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Abstract Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease world-

wide and macrophage polarization plays an important role in its pathogenesis. However, which molecule

regulates macrophage polarization in NAFLD remains unclear. Herein, we showed NAFLD mice exhib-

ited increased 17b-hydroxysteroid dehydrogenase type 7 (17b-HSD7) expression in hepatic macrophages

concomitantly with elevated M1 polarization. Single-cell RNA sequencing on hepatic non-parenchymal

cells isolated from wild-type littermates and macrophage-17b-HSD7 knockout mice fed with high fat diet

(HFD) for 6 weeks revealed that lipid metabolism pathways were notably changed. Furthermore, 17b-

HSD7 deficiency in macrophages attenuated HFD-induced hepatic steatosis, insulin resistance and liver

injury. Mechanistically, 17b-HSD7 triggered NLRP3 inflammasome activation by increasing free choles-

terol content, thereby promoting M1 polarization of macrophages and the secretion of pro-inflammatory

cytokines. In addition, to help demonstrate that 17b-HSD7 is a potential drug target for NAFLD, fenre-

tinide was screened out from an FDA-approved drug library based on its 17b-HSD7 dehydrogenase inhib-

itory activity. Fenretinide dose-dependently abrogated macrophage polarization and pro-inflammatory

cytokines production, and subsequently inhibited fat deposition in hepatocytes co-cultured with macro-

phages. In conclusion, our findings suggest that blockade of 17b-HSD7 signaling by fenretinide would

be a drug repurposing strategy for NAFLD treatment.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) refers to a group of
conditions characterized by excessive fat accumulation in the
liver, ranging from simple hepatic steatosis (NAFL) to nonalco-
holic steatohepatitis (NASH), an aggressive histological form,
ultimately leading to advanced fibrosis and cirrhosis1. At present,
the prevalence of NAFLD is approximately 25% and projected to
rise rapidly up to 56% over the next decade due to the worldwide
obesity epidemic2. However, there are no approved pharmaco-
logical agents for NAFLD, and the available treatments only aim
to control associated conditions, which are far from satisfactory3.
Therefore, a better understanding of the pathophysiology of
NAFLD and the identification of novel druggable targets, are of
the utmost importance.

The widely accepted pathogenesis of NAFLD is the ‘two-hit
theory’. Steatosis represents the ‘first hit’ of the liver, and in the
‘second hit’, steatosis advances into steatohepatitis, which addi-
tionally includes inflammation and oxidative stress. Actually, it
has been documented that inflammation may also promote stea-
tosis4, suggesting a complex interaction between lipid metabolic
disturbance and inflammation. Therefore, exploring the key mol-
ecules that connect inflammation and steatosis may provide new
targets for inhibiting the progression of NAFL to NASH. As the
most abundant and important innate immune cell group in the
liver, hepatic macrophages can differentiate into pro-inflammatory
macrophage phenotype M1 and anti-inflammatory macrophage
phenotype M2 according to hepatic microenvironment5,6. M1
macrophages play a critical role in triggering the liver inflam-
matory response in NAFLD by secreting pro-inflammatory cyto-
kines7. In contrast, M2 macrophages promote the resolution of
inflammation in NAFLD8. It has been reported that pro-
inflammatory cytokines, including tumor necrosis factor-a
(TNF-a) and interleukin-1b (IL-1b), could promote insulin
resistance (IR) and the dysfunction of lipid metabolism in the
liver9e11. Meanwhile, anti-inflammatory cytokines secreted by
M2 macrophages could promote lipolytic events and inhibit
lipogenic enzymes in the liver12. These indicate that molecules
regulating macrophage polarization have effects both on lipid
metabolism and inflammation in the liver and may serve as
important mediators driving NAFL to NASH. However, how
macrophage polarization is regulated in the context of NAFLD
pathophysiology needs to be further elucidated.

It was reported that cholesterol synthesis pathways were up-
regulated in the macrophages of mice with metabolic dis-
eases13e15. Another study showed that macrophages isolated from
the liver of NAFLD mice were rich with free cholesterol16.
Therefore, cholesterol synthesis-related molecules may mediate
macrophage polarization, in turn be targets for NAFLD treatment.
17b-hydroxysteroid dehydrogenase type 7 (17b-HSD7) is encoded
by Hsd17b7, which can catalyze the conversion of zymosterone to
zymostero, participating in the biosynthesis of cholesterol17. More
importantly, Jokela et al.18 found that Hsd17b7 depletion-induced
decreased cholesterol could not be efficiently compensated by
other cholesterol biosynthetic enzymes, indicating that 17b-HSD7
is irreplaceable for cholesterol synthesis and suggesting a possible
involvement of 17b-HSD7 in modulating macrophage polariza-
tion. In addition, researches showed that 17b-HSD7 was highly
expressed in the livers of humans and mice19,20. However, the
potential role of 17b-HSD7 in liver-related diseases has rarely
been reported. Based on the BioGPS gene expressing database, we
noticed that Hsd17b7 was highly expressed in macrophages, and
the inflammatory stimulation of bone marrow-derived macro-
phages (BMDMs) by lipopolysaccharide (LPS) increased
Hsd17b7 mRNA expression (Supporting Information Fig. S1).
These led us to test the hypothesis that 17b-HSD7 could be
involved in macrophage polarization and NAFLD development
and targeting 17b-HSD7 might ameliorate NAFLD.

In this study, we reported that 17b-HSD7 expression was
significantly increased in macrophages concomitantly with
elevated hepatic M1 polarization in HFD-fed mice. Moreover,
knockout of Hsd17b7 in macrophages attenuated HFD-induced
NAFLD and M1 polarization relying on decreasing free choles-
terol content. Furthermore, fenretinide, showing inhibitory effect
on 17b-HSD7 dehydrogenase, decreased hepatocytes lipid accu-
mulation through inhibiting M1 polarization. Our results suggest
that 17b-HSD7 acts as a novel regulator of macrophage polari-
zation and inhibition of 17b-HSD7 by fenretinide may represent a
drug repurposing strategy for NAFLD treatment.

