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The aim of the study was to find out the mechanisms of the adiponectin effect on apolipoproteins (apo) A-1
and B production by human hepatocytes.

Materials and methods. The study was performed on the human hepatoma cell line HepG2. The expression of
the apoA-1 gene was evaluated at the mRNA level by quantitative PCR with reverse transcription, and the produc-
tion of apoB — by ELISA method. The activity of lipogenesis was assessed by the inclusion of labeled *C-acetate in
triglycerides, as well as by mRNA expression of lipogenesis genes, and by the estimation of total triglycerides content
in cells. To determine the involvement of signaling pathways, the RNA interference method was used.

Results. Knockdown of genes, coding the specific receptors, AMP-activated protein kinase, and its regulated
transcription factors inhibited adiponectin-dependent stimulation of apoA-1 gene expression in hepatocytes. Adi-
ponectin had no effect on lipogenesis and apoB production under basal conditions, but suppressed these processes
induced by the addition of oleate.

Conclusion. Adiponectin stimulates the production of apoA-1 in hepatocytes by inducing the transcription of the
apoA-1 gene and suppresses the secretion of apoB by affecting lipogenesis. These effects may underlie the effect of
adiponectin on lipoproteins metabolism.

Keywords: adiponectin; apolipoproteins; hepatocytes; nuclear receptors; lipogenesis; metabolic syndrome.

MEXAHU3MbI BAUGHUS AAUNOHEKTUHA HA NPOAYKLUIO
ANMOAUNONPOTENMHOB A-1 U B TENATOLUUTAMU YEAOBEKA
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Ileav uccaedoearnuss — BBHISICHUTH MEXaHU3MbI BJIMSHMSI aIUIIOHEKTHMHA Ha TMPOLYKIIMIO aIlOJUIIONPOTEMHOB
(amo) A-1 u B remaTouuTamMu 4ejaoBeKa.

Mamepuaavt u memoost. ViccienoBanve NMpoBOAMIM Ha KJETKax JIMHUM renatoMmbl yeioBeka HepG2. Dkc-
npeccuio TeHa apoA-1 oueHuBanm Ha ypoBHe MPHK MeTomoM KoaWuecTBEHHOU MOJMMEpPa3HON IIEMTHOM peaKIuu
Cc 00paTHOI TpaHCKPUIMLMEN, MPOAYKIIUIO artoB — MeTomoM MMMyHO(MEPMEHTHOTO aHalin3a. AKTUBHOCTh JIUTIOTE-
He3a Onpelesssid 10 BKIIOYEHUI0O MedeHoro '“C-auerata B TPUIVIMLIEPUABI, MO 3KCIIPECCUM TEHOB JIMIIOreHe3a Ha
ypoBHe MPHK u 1o 06111eMy conepkKaHUI0 TPUTJIULEPUIOB B KiIeTKaX. JIJIst BEISICHEHUST y4acTUsI CUTHAJIbHBIX MyTei
ucrojb3oBain Meton PHK-uHTepdhepenumn.

Pe3zyavmamot. HoknayH reHoB crieliiuIecKux perentopoB, AM®-akTuBUpyeMoil MPOTEeMHKUHA3BI U PETYJIH-
pyeMbIX €10 (haKTOPOB TPAHCKPUITIIMM MPUBOIMI K OTMEHE alUIIOHEKTUH-3aBUCUMOM CTUMYJISILIMU SKCIIPECCUU T'eHa
apoA-1 B renaToruTax. AIUITOHEKTUH He BJIMSIT Ha JIMITOTeHe3 U MPOMYKIINIO artoB B 6a3albHBIX YCIOBUSX, HO TIPU
STOM TOIABJISII JaHHBIC ITPOLIECCH, MHIYLIUPOBAaHHBIC TOOABJICHUEM OJicaTa.

3axarouenue. ATUNIOHEKTUH CTUMYJIMPYET MPOMYKIINIO altoA-1 B remaToumMTax IyTeM WHIYKIWU TPaHCKPUIILIAN
reHa apoA-1 ¥ ToJaBisieT CeKpelrio JaHHBIMU KJIeTKaMu anoB mocpenacTBoM BAUSIHUSI Ha JIUIOTeHEe3. YKa3aHHbIE
BO3ICUCTBUS MOTYT JieXaTb B OCHOBE BIVSIHUS aAWIOHEKTHMHA Ha OOMEH JIMITOIPOTENHOB.

KimoueBble CJIOBA: aIMITOHEKTUH; allOJMIIONPOTEHUHBI; TeMAaTOLUTHI; SIAePHbIC PELEHTOPHI; JIUIIOTeHE3; MeTabo-
JIAYECKUN CUHIPOM.

