes the biosynthesis of saturated fatty acids
and has been thought to be a soluble protein in the cytoplasm.
The finding of FAS in LD proteome indicates that FAS may be
associated with LDs. Increased expression of FAS in hepatic LDs
of patients with NAFLD suggests that FAS may act on the surface
of LDs to increase fatty acid synthesis and promote the devel-
opment of NAFLD. In addition, we also found that the retinoid
metabolism pathway was enhanced in the livers of patients with
NAFLD. More than 90% of total body retinol is stored in liver
stellate cells with unknown function. Given the pathogenic role
of oxidative stress in NAFLD and the potent antioxidant effect
of vitamin A, it is possible that the retinoic acid metabolism
pathway may play a hepatoprotective role in the pathogenesis of
NFALD (34).
Among many proteins in NAFLD, 17β-HSD13 was identified

as a new LD-associated protein (20). It was first cloned from
a human liver cDNA library in 2007, and originally named short-
chain dehydrogenase/reductase 9 (SCDR9). In the present study,
we found that 17β-HSD13 was among one of the most abundantly

Fig. 4. 17β-HSD13 enhanced lipogenesis in mouse
liver. (A and B) db/db mice and mice fed with a HFD,
two murine fatty liver models, were used to examine
17β-HSD13 expression levels. (A) Western blot analysis
of 17β-HSD13 protein expression levels in db/m and
db/db mice. (B) Immunoblot analysis of 17β-HSD13
protein expression levels in normal diet and HFD-fed
mice. (C) Hepatic overexpression of 17β-HSD13 via tail-
vein administration of adenoviruses encoding 17β-
HSD13 for 4 d resulted in a fatty liver phenotype as
assessed by morphological examination (Upper) and
Oil red O staining (Lower, magnification: 1,000×).
Adenovirus expressing GFP (Ad-GFP) was used as a
control. (D) Liver TG and CHO levels were tested 4 d
after the adenovirus injection. Hepatic overexpression
significantly increased liver TG and CHO contents. *P <
0.05 vs. Ad-GFP, n = 5. (E) Western blot analysis of
protein involved in lipogenesis, including SREBP-1, FAS,
and SCD1. (F) Quantitative analysis of 17β-HSD13 and
the protein expression levels shown in C. *P < 0.05 and
**P < 0.01 vs. Ad-GFP, n = 5.
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expressed LD proteins specifically localized on the surface of LDs,
and its level was up-regulated in the livers of patients and mice
with NAFLD. Overexpression of 17β-HSD13 resulted in an in-
crease in the number and size of LDs, whereas gene silencing of
17β-HSD13 attenuated oleic acid-induced LD formation in
cultured hepatocytes (data not shown). Consistently, hepatic
overexpression of 17β-HSD13 in C57BL/6 mice significantly
increased lipogenesis and TG contents in the livers, leading to
a fatty liver phenotype possibly because of enhanced SREBP1
transcription activity. These findings demonstrate that 17β-
HSD13 is a novel LD-associated protein, which may play an
important role in the pathogenesis of NAFLD.
The family of 17β-HSDs consists of 14 enzymes responsible for

reduction or oxidation of sex hormones, fatty acids, and bile acids
in vivo (35). These enzymes differ in tissue distribution, subcellular
localization, catalytic preference, and have diverse substrate spe-
cificities as they also catalyze the conversions of other substrates
than steroids, as for example lipids and retinoids (36). To date, the
function of 17β-HSD13 remains unknown. However, some of the
17β-HSD family members, including 17β-HSD-4, -7, -10, and -12,
have been shown to participate in CHO and fatty acid metabolism,
suggesting that 17β-HSD13 might also play a role in lipid meta-
bolic pathways. A recent study reported that hepatic up-regulation
of 17β-HSD13 was observed in patients with fatty liver, which is
consistent with our findings and further supports a role of this
enzyme in the pathogenesis of NAFLD (37).
In conclusion, we identified 148 LD-associated proteins in

normal human livers. For 89 differentially expressed proteins,
the PAT (perilipin, adipophilin, and TIP47) family members,
FAS, and enzymes involved in retinoic acid metabolism were
up-regulated in the livers of patients with NAFLD. In addition,
17β-HSD13 was identified as a novel LD-associated protein
that may play an important role in the pathogenesis of NAFLD
and represents a potential therapeutic target for the treatment
of fatty liver.