2. Materials and methods

2.1. Reagents

Anti-F4/80-FITC, anti-CD206-APC and anti-CD11c-PE were
obtained from Biolegend (San Diego, CA, USA). Anti-17b-HSD7
and anti-F4/80 were purchased from Santa Cruz (Santa Cruz,
USA). Anti-CD11c and intracellular fixation kit and per-
meabilization buffer set were purchased from eBioscience (San
Diego, CA, USA). Alexa Fluor 647-conjugated AffiniPure goat
anti-Armenian hamster IgG was purchased from Jackson Immu-
noresearch (West Grove, PA, USA) and Alexa Fluor 488-
conjugated donkey anti rat IgG was purchased from Antgene
(Wuhan, China). Anti-b-tubulin was purchased from Biopm
(Wuhan, China). Goat anti-mouse IgG/PE antibody was pur-
chased from Bioss (Beijing, China). U.S. Food and Drug
Administration (FDA)-approved drug library, fenretinide (purity
>99%) and hydralazine HCl (purity >99%) were purchased from
Selleckchem (Houston, TX, USA). Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), non-esterified fatty
acids (NEFA), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), total cholesterol (TC)
and triglyceride (TG) biochemical kits were purchased from
Jiancheng Biotech (Nanjing, China). Tumor necrosis factor-a
(TNF-a), interleukins-1b (IL-1b), interleukins-10 (IL-10) and
transforming growth factor-b (TGF-b) ELISA kits were pur-
chased from MultiSciences (Hangzhou, China). Oleic acid (OA)
was purchased from Aladdin (Shanghai, China). Dnase I and Oil
Red O staining were purchased from Solarbio (Beijing, China).
LPS, D-Hanks and Hanks balanced salt solution, red cell lysis
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buffer, collagenase IV, hematoxylin and imidazole were pur-
chased from Biosharp (Hefei, China). Nickel-nitrilotriacetic (Ni-
NTA) agarose column was purchased from Smart-Lifesciences
(Changzhou, China).

2.2. Animal treatment

Wild-type (WT) C57BL/6J mice were obtained from the Exper-
imental Center of Hubei Medical Scientific Academy (No. 2015-
0018, Wuhan, China). Hsd17b7fl/fl and Lyz2-Cre mice were both
acquired from Gem Pharmatech Co., Ltd. (Nanjing, China). To
generate macrophage-specific Hsd17b7 knockout mice,
Hsd17b7fl/fl mice were crossed with Lyz2-Cre mice, producing
Lyz2-Creþ;Hsd17b7fl/e mice, which were subsequently crossed
with Hsd17b7fl/fl to generate Lyz2-Creþ Hsd17b7fl/fl (cKO) mice.
The genotype of the mice was determined by PCR using tail
tissues. The primer sequences used for genotyping are listed in
Supporting Information Table S1. Western blot was used for
verification at the protein level. Male cKO mice and WT litter-
mates (7e8 weeks of age) were fed with normal chow diet (NCD,
11.9% kal fat), high-fat diet (HFD, 60% kal fat) or methionine-
and choline-deficient diet (MCD) for 2, 4 and 6 weeks. Mice were
bred at the Center for Animal Experiment of Wuhan University
(Wuhan, China), which has been accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care Inter-
national (AAALAC International). Animals were maintained on a
12 h light/dark cycle at 23 � 1 �C with free access to food and
water ad libitum. The protocols were approved by the Committee
on the Ethics of Animal Experiments at Wuhan University School
of Basic Medical Sciences. All animal experiment procedures
were performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals of the Chinese Animal Welfare
Committee and the International Council on Research Animal
Care.

2.3. Glucose and insulin tolerance testing (GTT and ITT)

For the GTT, mice were fasted overnight from 6:00 pm to 9:00
am, followed by an intraperitoneal injection of 1 g/kg glucose. For
the ITT, mice were fasted from 8:00 am to 13:00 pm, followed by
an intraperitoneal injection of 0.75 units/kg insulin. Blood from
the tail vein was obtained before (0 min) and at 15, 30, 60 and
120 min after the injection to determine blood glucose using a
glucometer (Roche, Mannheim, Germany).

Plotted with the blood sugar time curve, and calculate area
under the curve (AUC), using the Tai’s equation21:

AUCZ
1

2

Xn

iZ1

xi�1ðyi�1 þ yiÞ ð1Þ

2.4. Histopathological analysis

Mouse liver samples were fixed in 4% paraformaldehyde,
embedded in paraffin and cut into sections of 4-mm thickness. The
paraffin-embedded liver sections were stained with
hematoxylineeosin (H&E) or Periodic Acid-Schiff (PAS) to
evaluate histological changes22. Frozen sections were prepared
from liver tissue frozen in OCT media and sliced into 5-mm
thickness. Oil Red O staining was used to assess lipid accumu-
lation in the liver. At least 3 liver sections were included in each
group.
2.5. Immunofluorescence (IF) staining of liver sections

The paraffin-embedded liver sections were deparaffinized, rehy-
drated and further proceed with antigen retrieval. After blocking
with 5% BSA to prevent non-specific staining, the slides were
incubated with anti-rat F4/80 (1:50) and anti-Armenian hamster
CD11c (1:50) primary antibodies overnight at 4 �C. Alexa Fluor
488-conjugated donkey anti rat IgG (1:100) and Alexa Fluor 647-
conjugated AffiniPure goat anti-Armenian hamster IgG (1:100)
secondary antibodies were added to the sections to visualize the
staining. DAPI was used for nuclear staining. Immunofluores-
cence images were acquired using a Leica-LCS-SP8-STED
confocal laser-scanning microscope with 63� oil objective
(Leica, Germany).

2.6. Enzyme-linked immunosorbent assay (ELISA)

The levels of TNF-a, IL-1b, IL-10 and TGF-b in the livers were
detected using ELISA kits according to the manufacturer’s
instructions.

2.7. Biochemical analysis

The activity of serum ALT and AST, LDL-C, HDL-C, TC, TG,
NEFA levels and hepatic TC, TG and NEFA levels were detected
by biochemical kits according to the manufacturer’s instructions.

2.8. Flow cytometry

To prepare non-parenchymal cells from mouse liver, mice were
anesthetized with 0.1 mL of 1% pentobarbital and the livers were
perfused with 20 mL of pre-perfusion solution (D-Hanks solution
containing 0.5% phosphatase inhibitor) and 20 mL of post-
perfusion solution (Hanks solution containing 0.5% phosphatase
inhibitor, 1% BSA, 0.05% collagenase IV, and 0.002% Dnase I)
from the inferior vena cava at a flow rate of 5 mL/min. Then, the
liver tissues were minced after the gall bladders were removed.
Subsequently, the cell suspensions were got through the 200-mesh
filter screen and centrifugated at 50 � g for 5 min to remove
hepatocytes. The supernatant cells were collected by centrifuga-
tion at 400 � g for 5 min and then the red blood cells were
cracked with red cell lysis buffer. Finally, hepatic non-
parenchymal cells were obtained by centrifugation at 400 � g
for 5 min at 4 �C.

