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Abstract

targeted drug for the treatment of NAFLD.
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Nonalcoholic fatty liver disease (NAFLD) is a common chronic liver disease worldwide. Osteocalcin plays an
important role in energy metabolism. In this study, we investigated the mechanism of action of chemically
synthesized osteocalcin (csOCN) in ameliorating NAFLD. We demonstrated for the first time that csOCN attenuates
lipid accumulation in the liver and hepatocytes by modulating CD36 protein expression. In addition, we found

that the expression of p-AMPK, FOXO1 and BCL6 decreased and the expression of CD36 increased after OA/

PA induction compared to the control group, and these effects were reversed by the addition of csOCN. In
contrast, the therapeutic effect of csOCN was inhibited by the addition of AMPK inhibitors and BCL6 inhibitors.
This finding suggested that csOCN regulates CD36 expression via the AMPK-FOXO1/BCL6 axis. In NAFLD mice,

oral administration of csOCN also activated the AMPK pathway and reduced CD36 expression. Molecular docking
revealed that osteocalcin has a docking site with CD36. Compared to oleic acid and palmitic acid, osteocalcin
bound more strongly to CD36. Laser confocal microscopy results showed that osteocalcin colocalized with CD36 at
the cell membrane. In conclusion, we demonstrated the regulatory role of csOCN in fatty acid uptake pathways for
the first time; it requlates CD36 expression via the AMPK-FOXO1/BCL6 axis to reduce fatty acid uptake, and it affects
fatty acid transport by may directly binding to CD36. There are indications that csOCN has potential as a CD36-
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a spectrum
of chronic liver diseases that encompasses a range of
pathologies, from isolated hepatic steatosis and nonal-
coholic steatohepatitis (NASH) to cirrhosis and/or hepa-
tocellular carcinoma (HCC). NAFLD has become the
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most common chronic liver disease worldwide [1], and
its global prevalence is approximately 25.24% (29.81% in
mainland China) [2]. NAFLD seriously affects people’s
lives and health. Hepatocellular steatosis (or lipid accu-
mulation), especially triglyceride (TG) accumulation,
is a hallmark of NALFD and is caused by an imbalance
between fatty acid sources (fatty acid uptake and de novo
lipogenesis [DNL]) and fatty acid consumption (fatty acid
oxidation and very low-density lipoprotein [VLDL] for-
mation and secretion).

Osteocalcin is a small non-collagenous protein secreted
by osteoblasts that is primarily deposited in the bone
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matrix. In the endoplasmic reticulum, newly synthesized
osteocalcin is post-translationally modified, undergoes
y-carboxylation, acquires a greater affinity for hydroxy-
apatite, and is deposited in the bone matrix to participate
in bone mineralization. During bone remodeling, the
osteocalcin deposited in the bone matrix is decarboxyl-
ated by osteoclast acidification to carboxylated incom-
plete osteocalcin (including uncarboxylated osteocalcin
[GIuOC]), which is released and distributed throughout
the body to act as an endocrine hormone. Our prelimi-
nary results suggest that GluOC alleviates hepatocyte
steatosis by inhibiting the fatty acid synthesis pathway
[3]. However, due to the low molecular weight of osteo-
calcin, its prokaryotic expression is difficult. Although
the spatial structure of osteocalcin is simple, it is more
convenient to construct via chemical synthesis, and it
effectively controls the post-translational modification
of the protein. Therefore, we chose chemical synthesis to
construct osteocalcin. Chemical synthesis of a segment
of the active region of osteocalcin stimulates osteoblast
differentiation and extracellular machinery mineraliza-
tion [4]. This finding suggested that the active region of
chemically synthesized osteocalcin has osteocalcin activ-
ity. However, whether the full amino acid sequence of
chemically synthesized osteocalcin has the same potency
as prokaryotically expressed synthetic osteocalcin is not
known.

Adenosine monophosphate-activated protein kinase
(AMPK) is a heterotrimeric complex consisting of one
catalytic subunit (o) and two regulatory subunits (B and
Y), and it is a key sensor and regulator of cellular energy
status [5]. The AMPK signaling pathway plays an impor-
tant role in NAFLD. Activation of AMPK alleviates
NAFLD [6-8]. CD36 is a multifunctional signaling mol-
ecule with several known ligands including long-chain
FFAs, the native lipoproteins HDL, LDL and VLDL, and
modified lipoproteins, including oxidized LDL (oxLDL).
CD36 plays an important role in NAFLD. The overex-
pression of CD36 promotes the progression of NAFLD.
It plays an important role in fatty acid uptake [9], DNL
[10], fatty acid oxidation [11], VLDL secretion [12] and
lipophagy [13]. However, whether csOCN plays a role in
the development and progression of NAFLD via CD36 is
not clear.

In this study, we focused on the role of csOCN with
CD36. For the first time, we found that csOCN allevi-
ated lipid accumulation in hepatocytes by inhibiting
CD36 expression via the AMPK-FOXO1/BCL6 pathway.
In addition, we found that csOCN might bind to CD36
on the cell membrane surface to block its binding to fatty
acids, which prevented fatty acid uptake. These results
provide a new ideas for the prevention and treatment of
NAFLD.
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Materials and methods