Materials and Methods
Human Samples. Clinical information and liver samples from patients were
obtained after approval by the Ethical Committee on Human Research of the
participating hospitals and with patient consent. NAFLD was diagnosed ac-
cording to the guidelines of the American Association for the Study of Liver
Diseases (38). Because the severity of NAFLD among the patients ranged
from relatively benign simple steatosis to progressive nonalcoholic steato-
hepatitis and fibrosis, the liver histology of patients with NAFLD (steatosis on
biopsy and compatible clinical features in the absence of an alcohol intake
greater than 20 g/d) was staged according to the Brunt scoring system by
a board-certified pathologist at the Department of Pathology at Peking
University Health Science Center (39). Patients with other known causes of
liver disease, including hepatitis B surface antigen or hepatitis C virus posi-
tivity, granulomatous liver disease, hereditary hemochromatosis, and known
use of methotrexate, tamoxifen, or corticosteroids were excluded from this
analysis. Liver samples were obtained from 21 patients who were admitted
to Peking University First Hospital and Peking University People’s Hospital
for the diagnosis and treatment of hepatic diseases. All 21 cases were sub-
jected to liver biopsies during surgery. A portion of each liver was removed
and some of it used for LD isolation. The remaining parts of the removed
liver tissue were fixed in 4% (wt/vol) PFA, embedded in paraffin, or flash-
frozen in liquid nitrogen for RNA and protein analyses.

Histopathologic evaluation was performed using H&E staining, Oil red O
staining, and Masson staining methods. Only those patients who exhibited
at least 5% steatosis, without obvious inflammation, fibrosis [stage 3 (septal/
bridging)] or cirrhosis (stage 4 fibrosis) were included in the present study.
All 21 cases were evaluated histologically, with 12 cases of simple steatosis
and 9 without steatosis being diagnosed.

Purification of LDs. LDs were purified using amodification of themethod used
by Liu et al. (15, 16). We collected liver samples from patients with or without
simple fatty liver and put them into ice-cold PBS containing 0.2 mM PMSF.
Then, all of the tissue samples were transferred to 10 mL buffer A (25 mM
tricine, pH 7.6, 250 mM sucrose) plus 0.2 mM PMSF and homogenized with
a Dounce type glass-Teflon homogenizer on ice 10 times. The PNS fraction

was obtained by centrifugation of the liver homogenate at 3,000 × g for
10 min. Next, 10 mL PNS was loaded into an SW40 Ti tube and 2 mL Buffer B
(20 mM Hepes, pH 7.4, 100 mM KCl, and 2 mM MgCl2) was carefully loaded
on top. The samples were then centrifuged at 12,628 × g for 20 min at 4 °C.
The white band containing LDs at the top of the gradients was collected in
1.5-mL EP tubes and centrifuged at 14,000 × g for 5 min. After carefully
removing the underlying solution, LDs were gently resuspended in 200 μL of
buffer B. This procedure was repeated four times.

In-Solution Digestion and 2D LC-MS/MS Analysis. The LD proteomic analysis
was carried out based on a previously reported method (40). Briefly, the LD
protein pellet was dissolved in 20 μL of freshly prepared 8 M urea, reduced
with 10 mM DTT at 56 °C for 1 h, and treated with 40 mM iodoacetamide in
the dark for 45 min to block the sulfhydryl groups. Trypsin was added to
a ratio of 1:10 (1:20–40 for silver staining) relative to total protein content
and the sample was incubated at 37 °C overnight. After 12 h, FA (Formic
acid) was added to end the digestion. The sample was dried by speed-
vacuum. Additional FA was added to dissolve the sample. The tryptic peptide
mixtures were analyzed using a 2D-HPLC system coupled to a linear ion trap
mass spectrometer LTQ ion trap (Thermo Fishier Scientific). MS/MS data were
analyzed using the SEQUEST algorithm (v2.8) against the National Center
for Biotechnology Information Refseq human database that was released on
Jan. 3, 2011. The database was reversed and attached to estimate the false-
discovery rate. All searches were performed using a precursor mass tolerance
of 3 Da calculated using average isotopic masses. The SEQUEST outputs were
then analyzed using the commercial software BioWorks (Rev.3.3.1) from
Thermo Electron. The filter settings for peptides were as follows: XCorr ≥ 1.5
(+1 ions), 2.0 (+2 ions), 2.5 (+3 ions); Delta CN ≥ 0.08; Sp ≥ 500; Rsp ≤ 5.