The cells were subsequently stained with fluorochrome-
conjugated antibodies for flow cytometry analysis. The hepatic
non-parenchymal cells were stained with 100 mL of surface
antibody cocktail (anti-mouse F4/80-FITC, CD11c-PE and
CD206-APC) for 30 min at 4 �C to analyze macrophage
polarization.

For intracellular staining of 17b-HSD7, the cells were stained
with surface antibodies (anti-mouse F4/80-FITC) for 30 min at
4 �C. After fixation and permeabilization for 30 min at RT, the
cells were blocked for 1 h at RT with PBS containing 5% BSA.
Then the cells were incubated with anti-mouse 17b-HSD7 anti-
body for 1.5 h and goat anti-mouse IgG/PE antibody for 1.5 h at
RT.

For the detection of free cholesterol in macrophages, the cells
were stained with surface antibodies (anti-mouse F4/80-FITC) for
30 min at 4 �C. After fixation and permeabilization for 30 min at
RT, the cells were stained with Filipin III for 30 min at RT to
analyze free cholesterol content in the macrophages. Data were
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acquired with a flow cytometer (BD FACS Aria III, BD) using
FASC Diva software. All analysis was performed using FlowJo
software (v10.0.7).

2.9. Single-cell RNA sequencing (scRNA-seq) and data analysis

scRNA-seq was done on hepatic non-parenchymal cells isolated
from WT and cKO mice fed with HFD for 6 weeks by Novogene
(Beijing, China). Hepatic non-parenchymal cells were prepared as
described in 2.8 and subjected to scRNA-seq analysis using
10� Genomics Chromium Single-Cell 30 according to the man-
ufacturer’s instructions. Alignment, aggregation and analysis of
single-cell data sets were performed in RStudio (v1.4.1717).

2.10. Cell culture

Murine macrophage RAW 264.7, HEK293T cells and L929 cells
were cultured in DMEM (HyClone, Logan, UT, USA) supple-
mented with 10% FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin at 37 �C with 5% CO2. Murine hepatocytes AML-12
were cultured in DMEM/F12 (HyClone, Logan, UT, USA) sup-
plemented with 10% FBS, ITS (5 mg/mL of insulin, 5 mg/mL of
transferrin and 5 ng/mL of selenium) and 40 ng/mL dexametha-
sone. RAW 264.7 cells were treated with 100 ng/mL LPS þ
250 mmol/L OA þ 125 mmol/L PA (LOP) for 12 h in vitro, which
are the main stimulating factors of hepatic macrophages in
NAFLD.

Bone marrow cells were isolated from the femur and tibia of
cKO mice and WT mice. The marrow from bones was flushed
using PBS. Bone marrow cells were cultured in DMEM medium
supplemented with 10% FBS and 20% L929 supernatant to
differentiate them into bone marrow-derived macrophages
(BMDMs). On Day 7, all adherent cells became mature
macrophages.

Primary hepatocytes were isolated from WT mice. In situ liver
perfusion was performed with ethylene glycol tetraacetic acid
(EGTA) buffer followed by collagenase IV digestion. After
digestion, the liver cell suspension was then centrifugated at 50 �
g for 5 min at 4 �C. Cell viability was confirmed by trypan blue
exclusion.

For co-culture study, the BMDMs (from cKO or WT mice) or
RAW 264.7 (shControl or shHsd17b7) were treated with LOP
for 12 h, then cultured for 24 h after changing the medium
without LOP. The supernatants were then collected and added
into hepatocytes from WT mice or AML-12 to build a co-
cultured system. Finally, hepatocytes were treated with OA
and stained with Oil Red O to observe the lipid accumulation,
and stained lipids were extracted and quantified by measuring
absorbance at 570 nm. TG content was then detected in hepa-
tocytes for quantitative analysis.

2.11. Lentivirus transfection

The Hsd17b7 interference plasmid Lv-shRNA-EGP/Hsd17b7 and
negative control plasmid Lv-shRNA-EGP/NMC were purchased
from Longqian Biotech (Shanghai, China). To generate Hsd17b7
knockdown RAW 264.7 cells, lentivirus vector was transfected
into HEK293T cells with helper plasmids and a transfection re-
agent (Invitrogen, Carlsbad, California, USA). Lentivirus super-
natant was harvested 24 and 52 h after transfection and cleared by
a 0.45 mm filter, which was then used to infect RAW 264.7 cells.
Stable cell pools were selected with puromycin for 1 week. The
shRNA sequences used in this study are listed in Supporting In-
formation Table S1.

2.12. RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using RNAiso Plus reagent,
and 1 mg of RNA was reverse transcribed into complementary
DNA using a reverse transcriptase kit (TaKaRa, Kyoto, Japan)
according to the manufacturer’s protocol. The expressions of
indicated genes were estimated by a real-time PCR system
(CXF96, Bio-Rad, USA) using SYBR Green with Gapdh as an
internal gene, and the genes were analyzed using the DDCT. The
primer sequences used in this study are listed in Supporting In-
formation Table S1.

2.13. Western blot

Cells were collected and lysed using lysis buffer and quantified by
BCA assay. The protein lysates were separated by 12% SDS-
PAGE and subsequently electrotransferred onto a polyvinylidene
difluoride membrane (Millipore, Bedford, MA). The membrane
was blocked with 5% nonfat milk for 2 h at RT. The blocked
membrane was incubated with primary antibody 17b-HSD7
(1:1000), and b-tubulin (1:10,000) was used as the loading control
overnight, followed by horseradish peroxidase (HRP)-conjugated
secondary antibody (1:10,000) at room temperature for 1 h. Pro-
tein bands were visualized by a gel imaging analyzer (Peiqing,
Shanghai, China).

2.14. Enzyme purification and activity assay of 17b-HSD7

pET-21b modified plasmid coding for mouse Hsd17b7 with
6 � His tag on C-terminal was transformed into Escherichia coli
BL21. Transformed E. coli cells were first incubated in
LuriaeBertani (LB) liquid medium for 3 h supplemented with
ampicillin (0.1 mg/mL) at 150 rpm, 37 �C using an incubator
shaker (Jinchengguosheng, Jintan, China). To express 17b-HSD7-
His, IPTG (0.2 mmol/L) was added to cell suspension when
OD600 Z 0.6. After 5 h of incubation, cells were harvested at 4000
� g for 20 min; the resulted pellet was resuspended in lysis buffer,
and then disrupted on ice with a sonicator for 30 min. The cell
debris was separated from the supernatant by centrifugation
(10,000 � g for 30 min) and the resulted supernatant was further
loaded on a nickel-nitrilotriacetic (Ni-NTA) agarose column for
the purification of 17b-HSD7 protein. Protein was eluted in
different gradient concentrations of elution buffer (50, 100, 150,
and 250 mmol/L imidazole), and the purified protein was stored at
�20 �C until use.