Abbreviations

apo — apolipoprotein; RT-PCR — reverse transcription polymerase chain reaction; TG — triglycerides; AdipoRs — adiponectin
receptors; AMPK — AMP-activated protein kinase; BSA — bovine serum albumin; FCS — fetal calf serum; LXRa — liver X
receptor alpha; PPARo — peroxisome proliferator-activated receptor alpha.
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Introduction

One of the primary risk factors for
atherosclerosis is metabolic syndrome, a complex
of pathogenetically interrelated disorders, such
as obesity, insulin resistance, dyslipoproteinemia,
and hypertension [1]. The adipose tissue proteins
(adipokines) are involved in the formation of
these disorders [2]. Adiponectin increases the
sensitivity of tissues to insulin and stimulates
the oxidation of fatty acids. Thus, it favorably
affects plasma lipoproteins spectrum and is of
greatest interest among all adipokines [3, 4].
The metabolic effects of adiponectin are realized
by activating type 1 and type 2 adiponectin
receptors (AdipoR1/2). They transmit a signal
to AMP-activated protein kinase (AMPK)
and nuclear peroxisome proliferator-activated
receptors alpha (PPARa) [3].

Another way that adiponectin affects lipo-
protein metabolism is through hepatic apolipo-
protein (apo) production. Adiponectin increases
apoA-1 (the main protein of high-density lipo-
proteins) production and decreases apoB (the
main protein of low-density lipoproteins) pro-
duction by hepatocytes [4—6]. At the same time,
the mechanisms of these adiponectin effects re-
main poorly understood.

In this regard, the aim of the study was to
identify the mechanisms of adiponectin’s effects
on apoA-1 and apoB production by human he-
patocytes.

Materials and methods

This study was performed on cells of the hu-
man hepatoma cell line HepG2 (Russian col-
lection of cell cultures, Institute of Cytology,
Russian Academy of Sciences). The cells were
cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 4 mM glutamine,
0.1 mg/ml gentamicin (all-Biolot, Russia),
10% fetal calf serum (FCS) (Hyclone, USA) in
an atmosphere of 5% CO, at 37°C. The cells
were seeded on 96-well culture plates (Sarstedt,
Germany) with a density of 1 x 10* cells/cm? and
grown in complete medium for 2—3 days until
subconfluence (~70%—80%). Further, the culture
medium was replaced with FCS-free medium
supplemented with adiponectin (catalog number
RD172023100-C, Biovendor, Czech Republic)
at concentrations of 10 or 30 pg/ml or 1 mM

AICAR (5-aminoimidazole-4-carboxamide-1-f3-
D-ribofuranoside) (Calbiochem, USA) or phos-
phate-buffered saline for 24 hours. In several ex-
periments, a complex of bovine serum albumin
(BSA) with 290 uM oleate (all-“Sigma,” USA)
or fatty acids free BSA at a final concentration
of 5 g/l was added. By the end of the incuba-
tion, cells were harvested for RNA isolation
(Evrogen, Russia) or intracellular protein deter-
mination (BCA Protein Assay, ThermoScientific,
USA) and triglycerides (TG) (Randox enzymatic
kits, UK) content. The culture media of HepG2
cells were collected to determine apoB concen-
tration using an enzyme-linked immunosorbent
assay.

Transfection of HepG2 cells with siRNA was
performed using the Lipofectamine RNAIMAX
reagent (Invitrogen, USA), according to the
manufacturer’s instructions. The cells were
transfected for 72 h and kept in DMEM with
10% FCS. On the last day of transfection, cells
were incubated with 10 pug/ml adiponectin or
1 mM AICAR or phosphate-buffered saline un-
der serum-free conditions. The cells were then
lysed for gene expression determination by re-
verse transcription polymerase chain reaction
(RT-PCR). Transfection efficiency was assessed
by using RT-PCR. For transfection, siRNAs
were used against AdipoRI1, AdipoR2 [7],
al/2-subunits of AMPK [8] (all-Syntol, Russia),
PPARa (sc-36307), LXRa (hepatic receptors-X)
(sc-38828), and nonspecific siRNA (sc-37007)
(all Santa Cruz, USA).

RNA isolation, reverse transcription, and
real-time PCR were performed, as described
previously [9, 10]. The relative mRNA con-
tent of the desired genes was normalized to the
levels of the housekeeping (constitutive) genes
(of B-actin, ribosomal protein RPLPO, and cy-
clophilin A) expression.

