1' frontiers
in Physiology

ORIGINAL RESEARCH
published: 10 May 2017
doi: 10.3389/fphys.2017.00291

OPEN ACCESS

Edited by:
Maria Giovanna Trivella,
Consiglio Nazionale Delle Ricerche
(CNR), Italy

Reviewed by:
Katja Breitkopf-Heinlein,
Heidelberg University, Germany
Antonella Cecchettini,
University of Pisa, Italy

*Correspondence:
Ping Sheng Chen
101006524bingli@sina.cn

Specialty section:
This article was submitted to
Integrative Physiology,
a section of the journal
Frontiers in Physiology

Received: 22 October 2016
Accepted: 21 April 2017
Published: 10 May 2017

Citation:

Liu J, Li 'Y, Liu L, Wang Z, Shi C,
Cheng Z, Zhang X, Ding F and
Chen PS (2017) Double Knockdown
of PHD1 and Keapl Attenuated
Hypoxia-Induced Injuries in
Hepatocytes. Front. Physiol. 8:291.
doi: 10.3389/fphys.2017.00291

Check for
updates
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Fengan Ding and Ping Sheng Chen *

Department of Pathology and Pathophysiology, School of Meidine, Southeast University, Nanjing, China

Background and Aims:  Hypoxia and oxidative stress contribute toward liver bross.

In this experiment, we used small hairpin RNA (shRNA) to infere with the intracellular
oxygen sensor—prolyl hydroxylase 1 (PHD1) and the intracelér oxidative stress
sensor—kelch-like ECH associated protein 1 (Keapl) in the ppxic hepatocytes in order
to investigate the function of PHD1and Keap1.

Methods: We rst established the CCh-induced liver brosis model, subsequently,
the levels of the PHD1, hypoxia-inducible factor-a4 (HIF-1a), hypoxia-inducible factor-2

(HIF-22), Keapl, and nuclear factor-erythroid 2 p45-related facto 2 (Nrf2) were
detected in liver tissues. Simultaneously, AML12 cells ctransfected with PHD1

and KeaplshRNAs were constructedin vitro, then the intracellular oxidative stress,
the proportion of cells undergoing apoptosis, and cell viaitity were measured.
The expression of pro- brogenic molecules were analyzed w quantitative real-time
polymerase chain reaction (QRT-PCR) and western blot. Thesvel of alpha-1 type
I collagen (COL1A1l) was determined using an enzyme-linkednmunosorbent assay
(ELISA). Finally, serum-free “conditioned medium” (CMpfmn the supernatant of hypoxic
AML12 hepatocytes was used to culture rat hepatic stellate ells (HSC-T6), and the levels
of brosis-related molecules, apoptosis, and cell prolifeation were determined.

Results: The marker of hypoxia—HIF-& and HIF-2a in the livers with brosis were
upregulated, however, the increase in PHD1 expression wasat statistically signi cant
in comparison to the control group. Sign of oxidative stress-Keapl was increased,
while the expression of Nrf2, one of the Keapl main downstrea molecules, was
reduced in the hepatocytes. Andin vitro, the double-knockdown of PHD1 and Keapl
in AML12 hepatocytes presented with decreased hypoxia-indced oxidative stress and
apoptosis, furthermore, these hypoxic AML12 cells showedhe increased cell viability
and the doweregulated expression of pro- brogenic molecugs. In addition, HSC-T6
cells cultured in the hypoxic double-knockdown CM demonstated the downregulation
of brosis-related molecules, diminished cell proliferabn, and enhanced apoptosis.

Conclusions:  Our study demonstrated that double-knockdown of PHD1 and Kapl
attenuated hypoxia and oxidative stress induced injury inhe hepatocytes, and
subsequently inhibited HSC activation, which offers a noveherapeutic strategy in the
prophylaxis and treatment of liver brosis.
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INTRODUCTION primary activator of HSCsNieto et al., 200R and hepatocytes
are the major parenchymal cells that account for more than