The 17b-HSD7 dehydrogenase activity reactions were per-
formed in 96-well plate, containing 0.12 mmol/L estrone,
1.8 mg/mL 17b-HSD7 protein, 0.4 mmol/L NADPH and PBS
(pH Z 7.5). The tested drugs were incubated into plate, and
DMSO or water were incubated as control. After 30 min of
incubation at 37 �C, the enzyme activity of 17b-HSD7 was
measured by the change of absorbance at 340 nm of NADPH
with a microplate reader (BioTek, USA).

2.15. Statistical analysis

Data are presented as the mean � standard deviation (SD). Dif-
ferences between two groups were compared using a t-test, and
differences among multiple groups were analyzed with one-way
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ANOVA followed by Dunnett’s test. P < 0.05 is considered as
statistical significance. Data were analyzed using SPSS 17 (SPSS
Science) and Prism 7.0 (GraphPad Software).

3. Results

3.1. Hepatic macrophage 17b-HSD7 expression is significantly
increased concomitantly with M1 polarization in HFD-fed mice

To address the relevance of macrophage 17b-HSD7 and NAFLD,
the mice were fed with HFD for 2, 4 and 6 weeks gradually
developing into NAFLD. The body weight of the HFD mice was
higher than that of the control group (Fig. 1A). In terms of H&E
staining, the hepatocytes in the control group were arranged
closely and regularly, while the hepatocytes were swollen and
irregular in HFD mice fed for 4 and 6 weeks (Fig. 1B). We also
detected the lipid contents in the liver by Oil Red O staining and
the results showed that compared with the control group, there
were excessive lipid droplets in hepatocytes of HFD mice fed for 4
and 6 weeks (Fig. 1C). Furthermore, we examined the expression
of 17b-HSD7 in hepatic macrophages, which was significantly
higher in HFD mice than that of the control group when fed for 4
and 6 weeks, as determined by flow cytometry (Fig. 1D). Simi-
larly, we found increased macrophage 17b-HSD7 expression in
NAFLD mice induced by MCD (Supporting Information Fig. S2).
In vitro, after LOP (100 ng/mL LPS þ 250 mmol/L OA þ
125 mmol/L PA) treatment for 6, 12 and 24 h, RAW 264.7 also
showed increased mRNA and protein expressions of 17b-HSD7
(Supporting Information Fig. S3).

We then analyzed total macrophages (F4/80þ), pro-
inflammatory M1 (F4/80þCD11cþ) and anti-inflammatory M2
(F4/80þCD206þ) macrophages by flow cytometry. Compared
with the control group, mice fed with HFD showed increased total
macrophages and M1 macrophages after diet-induced 4 and 6
weeks, but the proportion of M2 showed no significant change
(Fig. 2AeD, Supporting Information Fig. S4). Moreover, we
observed that macrophage 17b-HSD7 expression was positively
correlated with the proportion of M1 (R Z 0.8183, P < 0.0001;
Fig. 2E). Similar results were observed in MCD-induced NAFLD
mice (Supporting Information Fig. S5). Collectively, these results
suggest a positive correlation between 17b-HSD7 expression and
hepatic macrophage M1 polarization during NAFLD
development.

3.2. Changes in the biological processes of hepatic cells from
macrophages 17b-HSD7-depletion mice

As the functions of 17b-HSD7 have not been reported in macro-
phages and livers, we generated macrophage-specific Hsd17b7
knockout mice (cKO) to explore the possible biological processes
it affected in the liver. Successful deletion of 17b-HSD7 was
confirmed by PCR using tail tissues and Western blot using bone
marrow-derived macrophages (BMDMs) (Supporting Information
Fig. S6). We then performed single-cell RNA sequencing on he-
patic non-parenchymal cells isolated from WT and cKO mice fed
with HFD for 6 weeks (Fig. 3A). T-distributed Stochastic
Neighbor Embedding (t-SNE) visualization of combined cKO and
WT data revealed 14 major cell types, which correspond to T
cells, B cells, endothelial cells, neutrophils, hepatocytes, macro-
phages, dendritic cells, erythroid cells, natural killer cells, hepatic
stellate cells, dividing cells, cholangiocytes, plasma B cells and
granulocytes, based on marker gene expression (Fig. 3B and C).
Cellular process of Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis in macrophages revealed that 17b-HSD7 mainly
affected ‘NAFLD’, ‘fat digestion and absorption’ and ‘fatty acid
degradation’ (Fig. 3D). Gene Ontology (GO) terms for differen-
tially expressed genes in hepatocytes revealed that the biological
functions of 17b-HSD7 associated with ‘lipid metabolism pro-
cesses’ were notably changed (Fig. 3E). These results indicate a
possible role of macrophage 17b-HSD7 in lipid metabolism and
NAFLD.

3.3. Deletion of 17b-HSD7 in macrophages reduces hepatic
lipid accumulation

Furthermore, hepatic TC, TG and NEFA levels were measured to
reflect hepatic lipid accumulations. As shown in Fig. 4, compared
with WT mice fed with HFD, hepatic TG and NEFA levels were
significantly decreased in cKO mice fed with the same diet, and
hepatic TC showed no differences (Fig. 4A). Consistently, the
serum TG and NEFA levels of cKO mice were less than that of
WT mice (Fig. 4B). In addition, serum HDL-C levels were
increased and LDL-C levels were decreased in cKO mice
compared with WT mice fed with HFD (Fig. 4C). Oil Red O
staining of liver sections also showed that cKO mice had less
steatosis compared with WT mice (Fig. 4D). Meanwhile, we co-
cultured primary mouse hepatocytes with LOP
(LPS þ OA þ PA)-stimulated BMDMs from cKO or WT mice.
Hepatocytes co-cultured with cKO BMDMs accumulated less
lipid droplets than with WT BMDMs as determined by Oil Red O
staining (Fig. 4E). Similarly, murine hepatocyte AML-12 co-
cultured with shHsd17b7 RAW 264.7 also exhibited less lipid
accumulation than with shControl after LOP treatment (Fig. 4F).