Animal Studies. Eight-week-old male C57BL/6 mice (Jackson Laboratory) were
used to determine the tissue distribution of 17β-HSD13 and for hepatic over-
expression of 17β-HSD13 via tail-vein injection of adenoviruses expressing 17β-
HSD13 with the dose of 1.0 × 109 pfu per mouse. C57BL/6 mice fed on a control
or a HFD [Diet #MD45%fat and #MD10%fat (Medicience)] for 3 mo were used
to determine 17β-HSD13 expression in fatty liver (41). Eight- to 12-wk-old
male insulin-resistant db/db mice on a C57BKS background and age- and sex-
matched db/m mice were used to determine 17β-HSD13 expression in the
livers. All procedures were approved by the Institutional Animal Care and Use
Committee of Peking University Health Science Center.

Measurement of Hepatic and Serum TG and CHO Content. Total TG and CHOwere
extracted frommouse liver andquantitatedbyuse of TGandCHOassaykits (42).
Serum samples were obtained from mice for TG and CHO measurements.

Immunohistochemistry. The immunohistochemistry study was performed as
previously described (43). For 17β-HSD13 immunohistochemistry, paraffin-
embedded sections were deparaffinized, rehydrated, blocked with 3% H2O2

in H2O for 8 min, and incubated with 1% BSA in PBS for 20 min. The sections
were then incubated overnight at 4 °C with a rabbit anti-human 17β-HSD13
primary antibody (Abcam, ab122036) with a dilution ratio of 1:200 in 1%
BSA. After rinsing three times for 3 min in PBS, HRP-conjugated secondary
antibody (goat anti-rabbit IgG, pv-6001; ZSGB-Bio) was applied for 20 min at
room temperature. The samples were then treated with a DAB chromogen
reagent (pv-6001) until the sections were developed. Hematoxylin was used
to stain the nucleus. Images were captured in an Olympus microscope.

Construction of a Human 17β-HSD13-GFP Fusion Protein. A full-length 17β-
HSD13 cDNA was amplified by PCR using total human liver cDNA and the
primers 5′-atgaacatcatcctagaaatcc-3′ (with XhoI site) and 5′-tcaatggtgatgg-
tgatgatgtttcattttgattttgt-3′(with KpnI site) and cloned into the pEGFP-N1
plasmid, which was predigested with XhoI and KpnI. The resulting plasmid
was named the17β-HSD13-GFP plasmid.

Confocal Microscopy. Using the Lipofectamine 2000 transfection reagent
(Invitrogen), cultivated Huh7 cells were transfected with the 17β-HSD13–GFP
plasmid for 24 h before immunofluorescence analysis. Cells were fixed in
4% PFA, permeabilized with 0.1% Triton X-100, and labeled with primary
antibodies. Nile red (Sigma Chemical) was then added in a 1/1,000 (vol/vol)
ratio and incubated for an additional 15 min before being mounted with
coverslips.

Construction of an Adenovirus Containing a Full-Length Human 17β-HSD13. A
recombinant adenovirus driving the expression of human 17β-HSD13 was
constructed using a modified form of the method used by Luo et al. (29). A
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full-length 17β-HSD13 cDNA fragment was amplified by PCR and subcloned
into a pAdTrack-CMV shuttle vector. The PmeI-digested vector was used for
transformation into AdEasy BJ5183 cells. Correct recombination of the
resulting viral vector was confirmed by restriction digestions. Finally, the
PacI-digested viral DNA was transfected into human embryonic kidney 293
cells for virus (Ad-17β13) production and amplification.

Transmission Electron Microscopy. Human liver samples were examined with
transmission electron microscopy using ultrathin sectioning. The liver sample
was prefixed in 2.5% (wt/vol) glutaraldehyde in PBS (pH 7.4) for 2 d at 4 °C.
Dehydration was carried out in an ascending concentration series of ethanol
at room temperature. Then samples were embedded in Spurr’s resin. Ul-
trathin sections were viewed in an electron microscope (Japan, JEM-1230).

Bioinformatics Analysis. STRING 9.0 (http://string.embl.de/), Gene ontology
database (http://geneontology.org/), and KEGG (www.genome.jp/kegg) were

used for protein interaction, biological function, and pathway analysis,
respectively.

Statistical Analysis. Quantitative variables are expressed as mean and SD.
Comparisons between groups were performed using Pearson χ2, Wilcoxon or
Student t tests, as appropriate. Statistical analyses were performed using
Prism 5.0.
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