Cells and cell culture

The mouse normal hepatocyte cell line NCTC 1469
was purchased from Procell Life Science & Technology
(Wuhan, China) and maintained according to the man-
ufacturer’s instructions. For treatment, the hepatocyte
steatosis model induced with OA/PA (0.5/0.25 mM) was
treated with or without csOCN (9 ng/mL) for 24 h. In the
inhibition of AMPK activation assay, the cells were first
pretreated with 10 puM dorsomorphin (Compound C,
CpdC; HY-13418 A, MedChemExpress, Shanghai, China)
(an AMPK inhibitor) or DMSO as a vehicle control for
1 h followed by treatment with csOCN or PBS as a vehi-
cle control in fresh induction medium for another 24 h.
In an experiment to inhibit the activity of BCL6, the cells
were pretreated with 50 uM CID5721353 (compound
79-6, 79—-6; HY-100502, MedChemExpress, Shanghai,
China) (a BCL6 inhibitor) or DMSO as a vehicle control
for 24 h prior to csOCN treatment for an additional 24 h
in media containing OA/PA. We constructed a recom-
binant mouse GST-osteocalcin fusion protein and used
DE3 (TransGen Biotech, China) to express the recon-
structed GluOC. c¢sOCN was purchased from Sangon
Biotech, and it is a chemical synthesis of mouse osteocal-
cin (46 aa) with a C19-C25 disulfide bond modification.

Establishment of NAFLD model mice

Six-week-old male C57BL/6] wild-type mice (weighing
between 20 and 21 g) were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. The mice
were randomly divided into four groups, one on a normal
control diet (NCD; 11.8% fat, 65.1% carbohydrates, 23.0%
protein; BEIJING KEAO XIELI FEED Co., Ltd.; Beijing,
China), and the other three on a high-fat diet (HFD; 40%
fat, 40% carbohydrate, 23% protein; Dyets; Wuxi, China).
The HFD mice were treated with vehicle (PBS), low-
dose csOCN (OC-L; 3 ng/g body weight/day) or high-
dose csOCN (OC-H; 10 ng/g body weight/day) via oral
gavage for 4 weeks after 11 weeks on a HFD. Mice were
housed in barrier facilities and maintained ona 12 h/12 h
light/dark cycle. The feeding conditions included ade-
quate food and water and a comfortable temperature of
24+1 °C. The animal experimental protocols used in this
study were approved by the University of Chinese Acad-
emy of Sciences Animal Care and Use Committee.

CD36 knockdown

SiRNAs targeting mouse CD36 (siRNA-1136, sense: GC
CAUAAUUGAGUCCUAUAAATT and antisense: UUU
AUAGGACUCAAUUAUGGCTT; siRNA-1300, sense: C
GGAUCUGAAAUCGACCUUAATT and antisense: UU
AAGGUCGAUUUCAGAUCCGTT; siRNA-1624, sense:
GCAGGUCAACAUAUUGGUCAATT and antisense: U
UGACCAAUAUGUUGACCUGCTT) and nontargeting
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control siRNA were purchased from Sangon Biotech
(Shanghai, China). The siRNAs were transfected into
NCTC 1469 cells using Hieff Trans Liposomal Trans-
fection Reagent (40802ES03, Yeasen, Shanghai, China)
according to the manufacturer’s recommendations.

Lentiviral vector construction and transfection
CD36-overexpressing cells were generated using lentivi-
rus-based vectors from GeneChem (Shanghai, China).
After transfection, the cells were selected at 6 pg/mL
Puromycin (HY-K1057, MedChemExpress, Shanghai,
China) for 72 h. The efficacy of lentivirus transfection
was validated by the fluorescence efficiency of GFP, qPCR
or Western blotting.

Cell staining

After induction and treatment, the cells were fixed and
permeabilized as needed. The cells were stained with Oil
Red O (O8010; Solarbio, Beijing, China) working solution
for 60 min, Nile Red solution (HY-D0718; MedChemEx-
press, Shanghai, China) for 30 min, or BODIPY 493/503
solution (GC42959; GLPBIO, Shanghai, China) for
30 min at room temperature. The sections were rinsed
with distilled water and coverslipped. The sections were
imaged with a light microscope (Leica Microsystems,
Wetzlar, Germany).

Fatty acid uptake assay

The fatty acid uptake capacity of NCTC 1469 cells was
determined using the Screen Quest™ Fluorimetric Fatty
Acid Uptake Assay Kit (36385, AAT Bioquest, USA)
according to the manufacturer’s instructions. Briefly,
NCTC 1469 cells were seeded in 96-well plates at
5.0x10% cells per well. After 12 h, the cells were treated
with or without 9 ng/mL ¢sOCN for an additional 24 h.
The medium was replaced with serum-free medium for
1 h, followed by the addition of 100 pL of fluorescent
fatty acid substrate for an additional 1 h. The cellular flu-
orescence intensity was monitored using BioTek Synergy
H1 (Agilent, USA).

Table 1 Primers for RT-gPCR
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Evaluation of hepatic lipid accumulation

For in vitro experiments, triglyceride analysis of NAFLD
cell models was performed using a triglyceride reagent kit
(E1013; Applygen, Beijing, China). Mice were sacrificed
after 4 weeks of csOCN administration. Blood glucose,
LDL-C, TC and TG were determined in blood and liver
tissues using a blood glucose content assay kit (Solarbio,
Beijing, China), a low-density lipoprotein cholesterol
(LDL-C) content assay kit (BC5335; Solarbio, Beijing,
China), a total cholesterol assay kit (A111-1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and
a triglyceride assay kit (A110-1-1; Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China), respectively, and
liver sections were stained with Oil Red O and hema-
toxylin and eosin (G1120; H&E; Solarbio, Beijing, China).
All of these procedures were performed according to the
manufacturer’s protocol.

Quantitative real-time PCR

Total RNA was isolated using an RNA purification kit
(BS259A, Biosharp, Anhui, China) according to the
manufacturer’s instructions. Reverse transcription reac-
tions for cDNA were performed using the Hifair III 1st
Strand cDNA Synthesis SuperMix for qPCR (11141ES60,
Yeasen, Shanghai, China) according to the manufacturer’s
protocol. PCR amplification was performed using Trans-
Start Top Green qPCR SuperMix (+Dye II) (AQ132-24;
TransGen Biotech, Beijing, China). The primers used
are listed in Table 1. The results were normalized to the
expression of B-actin and calculated using the 274ACt
method.