3.4. Deletion of 17b-HSD7 in macrophages ameliorates insulin
resistance, hepatic injury and hepatic histopathology in NAFLD
mice

The effects of macrophage 17b-HSD7 on hepatic lipid accumu-
lation prompted us to focus on cytokine changes which are closely
related to insulin resistance and liver damage. We tested the pro-
inflammatory cytokines (TNF-a and IL-1b) and the anti-
inflammatory cytokines (IL-10 and TGF-b). The results showed
a significant reduction of TNF-a and IL-1b in the livers of cKO
mice compared with that of the WT mice fed with HFD (Fig. 5A).
However, the anti-inflammatory cytokines IL-10 and TGF-b of
cKO mice were just slightly increased compared with those in WT
mice (Fig. 5B). Furthermore, compared with the WT mice fed
with NCD, the body weight of WT mice fed with HFD gained
faster, while it was lower in cKO mice under HFD feeding
(Fig. 5C). HFD-induced hepatic injury, as indicated by elevated
serum AST and ALT activities, was attenuated in cKO mice
(Fig. 5D). Notably, HFD-fed cKO mice showed decreased glucose
tolerance and insulin sensitivity compared with HFD-fed WT
mice, as determined by GTT and ITT (Fig. 5E and F). Histological
examination of liver sections showed that cKO mice had much
improved histology with WT mice, as demonstrated by H&E
staining (Fig. 5G). PAS staining showed that cKO mice had higher
glycogen content in the livers than WT mice fed with same HFD
(Fig. 5H). Collectively, these data indicate that macrophage 17b-
HSD7 promotes the secretion of pro-inflammatory cytokines,
inducing NAFLD.



Figure 1 Hepatic macrophage 17b-HSD7 upregulation was associated with NAFLD. (A) The body weight of mice in the control or HFD

groups (n Z 8). (B) Representative H&E staining of liver sections of control and HFD mice fed for 2, 4 and 6 weeks (scale bar: 50 mm). (C)

Representative Oil Red O staining of liver sections of control and HFD mice fed for 2, 4 and 6 weeks (scale bar: 100 mm). (D) 17b-HSD7

expression was examined in hepatic macrophages of control and HFD mice fed for 2, 4 and 6 weeks by flow cytometry (n Z 4). Data are

expressed as mean � SD. **P < 0.01, ***P < 0.001. 17b-HSD7, 17b-hydroxysteroid dehydrogenase type 7; H&E, hematoxylin and eosin; HFD,

high-fat diet.
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3.5. Deletion of 17b-HSD7 in macrophages reduces
macrophage M1 polarization

We subsequently attempted to identify whether 17b-HSD7
participated in NAFLD through regulating macrophage M1 po-
larization. We analyzed M1 (F4/80þCD11cþ) and M2 macro-
phages from the liver tissues of WT and NCD mice fed with
HFD by flow cytometry. Compared with WT mice, cKO mice
showed decreased proportions of M1 macrophages, but M2
proportions had no changes (Fig. 6AeC). Moreover, IF staining
of liver sections revealed that the fluorescence intensity of
CD11c in the liver sections also showed increased M1 macro-
phages in HFD mice, which was attenuated in cKO mice
(Fig. 6D). Moreover, the total frequency of F4/80þ macrophages
in the liver was obviously decreased in cKO mice compared with
WT mice (Supporting Information Fig. S7). These results sug-
gest that 17b-HSD7 can promote macrophage polarization to M1
phenotype.
3.6. Deletion of 17b-HSD7 in macrophages decreases free
cholesterol content

To gain mechanistic insights for 17b-HSD7 regulation of macro-
phage polarization, we detected the free cholesterol (FC) content (F4/
80þ Filipin IIIþ) inmacrophages by flow cytometry. The results show
that FC content in hepatic macrophages of HFD mice was greater
than that of NCD, which was attenuated in cKO mice (Fig. 7A).
Studies have shown that the accumulation of FC results in the for-
mation of cholesterol crystals23,24, which can induce NLRP3
inflammasome activation and subsequent pro-inflammatory cyto-
kines IL-1b secretion25,26. To clarify whether 17b-HSD7 could
induce macrophage polarization through FC, we constructed
Hsd17b7 knockdownRAW264.7 by shRNA. Successful knockdown
of 17b-HSD7 was confirmed by qRT-PCR and Western blot
(Fig. 7B). Compared with shControl treated with LOP, FC content
and the mRNA expression of Nlrp3 and Il1b were markedly
decreased in shHsd17b7RAW 264.7 treated with LOP, whereas they
were significantly increased after exogenous cholesterol recruitment
(Fig. 7C and D). Furthermore, we analyzed pro-inflammatory M1
macrophages in shControl and shHsd17b7 of RAW 264.7 cells with
LOP treatment. Compared with shControl, shHsd17b7 RAW 264.7
showed a decreased proportion of M1 and mRNA expression of M1
markers (iNos and Cox2). Subsequently, after exogenous cholesterol
treatment, shHsd17b7 RAW 264.7 significantly polarized to M1
phenotype (Fig. 7E and F). Overall, these findings suggest that
increased FC content mediates the 17b-HSD7-induced macrophage
M1 polarization.
3.7. Fenretinide is screened out as a 17b-HSD7 dehydrogenase
inhibitor and may improve hepatocyte steatosis

Deletion of 17b-HSD7 in macrophages can ameliorate NAFLD,
suggesting that 17b-HSD7 may be a potential new target for
treating NAFLD. Thus, an FDA-approved drug library was
screened to identify drugs targeting 17b-HSD7 dehydrogenase
activity (Fig. 8A). Seven drugs (fenretinide, bilastine, hydralazine
HCl, L-lactic acid, deferasirox, verapamil HCl, clofarabine)
were screened out showing inhibitory effects on 17b-HSD7 de-
hydrogenase activity at more than a 30% inhibition ratio, among
which fenretinide exhibited a remarkable inhibitory effect
(Fig. 8B).

To assess the potential therapeutic effect of 17b-HSD7 inhib-
itor on NAFLD, fenretinide was added to RAW 264.7 under LOP
treatment. MTT results show that 0.1e1 mmol/L fenretinide
treatment had no significant effect on the viability of RAW
264.7 cells (Supporting Information Fig. S8). Flow cytometry



Figure 2 Hepatic macrophage M1 polarization was positively correlated with the expression of 17b-HSD7 during NAFLD development.