Liver brosis is a pathological process caused by numerous0% of all liver cells Rogdanos et al., 20).3Furthermore,
chronic liver damages—such as viral hepatitis, alchoholinepatocytes are highly susceptible to hypoxic injury and the
hepatitis, and drug induced hepatotoxicity€griche et al., 20).1  drugs induced toxicity, therefore we chose hepatocytes as a
As a highly active metabolic organ, the liver is particularlytherapeutic target in an attempt to ameliorate liver brosis.
prone to hypoxic environments and the damages caused by Hypoxic hepatocytes are known to generate excessive amount of
(Nakanishi et al., 1995A convincing body of evidence suggestreactive oxygen species (ROS) which exert oxidative stretbgon
that hypoxia plays an important role in the pathogenesis of livetiver. Moreover, such oxidative stress can further exadertiee
brosis (Cannito et al., 2014 hypoxia in the hepatocytes, and the subsequent re-oxygematio

Cellular hypoxia leads to activation of hypoxia-induciblefollowing hypoxia leads to additional oxidative stredsiyata
factors (HIF), which is crucial for the survival of an et al.,, 201). Therefore, the ideal therapy for liver brosis
asphyxiated/ischemic hepatocyte. In normoxia, HEe-And could be the alleviation of hypoxia along with the oxidative
HIF-2a are rst hydroxylated by prolyl hydroxylase (PHD) and stress, however, no such related studies have been done so
then degraded by proteasomesa(nura et al., 2000 Whereas far.
during hypoxic condition, HIF-A and HIF-2a accumulate RNA interference (RNAI) is a method that uses a small
and get translocated to the nuclei, thereby activating taeeg complementary double-stranded RNA (dsRNA) molecule to
responsible for limiting hypoxia-induced injury and cell dea silence a target genénpue et al., 2006 Considering the short
Recently, Nimker et al. reported that the pharmaceuticahalf-life and high cost of current small interfering RNA (siRINA
inhibition of PHDs with ethyl 3, 4-dihydroxy benzoate (EDHB vectors, they are not suitable for mang vivo studies. In
protects myoblasts against hypoxia-induced oxidative dagg contrast, short hairpin RNA (shRNA) is widely used due to its
upregulating HIFs [{limker et al., 201 However, non-specic enhanced stability and transfer e ciency. Accordingly fthe
inhibition of PHDs also induces the activation of HIFs but at present study we used shRNAs to simultaneously knockdown the
the cost of adverse e ects such as steatddisgmishima et al., expressions of PHD1 and Keapl in the hepatocytes with the aim
2009; Rankin et al., 20p9PHD has three isoforms—PHD1, of exploring therapeutic target for liver brosis.
PHD2, and PHD3, each of these has numerous functions.
Selective loss of PHD1, but not those of PHD2 or PHD3 could
induce hypoxia tolerance in the skeletal muscle and livdaseed  MATERIALS AND METHODS
reprogramming of basal oxygen metabolism without inducing
angiogenesis and erythrocytosisfgones et al., 2008; SchneidelA
et al., 2010 Therefore, the speci ¢ inhibition of PHD1 could
serve as a potential therapeutic strategy against hypoxiagluri
liver brosis.

nimals and Treatment

Six-week-old male Sprague-Dawley rats (25030 g) were
purchased from the Animal Center of Yangzhou University
(Yangzhou, China). All animals were housed in the animal
E(latxperimental center of Southeast University under constant

In recent years, many studies have demonstrated th - :
A . : . temperature (22C) and humidity (55 5%) in a controlled
f | . . )
oxidative stress also contributes to the pathogenesis ef liv oom with a 12-12 h light-dark cycle, where the diet and

brosis (Ghatak et al., 2011; Mormone et al., 2012; Yang et alr., i lablad libit Th ) limatized
2013.The nuclear factor-erythroid 2-related factor 2 (Nrf2ash water were avarabiad lbium. 1he rals were accimatize
been suggested to be involved in this process. Under norm Pder t'hese conditions for at Ieas.tll wegk prior to experiments
condition, Nrf2 exists in the cytoplasm where it binds to Kelc i I tanlmtals were IrDanclj(())mlyh_dllqwded _mt(;) fvgom%LOUprc;d a
like ECH associated protein 1 (Keapl), thereby hastening th catment group 0 _) whic reoce|ve LT g body
Nrf2 ubiquitination and degradationang et al., 2004 During yvelght garbon t.et.rac.hlorlde. (C&l40% C in .ol|ve oil) via
oxidative stress, Nrf2 evades Keapl and translocates to tngapent?nealt |n|Ject|on twul:De 1aO Weﬁl_( r:or elght dW:els(zl.ggd
nucleus, where it activates antioxidant genes. Chen eteal. pd normal control group t ) which receive !