Western blot analysis

RIPA lysis buffer (R0010; Solarbio, Beijing, China) was
used to extract total protein according to the manufac-
turer’s protocol. Total protein lysates were centrifuged at
12,000 g for 15 min at 4 °C. We then collected the super-
natants for protein concentration determination using
a BCA detection kit (B5000; Lablead Biotech, Beijing,
China). For electrophoresis, 40 ug of total protein was
added to each lane. Primary antibodies were incubated
overnight at 4 °C. Primary antibodies against anti-AMPK
alpha 1 (phospho T183)+ AMPK alpha 2 (phospho T172)

Gene NCBI Reference Sequence Forward Primer (5'—=3’) Reverse Primer (5'—=3’)
symbol

FOXO1 NM_019739.3 CTACGAGTGGATGGTGAAGAGC CCAGTTCCTTCATTCTGCACTCG
BCL6 NM_009744.5 CCGGCACGCTAGTGATGTT TGTCTTATGGGCTCTAAACTGCT
CD36 NM_007643.4 ATGGGCTGTGATCGGAACTG TTTGCCACGTCATCTGGGTTT
FABP1 NM_017399.5 AGTCGTCAAGCTGGAAGGTGACAA GACAATGTCGCCCAATGTCATGGT
FATP2 NM_011978.2 ACACACCGCAGAAACCAAATGACC TGCCTTCAGTGGATGCGTAGAACT
FATPS NM_009512.2 TGTAACGTCCCTGAGCAACCAGAA ATTCCCAGATCCGAATGGGACCAA
B-actin NM_007393.5 GATCTGGCACCACACCTTCT GGGGTGTTGAAGGTCTCAAA
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(ab133448) were purchased from Abcam (Cambridge,
MA, USA). Primary antibodies against AMPKa (D5A2)
rabbit mAb (5831) was purchased from Cell Signaling
Technology (Danvers, MA, USA). Primary antibodies
against FATP2 polyclonal antibody (14048-1-AP), TFEB
polyclonal antibody (13372-1-AP), B-actin recombinant
antibody (81115-1-RR) and a-tubulin polyclonal anti-
body (11224-1-AP) were purchased from Proteintech
Group (Chicago, IL, USA). Primary antibodies against
CD36 (bs-8873R) and anti-FOXO1 (bs-23175R) were
purchased from Bioss (Beijing, China). Primary antibod-
ies against anti-Bcl-6 rabbit pAb (WL03134) were pur-
chased from Wanleibio (Wuhan, China). Secondary goat
anti-rabbit IgG (H+L)-HRP (S0101) and goat anti-mouse
IgG (H+L)-HRP (S0100) were purchased from Lablead
Biotech (Beijing, China). The protein bands were visual-
ized using an enhanced chemiluminescence (ECL) kit
(1705060; Bio-Rad, Hercules, CA, USA). Relative changes
in protein expression were detected using [B-actin as
an internal reference. Image] software (version 1.5.3e;
National Institutes of Health, Bethesda, MA, USA) was
used for protein quantification.

Statistical analysis

All experiments were performed with three or more
independent replicates.The data are presented as the
means+SD. Statistical analysis was performed using
GraphPad Prism version 9.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). Statistical differences between
two groups were determined using two-tailed Stu-
dent’s t tests. P<0.05 indicated a statistically significant
difference.

Results

¢sOCN inhibits lipid accumulation in OA/PA-induced NCTC
1469 cells

To investigate the effect of csOCN on OA/PA-induced
lipid accumulation in NCTC 1469 cells, we used Oil
Red O, Nile Red, BODIPY 493/503, and TG analyses to
detect lipids in the cells. The amino acid sequence (one
letter amino acid codes) of mouse osteocalcin is shown in
Fig. 1A. As shown in Fig. 1B, the TG content was signifi-
cantly increased in the OA/PA-induced group compared
to the control group. However, after the csOCN and
GluOC treatment, the TG content in the cells decreased
and there was no significant difference between the
¢sOCN- and GluOC-treated groups. Subsequent Oil Red
O staining, Nile Red staining and BODIPY 493/503 stain-
ing demonstrated this phenomenon (Fig. 1C-F). These
results indicated that csOCN and GluOC alleviated OA/
PA-induced lipid accumulation in hepatocytes.
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¢csOCN decreases the expression of fatty acid uptake-
related genes and proteins

Fatty acid uptake pathways play important roles in hepa-
tocellular steatosis. We found that fatty acid uptake was
decreased in NCTC 1469 cells after csOCN pretreat-
ment compared to normal cells (Fig. 2A). Genes associ-
ated with fatty acid uptake were subsequently analyzed
(Fig. 2B-F). The results showed that csOCN treatment
suppressed the OA/PA-induced high expression of
CD36, FATP1, FATP2, FATP5, and GPR40 mRNA. We
also examined the mRNA expression of BCL6, which
correlates with CD36 transcription. The mRNA expres-
sion of BCL6 decreased after OA/PA induction, and the
transcript level of BCL6 increased after csOCN treat-
ment (Fig. 2G). The protein levels of CD36 and FATP2
were consistent with the changes in mRNA expression
(Fig. 2H-I). These findings suggested that csOCN inhib-
ited the expression of genes and proteins related to fatty
acid uptake.

csOCN attenuates lipid accumulation in NCTC 1469 cells
via CD36

The mRNA and protein expression of CD36 was signifi-
cantly increased in the OA/PA group compared to the
control group, but the increase in CD36 expression was
reversed after csOCN treatment (Fig. 2B, H). CD36 plays
an important role in fatty acid uptake. This finding sug-
gests that CD36 mediated csOCN inhibition of the fatty
acid uptake pathway.