(AeC) Proportion of M1 (F4/80þCD11cþ) and M2 (F4/80þCD206þ) macrophages in the liver tissues of control and HFD mice fed for 2, 4 and 6

weeks (n Z 4). (D) Dynamic changes of M1, M2 and M1/M2 in the liver tissues of control and HFD mice fed for 2, 4 and 6 weeks (n Z 4). (E)

The relationship between macrophage 17b-HSD7 expression and proportion of M1 (n Z 24). Data are expressed as mean � SD. *P < 0.05,

**P < 0.01, ***P < 0.001. 17b-HSD7, 17b-hydroxysteroid dehydrogenase type 7; HFD, high-fat diet; NAFLD, nonalcoholic fatty liver disease.
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analysis results show that the M1 polarization was decreased after
fenretinide (0.1, 1, 10 mmol/L) treatment, as compared with LOP
group (Fig. 8C). Besides, we observed that fenretinide treatment
reduced the mRNA expressions of M1 markers (iNos and Cox2)
and pro-inflammatory cytokines (Tnfa and Il1b) in RAW 264.7
when compared with that of LOP group (Fig. 8D and E). Further
we measured the hepatocyte lipid contents in AML-12 co-cultured
with fenretinide-treated RAW 264.7, and observed that lipid
droplets and levels of TG in hepatocytes were significantly
decreased after fenretinide treatment in a dose-dependent manner
(Fig. 8F and G). In addition, another drug, hydralazine HCl, was
also used to assess the effect of 17b-HSD7 inhibitor on hepato-
cytes steatosis. Flow cytometry and mRNA results showed hy-
dralazine HCl had similar effects to fenretinide on inhibiting M1
polarization and hepatocytes fat deposition through macrophages
(Supporting Information Fig. S9). These findings provide impor-
tant evidence for the utilization of 17b-HSD7 inhibitor as an
improvement agent for NAFLD.
4. Discussion

Hepatic macrophage M1 polarization is a pivotal factor in the
onset and progression of NAFLD, which promotes both hepa-
tocyte steatosis and inflammation27. Previous studies have
demonstrated that macrophage M1 polarization was highly
increased in patients with NAFLD and HFD-induced NAFLD
mice28e30. Moreover, another evidence has suggested that pro-
inflammatory cytokines secreted by M1 macrophages mediate
lipogenesis in hepatocytes and aggravate hepatic steatosis31. For
example, TNF-a was found to upregulate the expression of
lipogenic enzymes like FASN, which could suppress fatty acid
oxidation32e34. When the liver develops overt fat deposition and
inflammatory damage, NAFL progresses to NASH. Thus, mol-
ecules associated with M1 polarization are prospective media-
tors in driving the progression of NAFL to NASH. Moreover, the
upregulation of cholesterol synthesis pathways in macrophages
of NAFLD mice indicates the potential role of cholesterol



Figure 3 Biological processes in the livers from WT and cKO mice fed with HFD. (A) Overview of the single-cell RNA-seq. (B) t-SNE

visualization of hepatic cell types. (C) Violin plots show representative marker gene expression for each cell type. (D) Bubble plots show

significantly changed KEGG pathways in macrophages. (E) Bubble plots show significantly changed GO analysis in hepatocytes. 17b-HSD7,

17b-hydroxysteroid dehydrogenase type 7; GO, gene ontology; HFD, high-fat diet; KEGG, Kyoto Encyclopedia of Genes and Genomes; t-SNE,

T-distributed Stochastic Neighbor Embedding.
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synthesis-related molecules in M1 polarization. A study has
shown that macrophage-specific knockout of HMG-CoA
reductase, the rate-limiting enzyme of cholesterol biosynthesis,
can improve the adipose tissue M1 polarization. However, it has
no effects on hepatic M1 polarization35. It prompted us to
explore other cholesterol synthesis-related molecules regulating
hepatic macrophage. In this study, we built mouse models
without hepatic steatosis (fed with HFD for 2 weeks) and with
significantly hepatic steatosis (fed with HFD or MCD for 4 and
6 weeks) to observe the role of hepatic macrophage polarization
in NAFLD and analyzed the expression of 17b-HSD7 for
exploring the underlying mechanism of M1 polarization. We
first found that macrophage 17b-HSD7 expression was signifi-
cantly increased after HFD or MCD feeding for 4 and 6 weeks,
concomitantly with elevated M1 polarization. These indicated
that 17b-HSD7 might be correlated with M1 polarization and
hepatic lipid accumulation in HFD-fed mice.
At present, researches of Hsd17b7 are mainly focused on its
role in promoting breast cancer and other estrogen-related dis-
eases through regulating estrogen homeostasis36,37, while research
on liver-related diseases is rarely reported. Intriguingly, 17b-
HSD7 is highly expressed in the liver19,20, and the human
HSD17B7 gene maps to chromosome 10p11.2, which is close to
the susceptibility loci for metabolic diseases such as hyperlipid-
emia, obesity and type I diabetes38, indicating it might participate
in NAFLD. Moreover, because the synchronicity of increased
17b-HSD7 and macrophage polarization was observed in HFD-
induced NAFLD mice in our study, we generated macrophage-
specific Hsd17b7 knockout mice (cKO) to detect its role in
macrophage polarization and NAFLD. We first investigated the
role of 17b-HSD7 in M1 polarization. The results show that HFD-
induced NAFLD mice showed increased M1 polarization and the
secretions of pro-inflammatory cytokines TNF-a and IL-1b,
which were inhibited by the deletion of 17b-HSD7 in



Figure 4 Deletion of 17b-HSD7 in macrophages reduced hepatic lipid accumulation. (A) Liver TG, NEFA and TC levels in WT and cKO mice

fed with HFD or NCD (n Z 7e8). (B) Serum TG, NEFA, TC levels, and (C) LDL-C and HDL-C levels in WT and cKO mice fed with HFD or

NCD (nZ 7e8). (D) Representative pictures of Oil Red O staining of liver sections (scale bar: 100 mm). (E) Representative pictures of Oil Red O

staining of primary hepatocytes co-cultured with BMDMs from WT and cKO mice treated with LOP (left panel, scale bar: 100 mm), and

quantitative analysis at OD 570 nm (right panel, nZ 3). (F) Representative pictures of Oil Red O staining of AML-12 co-cultured with shControl

and shHsd17b7 treated with LOP (left panel, scale bar: 100 mm), and quantitative analysis at OD 570 nm (right panel, n Z 3). Data are expressed

as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001. 17b-HSD7, 17b-hydroxysteroid dehydrogenase type 7; NEFa, free fatty acid; HDL-C,

high-density lipoprotein cholesterol; HFD, high-fat diet; LDL-C, low-density lipoprotein cholesterol; LOP, 100 ng/mL LPS þ 250 mmol/L OA þ
125 mmol/L PA; LPS, lipopolysaccharides; NCD, normal chow diet; NEFA, non-esterified fatty acid; OA, oleic acid; PA, palmitic acid; TC, total

cholesterol; TG, triglyceride.
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macrophages, suggesting that 17b-HSD7 participates in hepatic
M1 polarization. We next investigated the role of 17b-HSD7 in
macrophages under NAFLD development. Deletion of 17b-HSD7
in macrophages changed ‘lipid metabolism processes’ in hepa-
tocytes and showed a significant correlation with NAFLD
according to single-cell RNA sequencing results. Specifically,
patients with NAFLD often show increased body weight gain,
lipid metabolism disorders and liver damage. In this study,
depletion of 17b-HSD7 in macrophages could alleviate the body
weight gain, IR and the accumulation of hepatic and blood lipids



Figure 5 Deletion of 17b-HSD7 in macrophages ameliorated insulin resistance, hepatic injury and hepatic histopathology in NAFLD mice.