also demonstrated that glycyrrhetinic acid could ameliera w;g}ciﬁn rm p?;ﬁl]le:; dT?ilsnth(j)?{hvzaéucrirr:ae;nog;l:r;c?fg?rrgc(:atri]ve
chronic liver brosis via upregulation of Nrf2Ghen et al., 2003 € recommendatio P

Additonally, Tanaka et al. also reported that Nrf2-null miceOf the 24th I\(Ijovbemt)her i9§36 fSS/GOQ/EEC)E'thA" pcr:ocedgtrtes
had an increased susceptibility to liver injuryfaphaka et al., were approved Dy he Animal wesearch tlhics Lommitiee
2019. Keapl serves to negatively regulate NifBy@ta et al. at the Medical School of the Southeast University (Nanjing,

201), for example, Keapl-knockdown mice are less vulnerablgh'na)'
to oxidative liver injuries during obstructive cholestasiediated
by enhanced expression of Nrf2kada et al., 2009Thus, Keapl Histology and Immunohistochemistry
may be an e cient therapeutic target for relieving oxidatisgess Excised livers were xed in 10% neutral-bu ered formalin,
injury during liver brosis. embedded in paran, and cut into sections of Smm

It has been reported that many cell types are involvedhickness. Slides were then depara nized with dimethylbemeze
in the pathogenesis of liver brosis, activated hepatic atell dehydrated with graded ethanol, and stained with hemaiaxy!
cells (HSCs) play a central role in liver brogenesis. It isand eosin (H&E) and Masson dyes to evaluate the degree of live
worth noting that injuried hepatocytes are considered to be t brosis.
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For immunohistochemical probing, liver slides were iniffal DMEM-F12 (Hyclone, USA) supplemented with 10% heat-
boiled in a pressure cooker containing a citric acid bu er (pH inactivated fetal bovine serum (Bioind, lIsrael), and were
6.0) to retrieve antigens. Then the slides were blocked &#th maintained in a humidi ed atmosphere with 5% GGt 37 C.
BSA and incubated with primary antibodie$able 1) overnight  For hypoxic exposure, AML12 cells were incubated in a tri-
at 4 C, and with a goat anti-rabbit biotinylated secondarygas incubator (Thermo, America) of 1%(b6% CQ, and 94%
antibody for 20 min at 37C. Immunolabels were detected N,. Serum-free “conditioned medium” (CM) was obtained from
with 3, 3-Diaminobenzidine (DAB), after which the nuclei the supernatant of AML12 cells to eliminate the in uence of
were counterstained with hematoxylin. Slides were insgkcteserum cytokines. HSC-T6 cells were cultured in CM and the cells
under a uorescence microscope at 200magnication. cultured in DMEM were used as control.

For quanti cation analysis, the percentage of positive area
for immunohistochemistry was determined using ImagedlRNA Isolation and Quantitative Real-Time

software. Polymerase Chain Reaction
Total RNA was extracted from cells with Trizol reagent (TaKaRa

Cell Cultures and Hypoxia Treatment Japan). Then, ig RNA was added to a 20 reaction volume

AML12 (alpha mouse liver 12 cells) and HSC-T6 (rat hepa’ti(gOr cDNA_re\_/ehrse transcription using the Prime SCFWRT .
stellate cells) were purchased from the Shanghai Institut’ﬁfaagpfnt Kit with gDNA Erqser (TaKaRa, Japan), and quanigai
of Biochemistry and Cell Biology. Cells were cultured inreal-t|me polymerase chain reaction (QRT-PCR) was performed

using the BR Premix Ex Tad" (TaKaRa, Japan) in a Step One
Plus real-time PCR system (Applied Biosystems, USA). Gene
expression was quanti ed according to the'2 €t method. All
PCR primers are listed imable 2

TABLE 1 | The antibody for immunohistochemistry and western blot

Antibody Manufacturer Cat. No.

Protein Extraction and Western Blot
HIF-1a Abcam ap179483 Cells were lysed with RIPA bu er (Beyotime, China) containing
HIF-2a Abcam ab179825 a Protease Inhibitor Cocktail (Roche, Germany) and then
PHD1 Abcam ab108980 centrifuged at 12,000 g for 15 min at 4C. Equal amounts of
Nrf2 Abcam ab137550 protein were separated via gel electrophoresis and transferre
Keapl Proteintech 10503-2-AP 10 a PVDF membrane (Millipore Corp, USA). Membranes were
a-SMA Proteintech 14395-1-AP  plocked with 5% skimmed milk for 1 h at 3C and incubated
COL1A1 Bioworld BS60771-25  with primary antibodies able 1) overnight at 4C and then with
TGFb1 Bioworld BS1361 corresponding secondary antibodies for 1 h atG7The blotting
VEGF-A Proteintech 19003-1-AP  signal was visualized using enhanced chemiluminesceagene
IGF-1 Bioworld BS2909 (HaiGene, China). Final protein levels were normalized tat tf
GAPDH Bioworld AP0063 GAPDH.