To investigate whether ¢csOCN alleviated hepatocyte
lipid accumulation by reducing CD36, we compared
the effects of csOCN treatment and CD36 knockdown
on hepatocyte lipid accumulation. First, we used siRNA
to knockdown CD36. As shown in Fig. 3A, in NCTC
1469 cells transfected with siRNA-CD36-1136, siRNA-
CD36-1300, or siRNA-CD36-1624, the expression of
CD36 was significantly suppressed, and the knockdown
efficiency was greater in the siRNA-CD36-1300 group.
Therefore, siRNA-CD36-1300 (hereinafter abbreviated as
si-CD36) was selected for use in subsequent experiments.
The expression level of CD36 decreased after CD36 was
knocked down (Fig. 3B). As shown in Fig. 3C-F, Nile Red
staining, BODIP 493/503 staining, and triglyceride assays
showed that si-CD36 and ¢csOCN reduced the OA/PA-
induced increase in intracellular lipid accumulation, and
there was no significant difference between the effects of
si-CD36 and csOCN on reducing intracellular lipid accu-
mulation. This finding suggested that csOCN alleviated
OA/PA-induced hepatocyte steatosis by inhibiting CD36
expression.
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Fig. 1 csOCN ameliorated OA/PA-induced lipid accumulation in hepatocytes. (A) Amino acid sequence of mouse osteocalcin. (B) TG accumulation in
NCTC 1469 cells was assessed according to the instructions of the Triglyceride Content Assay Kit (BC0625, Solarbio). (C) Representative photomicrographs
of Oil Red O staining, Nile Red staining and BODIPY 493/503 staining (200x). (D) Absorbance analysis of Oil Red O dye after elution with isopropanol. (E)
Mean fluorescence intensity of Nile Red staining in Fig. 1C. (F) Mean fluorescence intensity of BODIPY 493/503 staining in Fig. 1C. The data are presented
as the means +SD of three independent experiments. * p<0.05, ** p<0.01, *** p <0.001, and **** p <0.0001. OA/PA, oleic acid, and palmitic acid; csOCN,
oleic acid, and palmitic acid + chemically synthesized osteocalcin; GluOC, OA/PA + uncarboxylated osteocalcin



Zhang et al. Journal of Translational Medicine (2024) 22:782 Page 6 of 20

>
w
@

cb3s FABP1
§ 207 * c20q * X
%15' '% *okk 5 F
g 3 §
£ *okk . 1.5 8, I
I
3 1.0+ > R 5
g 8 . g
: z " < 1.0
g 0.5+ [ 2
i £ :
£ 2 0.5+ & s .
< 0.0- = $
4 3 T,
N~ s DL S . & ool L L 1L
- - ' & J $Q v 0('\.\ \«0\ & &
CIO [e) 09 Oo 09 090
D E v
FATP2 FATP5 SPRA0
* I i .
- * X )
s 50 < 5 2.0 = 5 1
2 § = ; %
(] . @ 2
o 4.0 g - g
& ) x 1.0
© 3.0 X 8
< < | . . 8
E E 1.0 E
£ 2.0 x z o
2 I 2 0.5 -~
2 1.0 E 2 - 5
© £ :
© = 5
® 0.0- X 0.0+ x oot L1
\ 13 T
o & &€ & & &€ & Ko
il © o & S F &
G H .
BCL6 CD36 FATP2
: 1.5- S— : % %k
2 = 15+ * .
g i ok kK
4 £, .,
8 ° —_
£ 1.0 23 T -~
- E o 1.0 <8,
© Ala S
3 S8 1
£ Sp 55
o 0.5 .% O 0.54 % 5 -
2 52 - 2
s 2= -
& .04 00 minini
S r O & & & S & &
(’0(& 0?3 900 o°° Ov\ ofoo (,o° oé (,foo
1%
o [ e s e
Tubulin E‘ - 55 KDa ACTB E-43KDa

Fig. 2 csOCN reduced OA/PA-induced increases in the expression of genes associated with fatty acid uptake in hepatocytes. (A) csOCN alleviates fatty
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Fig.3 csOCN attenuates lipid accumulation in NCTC 1469 cells via CD36. (A) siRNA-CD36-1136, siRNA-CD36-1300, and siRNA-CD36-1624 all significantly
suppressed CD36 mRNA expression. The data are presented as the means+SD of six independent experiments. **** p <0.0001 versus the si-NC group.
(B) Protein expression of CD36 after transfection. (C) csOCN treatment and CD36 knockdown reduced TG levels in the NCTC 1469 cells exposed to OA/PA.
(D) Qil red O staining and BODIPY 493/503 staining showed that csOCN treatment and CD36 knockdown reduced lipid accumulation in NCTC 1469 cells
exposed to OA/PA (200x). (E) Absorbance analysis of the Qil red O dye after isopropanol elution. (F) The mean fluorescence intensity of BODIPY 493/503
staining in Fig. 3C. The data are presented as the means + SD of three independent experiments. * p <0.05, ** p<0.01, *** p <0.001. Control +si-NC, Con-
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¢sOCN alleviates lipid accumulation induced by the
overexpression of CD36