Levels of (A) TNF-a and IL-1b, (B) IL-10 and TGF-b in the livers of WT and cKO mice fed with HFD or NCD (nZ 6e7). (C) The body weight,

(D) serum ALT and AST in WT and cKO mice fed with HFD (n Z 7e8). (E) GTT and (F) ITT in WT and cKO mice fed with HFD (n Z 5e6).

(G) Representative pictures of H&E staining of liver sections (scale bar: 100 mm). (H) Representative pictures of PAS staining of liver sections

(scale bar: 100 mm). Data are expressed as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001. 17b-HSD7, 17b-hydroxysteroid dehydrogenase

type 7; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GTT, glucose tolerance test; H&E, hematoxylin AUC, area under curve;

and eosin; HFD, high-fat diet; IL-1b, interleukins-1b; IL-10, interleukins-10; ITT, insulin tolerance test; NCD, normal chow diet; PAS, periodic

acid-Schiff; TGF-b, transforming growth factor-b; TNF-a, tumor necrosis factor-a.
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Figure 6 Deletion of 17b-HSD7 in macrophages reduced M1 polarization. (A) Proportions of M1 (F4/80þCD11cþ) and M2 (F4/80þCD206þ)
macrophages in the liver tissues of WT and cKO mice fed with HFD or NCD. (B) The statistical analysis of proportions of M1 macrophages

(nZ 3). (C) The statistical analysis of proportions of M2 macrophages (nZ 3). (D) Representative pictures of IF staining for CD11c and F4/80 in

the liver tissues of WT and cKO mice fed with HFD (scale bar: 25 mm). Data are expressed as mean � SD. **P < 0.01, ***P < 0.001. 17b-HSD7,

17b-hydroxysteroid dehydrogenase type 7; HFD, high-fat diet; IF, immunofluorescence; NCD, normal chow diet.
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in HFD mice. In summary, macrophage 17b-HSD7 participates in
NAFLD by promoting M1 polarization.

Several studies have shown that cholesterol content in mac-
rophages is closely associated with the polarization state of
macrophages in metabolic diseases39e41. It has been reported that
macrophage cholesterol content and M1 polarization were
increased in the liver of NAFLD mice, and the increased intra-
cellular cholesterol content could promote M1 polarization9,24,42.
Specifically, the accumulation of cholesterol in macrophages
triggers M1 polarization mediated by NLRP3 inflammasome
activation42,43. An in vitro study found that after exogenous
cholesterol treatment, mouse macrophages RAW 264.7 polarized
towards M1 phenotype, and the intracellular cholesterol content is
positively related to the proportion of M144. In this study, the
expression of 17b-HSD7 and FC content in hepatic macrophages
were increased in NAFLD mice, which might be the cause of the
elevated M1 polarization. By contrast, inhibition of 17b-HSD7 in
macrophages showed decreased FC content, NLRP3 expression



Figure 7 Exogenous cholesterol recruitment reversed the decreased M1 polarization in 17b-HSD7 knockdown RAW 264.7. (A) MFI of Filipin

III in macrophages in the liver tissues of WT and cKO mice fed with HFD (n Z 3). (B) 17b-HSD7 knockdown in RAW 264.7 was verified by

qRT-PCR (left panel) and Western blot (right panel). (C) MFI of Filipin III in RAW 264.7 was examined by flow cytometry (n Z 3). mRNA

expressions of (D) Nlrp3 and Il1b, (E) iNos and Cox2 were examined by qRT-PCR (n Z 3). (F) MFI of CD11c in RAW 264.7 was examined by

flow cytometry (n Z 3). Data are expressed as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001. 17b-HSD7, 17b-hydroxysteroid dehy-

drogenase type 7; Cox2, cyclooxygenase-2; Il1b, interleukins-1b; iNos, inducible nitric oxide synthase; MFI, mean fluorescence intensity; Nlrp3,

NLR family pyrin domain containing 3.
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and M1 polarization. Furthermore, exogenous cholesterol
recruitment could reverse the improvement effects from 17b-
HSD7 inhibition, leading to increased NLRP3 expression and M1
polarization. These results indicate that macrophage 17b-HSD7
facilitates M1 polarization by increasing FC content, promoting
NLRP3 inflammasome activation and subsequently pro-
inflammatory cytokines secretion. In addition, our single-cell
RNA sequencing results show that 17b-HSD7 had wide effect
on amino acid, glucose and energy metabolism, among which
oxidative phosphorylation were remarkably changed in macro-
phages in cKO mice fed with HFD. Moreover, researches have
shown that the metabolism of macrophage polarization was
greatly dependent on oxidative phosphorylation for energy gen-
eration29,45. Collectively, the role of 17b-HSD7 on oxidative
phosphorylation process may be another prospective mechanism
on macrophage polarization and NAFLD progression.

Currently, there are no approved pharmacological treatments for
NAFLD. As the polarization of hepatic macrophages is a key event
for the onset and progression of NAFLD, several studies have
attempted to explore drugs improving M1 polarization for NAFLD
treatment, some of which have shown efficacy on NAFLD8,46,47. In
this study, we screened out 7 drugs from an FDA-approved drug
library based on their inhibitory effect on 17b-HSD7 dehydroge-
nase activity, among which fenretinide showed the most



Figure 8 The 17b-HSD7 dehydrogenase inhibitor, fenretinide, reduced macrophage M1 polarization and hepatocytes lipid accumulation. (A)

Schematic outline of screening 17b-HSD7 inhibitor. (B) The inhibition ratio on 17b-HSD7 of drugs. (C) MFI of CD11c in RAW 264.7 was examined

by flow cytometry (n Z 3). mRNA expressions of (D) iNos and Cox2, (E) Tnfa and Il1b were examined by qRT-PCR (n Z 3). (F) Representative

pictures ofOil RedO staining ofAML-12 co-culturedwith fenretinide treated-RAW264.7 (left panel, scale bar: 50mm) and quantitative analysis at OD