The synthesis of TG in cells was assessed
by inclusion of '“C-acetate into TG. For this,
1 pCi of "C sodium acetate (specific radioac-
tivity = 20,000 cpm/nmol) in the presence of
10 or 30 pg/ml adiponectin or 10 ug/ml BSA
(negative control) was added to HepG2 cells
for 5 h under serum-free conditions. Then, li-
pids were extracted from the cells with a mix-
ture of hexane—isopropanol (3:2 by volume)
and separated by thin-layer chromatography in
the system heptane—isopropyl ether—acetic acid
(15:10:1 by volume) on Kieselgel 60 aluminum
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plates (Merck, Germany). After developing with
iodine (J,), spots corresponding to the TG frac-
tion were excised, placed in vials, and filled
with scintillation liquid for radioactivity counting
(RakBeta, LKB, Sweden). Delipidated cell pellets
were solubilized with 0.2 M NaOH to determine
the protein concentration.

The results are presented as mean values *
standard error of mean (mean = SEM) of three
or four independent experiments. The statisti-
cal analysis of differences between the control
and experimental groups was performed using
Dunnett’s test. Differences were considered
significant at p < 0.05. Statistical analysis was
performed using the GraphPad Prism v.6 soft-
ware (USA).

Results and discussion

The production of apoA-1 by hepatocytes is
primarily regulated at the transcriptional level
with the participation of transcription factors that
interact with specific sites located in the 5’-reg-
ulatory region of this gene. The transcriptional

activators of the apoA-1 gene are PPARa and
HNF4a (hepatocyte nuclear factor 4a.), whereas
LXR suppress the expression of this gene [9].
In turn, the activity of PPARa and LXRa in
hepatocytes is controlled by AMPK [11, 12].

We used the RNA interference method to elu-
cidate the participation of these signaling mo-
lecules in adiponectin-dependent activation of
the apoA-1 gene expression in hepatocytes. The
knockdown of genes encoding AdipoRs, AMPK
kinase, and nuclear receptors, PPARo and LXRa,
led to the cancelation of the effect of adiponectin
on apoA-1 gene expression at the mRNA level
(Table). Like adiponectin, the AMPK activator
AICAR stimulated apoA-1 gene expression in
hepatocytes. This effect was also canceled after
the knockdown of genes encoding AMPK and
both nuclear receptors (Table). Upon these data
we suggest the involvement of both types of adi-
ponectin receptors, AMPK and nuclear receptors
PPARa and LXRa in regulation of apoA-1 gene
expression under adiponectin action.

Unlike apoA-1, the production of apoB is
regulated mainly at the post-translational level

Table / Tabavua

Effect of adiponectin (10 mkg/ml) on the expression of the apoA-1 gene in human hepatoma HepG2 cells upon
the knockdown of the AdipoRs, AMPK, PPARa., and LXRa. genes

BAusHMe aAMNOHEKTUHA (10 MKI/MA) HO SKCMPECCUIO FeHA aPOA-1 B KAETKOX renatomMbl YHeAoBeKa AvuHUM HepG2 Ha poHe
HOKAQYHGO reHoB AdipoRs, AMPK, PPARa. v LXRo.

Suppressed gene Active agent apoA-1 siRNA, percent (%) of control

- Control 100.0 £ 1.1
Adiponectin 150.5 + 3.5%
AICAR 140.3 £ 3.3*

AdipoR1 Control 117.5 £ 11.2
Adiponectin 120.3 + 12.8
AdipoR2 Control 138.0 £ 15.6
Adiponectin 131.6 = 16.8

Subunits a./-AMPK Control 44.3 + 1.9*
and a2-AMPK Adiponectin 357+ 1.3

AICAR 30.1 £ 2.1

PPARa Control 131.8 £ 4.0
Adiponectin 1243+ 2.5

AICAR 122.0 £ 2.1
LXRo Control 191.4 £ 7.0*
Adiponectin 186.9 + 1.3
AICAR 148.5 £ 10.2

Note. The results of real-time RT-PCR of the relative content of apoA-1 mRNA, mean + SEM (n = 12—16).

*p < 0.05 versus control with nonspecific siRNA.
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Figure. Effect of adiponectin on TG synthesis and apoB secretion in human hepatoma HepG2 cells. @ — synthesis of
TG was evaluated by the inclusion of “C-acetate into TG. The results are presented as counts per minutes, normalized
for the content of cellular protein, relative to the average value in the control, taken as 100%. » — The expression
level of lipogenesis genes ACC-1 (acetyl-CoA-carboxylase) and FASN (fatty acid synthase), measured by the reverse
transcription PCR assay. TO-901317 — LXR agonist, the activator of lipogenesis [12], positive control. ¢ — TG
content in cell lysates (enzymatic method), normalized for the level of intracellular protein. N.d. — TG were not
detected by this method. d — apoB concentrations in hepatocytes’ culture media (ELISA assay), normalized for the
content of intracellular protein, relative to the control taken as 100% (the absolute values of apoB concentrations
were ~5-50 ng/mkg of cellular protein). Mean values = SEM are given (a —n =8, b — d — n = 12—16). *p <0.05,
** 1 <0.005 versus the control, #p<0.05 versus control with oleate treatment. Adipo — adiponectin, TG —
triglycerides, apoB — apolipoprotein B