To further validate the roles of csOCN and CD36, the
following experiments were designed with and without
CD36 overexpression. First, we established a CD36-over-
expression cell line (OE-CD36) using lentivirus-infected
NCTC 1469 cells and measured the expression of CD36
mRNA and protein. As shown in Fig. 4A-B, the expres-
sion of CD36 was increased in the OE-CD36 group
compared to the CON136 group (Lenti-control). We
then examined the effect of CD36 and csOCN on fatty
acid uptake by hepatocytes. As shown in Fig. 4C, fatty
acid uptake decreased in the CON136 group after pre-
treatment with csOCN. In CD36-overexpressing cells,
fatty acid uptake also decreased after pretreatment with
csOCN, but it was still higher than the CON136 group.
This finding suggested that csOCN attenuated the
enhanced fatty acid uptake induced by CD36 overexpres-
sion. We then investigated the effect of csOCN on lipid
accumulation in hepatocytes in the presence or absence
of CD36 overexpression. BODIPY 493/503 staining, Oil
Red O staining, and triglyceride assays revealed that
OE-CD36 exacerbated OA/PA-induced intracellular lipid
accumulation compared to the CON136 group, but the
addition of csOCN alleviated intracellular lipid accumu-
lation in the OE-CD36 group (Fig. 4D-H). These results
indicated that csOCN alleviated the lipid accumulation
induced by CD36 overexpression. In conclusion, csOCN
reduced lipid accumulation in hepatocytes by allevi-
ating the enhanced fatty acid uptake caused by CD36
overexpression.

Activation of AMPK by csOCN inhibits CD36 expression via
FOXO1

Our previous results showed that GluOC promoted
AMPK phosphorylation. However, csOCN also affected
the expression of CD36 in the present study. To inves-
tigate whether AMPK mediated csOCN regulation of
CD36, we used the AMPK inhibitor CpdC to inhibit
AMPK activation. First, we examined the effect of differ-
ent concentrations of CpdC on AMPK phosphorylation
in hepatocytes (Fig. 5A) and selected 10 uM as the work-
ing concentration. We then analyzed the role of CpdC
in the therapeutic effect of csOCN by detecting the lipid
metabolism-related proteins AMPK, FOXO1 and CD36
in hepatocytes (Fig. 5B-D). We found that csOCN acti-
vated AMPK and promoted FOXO1 expression while
inhibiting the expression of CD36, and CpdC reversed
the effect of csOCN. We also investigated the effects of
¢sOCN and CpdC treatment on the nuclear localiza-
tion of FOXO1 (Fig. 5E). We found that the intensity
of FOXO1 fluorescence in the nucleus decreased after
OA/PA induction compared to the control group, but
the expression of FOXO1 fluorescence in the nucleus
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increased after csOCN treatment. The effect of csOCN
was reversed after CpdC treatment. These results suggest
that activation of the AMPK pathway by csOCN pro-
motes FOXO1 expression and nuclear localization and
inhibits CD36 expression.

Activation of AMPK by csOCN inhibits CD36 expression via
BCL6

The expression of BCL6 mRNA was significantly reduced
in the OA/PA group compared to the control group,
but this difference was reversed after csOCN treatment
(Fig. 2@G). The effect of csOCN on BCL6 expression was
investigated using the AMPK inhibitor CpdC. As shown
in Fig. 6A, csOCN reversed the OA/PA-induced decrease
in BCL6 expression, and this effect was attenuated by
the addition of CpdC. We used the BCL6 transcriptional
activity inhibitor 79—6 to block the effects of BCL6. We
first examined the effects of different concentrations
of BCL6 inhibitors on cell proliferation (Fig. 6B), BCL6
mRNA expression (Fig. 6C), CD36 mRNA expression
(Fig. 6D), and GPR40 mRNA expression (Fig. 6E). Based
on these results, we selected 50 pM 79—6 as the working
concentration. We then investigated the effect of 79-6
on the therapeutic efficacy of csOCN. The results showed
that the OA/PA-induced decrease in BCL6 expression
was reversed by the addition of csOCN, but the protein
expression of BCL6 was not affected by the addition of
79—-6 (Fig. 6F), which was consistent with the effect of
79—-6. As shown in Fig. 6G, csOCN treatment attenuated
the OA/PA-induced increase in CD36 expression, and
the addition of a 79—6 inhibitor reversed the therapeutic
effect of csOCN. In conclusion, the activation of AMPK
by ¢sOCN promoted BCL6 expression and inhibited
CD36 transcription.

Molecular docking

In the present study, we also performed molecular dock-
ing analyses to investigate the possible interactions of
osteocalcin and fatty acids with CD36. Figure 7A shows
the binding position of osteocalcin with CD36. Hydro-
gen bonds cannot be formed due to the lack of an amino
hydrogen on the proline residue. Therefore, osteocalcin
only forms hydrogen bonds with CD36 at Asn-31, Tyr-
291, and Glu-282. In addition, osteocalcin forms a salt
bridge with CD36 at Glu-282. These forces help stabilize
the binding position of CD36 at the ligand binding site
(Table 2). Figure 7B shows the interaction binding site of
oleic acid with CD36. The three-dimensional interaction
diagram shows the hydrogen bond formed by oleic acid
at ASN-118 on the CD36 molecule and the salt bridges
at Arg-63, Arg-96 and Ala-251, Phe-266, Ile-271, Ile-275,
Leu-295, Leu-371, Lys-385, and Leu-387 on the hydro-
phobic interactions of the CD36 protein (Table 3), and
these interaction forces stabilize the binding of oleic acid
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to CD36. Figure 7C shows the binding posture of palmitic
acid and CD36 and its three-dimensional interactions
with hydrogen bonds formed at Gly-199 and salt bridges
at Lys-337; and its hydrophobic interactions at Leu-140,
Ala-144, Val-198, Val-200, Lys-334, Lys-337, Val-339, and
Val-389 (Table 3). These interaction forces are the basis
for maintaining the palmitic acid-CD36 complex forma-
tion. A negative binding affinity indicates the possibility
of binding, and typically, smaller values indicate a higher
probability of binding. In this analysis, osteocalcin, oleic
acid and palmitic acid had binding affinities of -11.0 kcal/
mol, -6.6 kcal/mol and -5.7 kcal/mol, respectively, for
CD36 (Table 4), which suggests that osteocalcin binds
more strongly to CD36 than oleic acid and palmitic acid.