570 nm (right panel, nZ 4). (G) TG content in AML-12 when co-cultured with fenretinide treated-RAW 264.7 (nZ 4). (H) Schematic represents the

regulation of 17b-HSD7 and fenretinide on macrophage M1 polarization and NAFLD pathogenesis. Data are expressed as mean � SD. ##P < 0.01,
###P< 0.001 vs. the control; *P< 0.05, **P< 0.01, ***P< 0.001 vs.LOP. 17b-HSD7, 17b-hydroxysteroid dehydrogenase type 7; FEN, fenretinide;

Cox2, cyclooxygenase-2; Il1b, interleukins-1b; iNos, inducible nitric oxide synthase; LOP, 100 ng/mL LPSþ 250 mmol/L OAþ 125 mmol/L PA; LPS,

lipopolysaccharides; OA, oleic acid; PA, palmitic acid; Tnfa, tumor necrosis factor-a; TG, triglyceride.
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significantly inhibitory effect. Fenretinide (N-4-hydroxyphenyl
retinamide [4-HPR]), a cancer chemopreventive and anti-
proliferative agent, is a synthetic retinoid. It is endowed with many
pharmacological features, including anti-inflammatory, antiviral
and antitumor activities on a wide range of tumors48e50. Preitner’s
study has shown that 16 weeks of fenretinide treatment ameliorated
obesity, insulin resistance and hepatic steatosis on HFD-fed mice51.
In addition, Koh’s study has showed fenretinide could prevent fatty
liver by increasing plasma adiponectin levels, activation of hepatic
AMPKand the expression of PPARa andAOX,which promote fatty
acid oxidation52. In this study, we found macrophage 17b-HSD7 as
a novel target molecule and M1 polarization as a novel mechanism
for fenretinide on NAFLD. Fenretinide dose-dependently (0.1, 1,
10 mmol/L) improved abnormal M1 polarization and pro-
inflammatory cytokines production in LOP-treated RAW 264.7.
Further, the co-culture system of macrophages and hepatocytes was
built to analyze the effect of fenretinide treated-macrophages on
hepatocytes. Hepatocytes AML-12 co-cultured with fenretinide-
treated RAW 264.7 showed less lipid accumulation than that
without fenretinide. In addition, another screened-out drug, Hy-
dralazine HCl, also showed an inhibitory effect on M1 polarization
and pro-inflammatory production, which further resulted in less
hepatocytes lipid accumulation. Collectively, these suggest mac-
rophages 17b-HSD7 may represent a potential target for NAFLD
therapy, and fenretinide may be a therapeutic candidate for NAFLD
by inhibiting macrophage 17b-HSD7.
5. Conclusions

Our findings demonstrated that 17b-HSD7-induced macrophage
M1 polarization critically contributes to NAFLD progression by
regulating free cholesterol content in macrophages. Furthermore,
the improvement of fenretinide on M1 polarization and in turn
hepatocytes lipid accumulation relied on inhibiting 17b-HSD7.
Overall, our study provides 17b-HSD7 as a novel regulator of
macrophage polarization and potential target of fenretinide on
NAFLD therapy, indicating that blockade of 17b-HSD7 signaling
by fenretinide would be a drug repurposing strategy for NAFLD
treatment. However, further studies are warranted to explore the
other possible mechanisms of 17b-HSD7 on macrophage polari-
zation and NAFLD, e.g., oxidative phosphorylation.
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Kovanen PT, et al. Cholesterol crystals activate the NLRP3 inflam-

masome in human macrophages: a novel link between cholesterol

metabolism and inflammation. PLoS One 2010;5:e11765.

27. Tosello-Trampont AC, Landes SG, Nguyen V, Novobrantseva TI,

Hahn YS. Kuppfer cells trigger nonalcoholic steatohepatitis develop-

ment in diet-induced mouse model through tumor necrosis factor-a

production. J Biol Chem 2012;287:40161e72.

28. Du Y, Paglicawan L, Soomro S, Abunofal O, Baig S, Vanarsa K, et al.

Epigallocatechin-3-gallate dampens non-alcoholic fatty liver by

modulating liver function, lipid profile and macrophage polarization.

Nutrients 2021;13:599.

29. Xu F, Guo M, Huang W, Feng L, Zhu J, Luo K, et al. Annexin A5

regulates hepatic macrophage polarization via directly targeting

PKM2 and ameliorates NASH. Redox Biol 2020;36:101634.

30. Bocsan IC, Milaciu MV, Pop RM, Vesa SC, Ciumarnean L, Matei DM,

et al. Cytokines genotype-phenotype correlation in nonalcoholic

steatohepatitis. Oxid Med Cell Longev 2017;2017:4297206.

31. Lambertucci F, Arboatti A, Sedlmeier MG, Motiño O, Alvarez ML,

Ceballos MP, et al. Disruption of tumor necrosis factor alpha receptor

1 signaling accelerates NAFLD progression in mice upon a high-fat

diet. J Nutr Biochem 2018;58:17e27.
32. Fafián-Labora J, Carpintero-Fernández P, Jordan SJD, Shikh-Bahaei T,

Abdullah SM, Mahenthiran M, et al. FASN activity is important for the

initial stages of the induction of senescence. Cell Death Dis 2019;10:

318.

33. Beier K, Völkl A, Fahimi HD. TNF-alpha downregulates the peroxi-

some proliferator activated receptor-alpha and the mRNAs encoding

peroxisomal proteins in rat liver. FEBS Lett 1997;412:385e7.

34. Beier K, Völkl A, Fahimi HD. Suppression of peroxisomal lipid beta-

oxidation enzymes of TNF-alpha. FEBS Lett 1992;310:273e6.

35. Takei A, Nagashima S, Takei S, Yamamuro D, Murakami A,

Wakabayashi T, et al. Myeloid HMG-CoA reductase determines adi-

pose tissue inflammation, insulin resistance, and hepatic steatosis in

diet-induced obese mice. Diabetes 2020;69:158e64.

36. Shehu A, Albarracin C, Devi YS, Luther K, Halperin J, Le J, et al. The

stimulation of HSD17B7 expression by estradiol provides a powerful
feed-forward mechanism for estradiol biosynthesis in breast cancer

cells. Mol Endocrinol 2011;25:754e66.

37. Wang X, Gérard C, Thériault JF, Poirier D, Doillon CJ, Lin SX.

Synergistic control of sex hormones by 17b-HSD type 7: a novel

target for estrogen-dependent breast cancer. J Mol Cell Biol 2015;7:

568e79.

38. Krazeisen A, Breitling R, Imai K, Fritz S, Möller G, Adamski J.
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