TABLE 2 | Primer sequences for quantitative PCR.

Specie Genes Forward sequence (5 0—30) Reverse sequence (5 0—30)

Mouse Keapl TGCCCCTGTGGTCAAAGTG AGTCCTTGGAGTCTAGCCGAG
Nrf2 TCTTGGAGTAAGTCGAGAAGTGT GTTGAAACTGAGCGAAAAAGGC
PHD1 AGTCCTTGGAGTCTAGCCGAG GGTTCGGTTACCGTCCTGC
HIF-1a GATGACGGCGACATGGTTTAC CTCACTGGGCCATTTCTGTGT
HIF-2a TCCTTCGGACACATAAGCTCC GACAGAAAGATCATGTCACCGT
COL1A1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
VEGF-A GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT
TGFbl CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
IGF-1 CACCCTGTGACCTCAGTCAA CAAGGGTTCTGATGTTGCAC
GAPDH TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

Rat COL1A1 GTACATCAGCCCAAACCCCA CAGGATCGGAACCTTCGCTT
a-SMA GGAGATGGCGTGACTCACAA CGCTCAGCAGTAGTCACGAA
TGFbl AGGGCTACCATGCCAACTTC CCACGTAGTAGACGATGGGC
VEGF-A CGGGCCTCTGAAACCATGAA GCTTTCTGCTCCCCTTCTGT
IGF-1 CAGTTCGTGTGTGGACCAAG TCAGCGGAGCACAGTACATC
GAPDH GAAGGGCTCATGACCACAGT GGATGCAGGGATGATGTTCT
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FIGURE 1 | CCly upregulated the expression of Keapl, HIF-1  a, and HIF-2 a but decreased Nrf2 in the liver tissues. ~ Hepatic morphology as evaluated by
H&E and Masson staining(A). The expression ofa-SMA (A), PHD1, HIF-1a, HIF-2a, Keap1, and Nrf2(B) were measured by immunohistochemical staining. The
percentage of positive area were quanti ed(C). The scale bar represents 20Gmm. *p < 0.05, **p < 0.01 vs. control.
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FIGURE 2 | PHD1shRNA upregulated the expression of HIFs in hy  poxic AML12 cells at various time interval between 0—48 h. (A) mRNAs and (B) proteins
levels of PHD1, HIF-A and HIF-2a were measured by gRT-PCR and western blot, and GAPDH was useds the internal standard,n D 3. *p < 0.05, **p < 0.01 vs.
shNC at equivalent time interval? p< 0.05, # p < 0.01, ## p < 0.001 vs. shNC under normoxia. N, normoxia; H, hypoxia.

Malondialdehyde (MDA), Reduced an enzyme-linked immunosorbent assay reader (Thermo Fisher
Glutathione (GSH) Levels, and Lactate Scienti c).
Dehydrogenase (LDH) Activity Assay Apoptosis Assay

MDA and GSH levels were detected in total cell lysates viggq undergoing apoptosis were stained with the Annexin-V/PI

commercial assay kits (Jian Cheng Bioquineering In_stitm%tain (Ebscience, America). For cells that were transfeettd
China). All levels are expressedmasol/g protein. For detection plasmids with green and red uorescence, Pl was replaced by

?r]: LII_DSHaCt'V'ty’kS.tu %grna(t:a;]nts wg.re coI.Iecte.d arlld ‘??‘ilyzgd.w'tDAPl to label apoptosis. A Flow cytometer (Becton Dickinson,
c assay kit (Jian Cheng Bioengineering Institute, @in USA) was used to quantify apoptotic cells.

LDH activity is expressed as U/L.