Osteocalcin may colocalized with CD36

We determined whether there was an intermolecular
interaction between OCN and CD36. Lentiviral infection
of NCTC 1469 cells was used to establish a GFP-labeled
CD36-overexpressing cell line, as shown in Fig. 8A, which
shows the GFP fluorescence intensity of the CD36-over-
expressing cell line. We treated the cells with rhodamine
B-labeled OCN and analyzed the colocalization of OCN
and CD36 using laser confocal microscopy. As shown in
Fig. 8B, there was an overlap between the red fluores-
cent signal and the green fluorescent signal in the cell.
As shown in Fig. 8C, we knocked down CD36 in NCTC
1469 cells using siRNA then treated the cells with rhoda-
mine B-labeled OCN. The results showed a weakened red
fluorescence signal after knockdown of CD36 compared
to the control. These results suggest that OCN may bind
to CD36.
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Fig. 6 csOCN activates AMPK and inhibits CD36 expression via BCL6. (A) csOCN increased the OA/PA-induced decrease in the expression of BCL6. (B)
Cytotoxicity of different concentrations of 79 —6 on hepatocytes. (C) Effects of different concentrations of 79 —6 on BCL6 mRNA expression. (D) Effects of
different concentrations of 79—6 on CD36 mRNA expression. (E) Effects of different concentrations of 79—6 on GPR40 mRNA expression. (F) Treatment
with 50 uM 79— 6 did not affect the effect of csOCN on BCL6 protein expression. (G) Treatment with 50 uM 79— 6 reversed the inhibitory effect of csOCN
on the CD36 protein. The data are presented as the means +SD of three independent experiments. * p <0.05, ** p<0.01, *** p <0.001
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Fig. 7 Computer simulation to analyze the effects of osteocalcin, oleic acid and palmitic acid on CD36. (A) Binding mode of CD36 and osteocalcin com-
plexes, with a general view on the left and interaction details on the right. The CD36 protein is shown in blue, and osteocalcin is shown in wheat. The
yellow dashed lines indicate hydrogen bond interactions, and the burgundy dashed lines indicate salt bridge interactions. Binding patterns of oleic acid
(B) and palmitic acid (C) to CD36. The left figure shows the total view, and the right figure shows the partial view. The orange bar is the small molecule,
and the light blue cartoon is the protein. The blue line indicates hydrogen bonding, the gray dashed line indicates hydrophobicity and the yellow dashed
line indicates salt bridge interactions. (D) Spatial distribution of osteocalcin, oleic acid and palmitic acid bound to the cell membrane of CD36
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Table 4 CD36 predicted binding affinity for osteocalcin, oleic

CHAIN A Residue CHAINB  Residue Interaction type acid and palmitic acid

Osteocalcin ~ Tyr-87 CD36 Asn-31 Hbond System Predicted binding affinity (kcal/mol)
Osteocalcin ~ Arg-89 CD36 Tyr-291 Hbond CD36-Osteocalcin -11.0

Osteocalcin Arg-89 CD36 Glu-282 Hbond CD36-Oleic Acid -6.6

Osteocalcin =~ Arg-89 CD36 Glu-282 Salt bridge CD36-Palmitic Acid -5.7

¢sOCN inhibited the increase in body weight and liver
injury in HFD-induced NAFLD mice

We used a HFD to generate NAFLD mice. After
C57BL/6] mice were fed a HFD for 11 weeks, the mice
were randomized into three groups for a 4-week inter-
vention. The HFD group (HFD group, n=5) contin-
ued to receive the HFD along with PBS, the low-dose
csOCN treatment group (OC-L group, n=>5) received the
HED and 3 ng/g body weight of the drug, the high-dose
csOCN treatment group (OC-H group, n=5) received
the HFD and 10 ng/g body weight of the drug, and the
normal control diet group (NCD group, n=>5) received a
normal diet for 15 weeks (Fig. 9A). As shown in Fig. 9B,
we recorded the weekly body weight changes of the mice
fed a HFD. Figure 9C shows anatomical drawings and
liver images of the mice. These figures shows that the liv-
ers of the HFD group became yellow in color, less pliable,
and had a granular surface compared to the NCD group.
csOCN treatment alleviated these effects. As shown
in Fig. 9D-F, the body weight, liver weight, and body
weight/liver weight ratio of the mice increased after high-
fat induction compared to the mice in the NCD group,
and these changes were alleviated after treatment with
c¢sOCN. As shown in Fig. 9G-H, the serum ALT and AST
levels were significantly increased in NAFLD mice and
decreased after csOCN treatment. These findings sug-
gest that csOCN may be used to treat NAFLD mice with
weight gain and liver injury.

¢sOCN inhibits the increase in serum and liver fat in HFD-
induced NAFLD mice

To evaluate the effects of csOCN on hepatic steatosis,
histopathological examination was performed. We ana-
lyzed the livers of each group using H&E and Oil Red O
staining. As shown in Fig. 10A-B, the HFD group showed
ballooning and obvious lipid droplet staining compared
to the NCD group. The ballooning was diminished when
the dose of csOCN treatment (in the OC-L and OC-H

Table 3 Interaction types of oleic acid and palmitic acid with CD36

groups), and lipid droplet staining became weaker. We
then examined random blood sugar, blood lipid and liver
lipid levels (TG, TC, LDL-C) of the mice separately. The
results showed remarkable elevations in the TC, TG and
LDL-C levels in the livers of NAFLD mice. Significantly
reduced levels of total cholesterol, total cholesterol, and
LDL cholesterol were detected after high-dose csOCN
treatment (Fig. 10C-E). As shown in Fig. 10F, random
blood glucose was elevated in the HFD group compared
to the NCD group and decreased after csOCN treat-
ment. As shown in Fig. 10G-I, serum lipid levels were
elevated in the HFD group compared to the NCD group
and significantly reduced in the high-dose csOCN group.
These findings suggested that csOCN ameliorated HFD-
induced NAFLD.