PUCYHOK. BiusiHue agvmoHeKTHHA Ha CHHTE3 TPUIIMLEPUIOB M CEKPELMIO allOoJIMIIONPOTENHAa B KIeTKaMy renaToMbl
yestoseka quHuu HepG2: @ — cMHTE3 TPUIIIMLEPUIOB OLIEHUBAIM 1O BKJIIOYeHUIO “C-alieTaTa B TPUIVIMLIEPUIAX; KO-
YeCTBO MMITYJIbCOB B MUHYTY, HOPMUPOBAHHOE Ha CoIepXXaHWEe KJIETOYHOTo Oejika, OTHOCUTEJbHO CPEeTHero 3HaYeHUs!
B KOHTpoJie, npuHsitoro 3a 100 %; b — skcrnpeccus reHoB aumnoreHe3a ACC-1 (auetun-KoA-kap6okcunasel) u FASN
(cuHTeTa3bl XUPHBIX KUCJIOT), METOI — IIOJMMepa3Hasl IieTTHasl peakimsl ¢ oopatHoit TpaHckpunuueit; TO-901317 —
aKkTUBaTop JuroreHe3a, aroHucT LXR [12], moJioXXuTeabHbIii KOHTPOJIb, ¢ — COAECPXKaHWE TPUIJIMLEPUIOB B JIM3aTax
KJIETOK (3H3MMATHMYECKUII METOm), HOPMMPOBAHHOE Ha YPOBEHb BHYTPUKIIETOYHOro Oenka;, H. m. — Tpuriaumepumobl
YKa3aHHbIM METOJIOM HE NEeTeKTUPOBAIUCH; d — KOHIEHTpAllUU aroJUIIONpOoTeMHa B Ha KyJbTypalbHBIX cpeiax rerna-
TOLIMTOB (MMMYHO(DEPMEHTHBII aHalN3), HOPMUPOBAHHbIE HA COIEp:KaHWE BHYTPUKJIETOYHOrO OelKa, OTHOCHUTEIHHO
KOHTPOJIsI, TIpuHSTOTO 32 100 % (abCcomoTHBIE 3HaYeHWsI KOHIIEHTpalMil anoumonpoTenHa B cocrasimsiim ~5—50 Hr/MKT
KjieToyHoro Geinka); cpenHue £ SEM (@ — n=38, b — d — n = 12—16). *p <0,05, **p < 0,005 npoTuB KOHTPOJI,
#p < 0,05 IpoTUB KOHTPOJIA ¢ O00aBIeHUEM ojlearta. AIUIo — agunoHekTuH, TI — Tpurnuuepuasl, anoB — anonu-
nornpotreuH B
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by stabilizing this protein in the lipid environ-
ment [13]. In this regard, it is most likely that
adiponectin affects the production of apoB-con-
taining lipoproteins, influencing the TG synthesis.
Although adiponectin reduces lipogenesis activity
in rat and bovine hepatocytes [14, 15], these data
are not confirmed in studies performed on hu-
man hepatocytes [6]. These discrepancies may
be due to the different species of hepatocytes
and differences in the activity of lipogenesis in
the studied cell models. According to our data,
adiponectin does not affect basal lipogenesis in
HepG2 cells (diagrams in Figures, a and b).
However, upon loading cells with oleate, adi-
ponectin, at a concentration of 30 mkg/ml, de-
creases TG content in HepG2 cells (Diagram c).
The described effects of adiponectin on TG syn-
thesis in cells were accompanied by changes in
apoB secretion by the cells (Diagram d). These
data support the hypothesis that adiponectin
interferes with hepatic apoB production by the
effect of this adipokine on lipogenesis.
Suppression of TG synthesis by adiponec-
tin can be a result of AMPK activation with
a further decrease in lipogenesis gene activity at
the transcriptional and post-translational levels
[3, 16] on the one hand, and by the activation
of PPARa and the transcriptional coactivator
PGCla, which increase fatty acids oxidation at
the transcriptional level on the other hand [3, 17].

Conclusion

We conclude that adiponectin’s effects on
apolipoproteins production in hepatocytes occur
through the signaling pathways of adiponectin re-
ceptors, including AMPK activation and changes
in the activity of nuclear receptors, PPARa and
LXRa. These effects, along with the activation of
fatty acids oxidation and an increase in insulin
sensitivity in peripheral tissues by adiponectin,
can provide beneficial effects of this adipokine
on lipoproteins blood levels and development
of dyslipoproteinemia in metabolic syndrome.
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