In vivo csOCN activates the AMPK-FOXO1/BCL6-CD36
pathway

To further validate the mechanism of action of csOCN
in alleviating NAFLD at the animal level, the lipid
metabolism-related proteins AMPK, FOXO1, BCL6 and
CD36 were detected in the livers of the mice. As shown
in Fig. 11, the expression of p-AMPK, FOXO1 and
BCL6was lower in HFD-induced NAFLD mice compared
to control mice, and CD36 expression was higher. In
contrast, csOCN treatment increased the expression of
p-AMPK, FOXO1, and BCL6 and decreased the expres-
sion of CD36. These findings suggested that csOCN alle-
viated NAFLD by activating the AMPK pathway.

Discussion

This study shows for the first time that csOCN inhibits
CD36 expression and binds to CD36 to inhibit its func-
tion. csOCN alleviated lipid accumulation in hepato-
cytes by reducing CD36 transcription via activation of
the AMPK signaling pathway and possible blockade
of fatty acid uptake via binding to CD36 on the surface
of the cell membrane, which blocks its binding to fatty

Compound Protein Residue Interaction type

Oleic Acid CD36 Asn-118 Hbond

Oleic Acid CD36 Arg-63, Arg-96 Salt bridge

Oleic Acid CD36 Ala-251, Phe-266, lle-271, lle-275, Leu-295, Leu-371, Lys-385, Leu-387 Hydrophobic interaction
Palmitic Acid CcD36 Gly-199 Hbond

Palmitic Acid CD36 Lys-337 Salt bridge

Palmitic Acid CD36 Leu-140, Ala-144, Val-198, Val-200, Lys-334, Lys-337, Val-339, Val-389 Hydrophobic interaction
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Fig. 8 The colocalization of osteocalcin and CD36. (A) GFP fluorescence intensity after lentiviral infection. (B) Spatial relationships of lentivirus-infected
NCTC 1469 cells treated with rhodamine B-labeled osteocalcin under laser confocal microscopy. (C) Spatial relationships of CD36-knockdown NCTC 1469
cells treated with rhodamine B-labeled osteocalcin under laser confocal microscopy. The data are presented as the means+SD of three independent

experiments

acids (Fig. 12). csOCN activated AMPK (Thr172), which
increased the FOXO1 expression and and nuclear accu-
mulation, which decreased CD36 transcription. More-
over, activated AMPK promoted the expression of BCL6,
which inhibited CD36 transcription.

NAFLD is a metabolic disorder that encompasses a
spectrum of changes from hepatocellular steatosis to
hepatocellular carcinoma. Abnormalities in the lipid
metabolism of hepatocytes lead to hepatocellular ste-
atosis. An increase in the source of fatty acids in hepato-
cytes or a decrease in consumption leads to an abnormal

accumulation of fatty acids in hepatocytes. However,
fatty acid uptake plays a major role in NAFLD. CD36,
FATPs and FABPs play important roles in fatty acid
uptake. OCN plays an important role in energy metab-
olism. Our previous studies [3, 14] showed that GluOC
alleviated lipid accumulation in hepatocytes. The pres-
ent study first compared the ability of GluOC obtained
by prokaryotic expression and chemically synthesized
osteocalcin to alleviate hepatocyte lipid accumulation.
The results showed that GluOC and csOCN alleviated
OA/PA-induced lipid accumulation in hepatocytes. In
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addition, we found that csOCN inhibited the expression
of fatty acid uptake-related genes and proteins, particu-
larly CD36. CD36 is a heavily glycosylated 88-kDa class
B scavenger receptor that is widely expressed in mam-
malian cells [15]. CD36 plays a key role in many differ-
ent types of cancer [16], and it is strongly associated with

the development of NAFLD [17]. In adipocytes, dynamic
palmitoylation of cell membrane-localized CD36 pro-
motes fatty acid uptake [18]. In the liver, the upregulation
of CD36 membrane proteins increases cellular fatty acid
uptake and is positively correlated with hepatic steato-
sis [19-21]. In the present study, CD36 expression was
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Fig. 10 csOCN inhibited the increase in serum and liver fat in HFD-induced NAFLD mice. (A) Results of H&E and Oil Red O staining (100x). (B) Quantitative
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increased in hepatocytes induced by a HFD or OA/PA,
and fatty acid uptake was increased. In contrast, csOCN
treatment inhibited the CD36 expression and fatty acid
uptake pathways. CD36 may mediate the role of csOCN

in alleviating NAFLD.

AMPK is a kinase that regulates lipid metabolism, and
it is a potential therapeutic target for metabolic diseases.
AMPK plays an important role in fatty acid oxidation [22]
and the inhibition of inflammation and oxidative stress

[6]. Our previous results showed that GluOC activated
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Fig. 12 Working hypothesis of the effects of csOCN

AMPK via the cell membrane receptor GPRC6A, down-
regulated SREBP-1c and SCD1, and blocked the de novo
synthesis of fatty acids [3]. CpdC (an AMPK inhibitor)
did not alter the overall domain organization or complex
conformation of the inhibited AMPK [23]. In the pres-
ent study, OA/PA inhibited AMPK phosphorylation, and
¢sOCN promoted AMPK phosphorylation and inhibited
CD36 expression. CpdC was used to block the inhibition
of AMPK phosphorylation, and the inhibitory effect of
c¢sOCN on CD36 was attenuated. These findings suggest
that AMPK mediates csOCN regulation of CD36.

FOXO1 (Forkhead box protein O1) primarily consists
of an N-terminal structural domain (NTD), a DNA-
binding forkhead structural domain (FDH), a nuclear
localization (NLS) region, a nuclear export (NES) region
and a C-terminal transcriptional activation domain
(TAD), and it plays a crucial role in mammalian life. After
nuclear translocation of FOXO1, FDH binds to DNA to
inhibit or activate the gene expression of target proteins
[24, 25]. FOXO1 binds to the CD36 promoter region to
suppress CD36 transcription [26, 27]. Activated AMPK
(Thr-172) was found to increase FOXO1 expression [28].
These results are consistent with our findings. In our
study, csOCN promoted FOXO1 expression, and the
effect of csOCN was reversed by the addition of CpdC.
Meanwhile, laser confocal microscopy results revealed
enhanced nuclear localization of FOXO1 after ¢csOCN
treatment compared to the OA/PA group, and CpdC
reversed this increase. These results suggest that activa-
tion of AMPK by csOCN increases FOXO1 expression,
its nuclear accumulation and ultimately leads to the inhi-
bition of CD36 expression.

Moreover, BCL6 (B-cell lymphoma 6) is a transcrip-
tional suppressor and proto-oncogene that is a mas-
ter regulator of humoral immunity and lymphoma
survival [29, 30]. In addition to affecting cancer, it plays
an important role in energy metabolism. For example,
one study revealed a role for BCL6 in suppressing genes
that are important for glycolysis and related pathways
[31]. The 79—-6 (a BCL6 inhibitor) selectively inhibits
the transcriptional suppression activity of BCL6 without
affecting BCL6 protein levels. We found that csOCN pro-
moted AMPK activation by increasing BCL6 expression
and decreasing CD36 expression. However, the addition
of 79—6 reversed the ability of csOCN to inhibit CD36
expression. Previous results showed that BCL6 alleviated
NAFLD in mice via suppression of the fatty acid trans-
porter CD36 [32]. These results suggest that csOCN
alleviates lipid accumulation in hepatocytes via the
AMPK-BCL6-CD36 pathway.

Additionally, NAFLD mice were generated using a
previously established experimental method [33] and
subsequently treated with csOCN. The results showed
that high concentrations of csOCN decreased the lev-
els of serum and liver TG, TC, and LDL-C compared to
the NAFLD group. The levels of phosphorylated AMPK,
FOXO1 and BCL6 were increased after csOCN treat-
ment, and the expression of CD36 was decreased, accord-
ing to the subsequent analysis of AMPK pathway-related
proteins. In conclusion, csOCN alleviated NAFLD via the
AMPK-FOXO1/BCL6-CD36 pathway.

The structure of a protein determines its function, and
we analyzed the structure of CD36 on the cell membrane
and its effect on fatty acid uptake. We summarized the
structure of CD36 based on an extensive literature search
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(Fig. 7D) [16, 34-37]. The structural basis for CD36
binding to FAs is based on two very short intracytoplas-
mic domains and a large, highly glycosylated extracel-
lular domain [38]. A large hydrophobic pocket (binding
pocket 1) at the proximal N-terminus of CD36 outside
the cell membrane is the main ligand transport tunnel
[39], but another hydrophobic pocket (binding pocket
2) at the proximal C-terminus may be the main chan-
nel for fatty acid transport [40]. Molecular docking via
computer simulation confirmed the presence of binding
sites for CD36 with osteocalcin, oleic acid and palmitic
acid. We found that when osteocalcin bound to CD36, it
covered the two hydrophobic pockets of CD36, and oleic
acid and palmitic acid also covered these two hydropho-
bic pockets. Because OCN, oleic acid, and palmitic acid
overlapped in the spatial distribution of CD36, and OCN
bound to CD36 more strongly than oleic acid or palmitic
acid (Table 4), OCN binding to CD36 may block the
bingding of oleic acid and palmitic acid (Fig. 7D). Simi-
larly, a previous study reported [41] that NAFLDO1 may
be used as a CD36-specific aptamer for the treatment
of NAFLD because NAFLDO1 is highly likely to bind
the CD36 amino acid sequence 30-439, which is also an
extracellular amino acid residue of CD36. We found that
osteocalcin colocalized with CD36 using laser confocal
microscopy, and our results suggest that osteocalcin may
binds directly to CD36 to influence the binding of fatty
acids to CD36.

Conclusions

In this study, we investigated the mechanism by which
c¢sOCN alleviates NAFLD using an NAFLD animal
model and an NAFLD cell model. csOCN inhibited the
expression of CD36 after activation of the AMPK sig-
naling pathway, which alleviated hepatocyte steatosis.
The results of the present study showed that activation
of AMPK by ¢sOCN promoted FOXO1 expression and
nuclear localization and increasing BCL6 expression,
which in turn inhibited CD36 expression and alleviated
lipid accumulation in hepatocytes. We also proposed for
the first time that osteocalcin may interact directly with
CD36. Molecular docking results showed that osteocal-
cin, oleic acid, and palmitic acid bound to CD36, and
osteocalcin had the strongest binding to CD36. We also
confirmed that osteocalcin can colocalized with CD36.
These findings suggest that osteocalcin may bind to
CD36 and blocks fatty acid uptake by CD36. This study
provides new ideas for the prevention and control of
NAFLD.
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