. Statistical Analysis
Enzyme-Linked Immunosorbent Assay for Results are expressed as meaBEM. One-way ANOVA and the
Collagen Secretion Students-test were used to evaluate any variations in outcomes
The level of alpha-1type | collagen (COL1A1) in the supernaantbetween di erent groups. Ap-value< 0.05 was considered as
of AML12 cells was determined using a commercial enzymestatistically signi cant.
linked immunosorbent assay (ELISA) kit (Hengyuan Biology,
China) according to the manufacturers protocol. The opticARESULTS
density was measured at a wavelength of 450 nm.

Hypoxia and Oxidative Stress in the Rats

Cell Viability Assay with Liver Fibrosis
Cellular viability was measured using the cell counting&it To understand the microenvironmentin the brotic liver gsies,
(CCK-8) assay (Dojindo, Japan) following the manufactsrer'we established Cginduced liver brosis rat model. H&E
protocol. Absorbance (OD value) was measured at 450 nm usirgjaining showed that Cg¢lexposure resulted in severe damage
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of the liver cells, including hepatocytes necrosis, in antomg
cells inltration, steatosis, and brosis connective tiss

>
=
@
o
=t

c c
proliferation. However, the control group presented normal '%A %
histological morphology Figure 1A). Masson's trichrome g2 g
staining imparts a blue color to collagen against the red g&* 2
background of other structures. According to the micros@opi § . §
examination, CCJ treatment resulted in an increased collagen KeamshN KegpTaNG * KeapTRtRNA  KeeoTANG
deposition around the portal area and formation of septal
brosis (Figure 1A). Furthermore, immunohistochemical | B Keap1shRNA(H) Keap1shNC(H)
staining demonstrated an increased expressiona«mooth 6h 12h 24h 48h Oh 6h 12h 24h 48h Oh

muscle actin §-SMA, a marker of HSC activation, which '. : ! .l
plays a critical role in liver brogenesis) in brous septae Keapt !3! !“a

(Figure 1A). These results indicated that the G@hduced
liver brosis was conducted successfully. Sitmultanepusle
found the upregulation of HIF-4 and HIF-2a (markers of

hypoxia), and Keapl (an intracellular oxidative stress sgnso
in hepatocytes in response to GQreatment Figures 1B,G. 1. Keapf

However, Nrf2, one of the main downstream molecules of Keapl, $§ 5
was downregulated, while PHD1 showed no obvious change §g bl e ig
(Figures 1B,Q. 4 i
2 ] M B
Eﬁ:ects Of PHDlShRNA on HlF Leve|S in the o Keap1hRN Keap1shNC o Keap1hRNA Keap1shNC
HypOXiC AM |_12 Ce"S FIGURE 3 | Keap1shRNA upregulated the expression of Nrf2 in hy  poxic

To clarify the function of PHD1 during hypoxia—induced liver AML12 cells at various time interval between 0-48 h. (A) mRNAs and (B)
proteins levels of Keapl and Nrf2 were assayed by gqRT-PCR andestern

injuries, PHD1shRNA was applied to transfect the AML12 cells, blot, and GAPDH was used as the internal standardn D 3. *p < 0.05,

then the cells were eXposed to hypOXia for O, 6, 12, 24, and‘*p< 0.01 vs. shNC at equivalent time interval’ p < 0.05, # p < 0.01 vs.

48 h, the expression of PHD1, HIFeland HIF-2a mRNAs and shNC under normoxia. N, normoxia; H, hypoxia.

proteins were measured. As shownkigure 2A, PHD1ImMRNA

expression was reduced in hypoxic shNC (negative control)

cells compared to that in normoxic shNC cells. Introduction

of PHDISHRNA inhibited 60-80%6 of PHD1 mRNA expression ETECts of PHD1 and Keap1shRNAs on

achieving optimum gene silencing at 12 h of hypoxia. HowevefoXidative Stress in the Hypoxic AML12

PHD1 protein level was invariably reduced b$0% regardless of Cells

the duration of hypoxiaKigure 2B). Under normoxic condition,  Since hypoxia led to an increase in oxidative stress, we next

the expression of HIFd and HIF-2a mRNAs (Figure 2A) and  studied how molecular markers of oxidative stress—MDA and

proteins Figure 2B) were in low expression, and upon exposedGSH (important lipid peroxidation and endogenous antioxidant

to hypoxia, these expression were upregulated. Furthermorgarker, respectively) were regulated. The AML12 hepatocytes

PHD1 silencing further increased the expression of H&FBIt  were co-transfected with PHD1 and KeaplshRNAs, and then

not that of HIF-1a at both the mRNA and protein levels. were cultured for 12 h under hypoxia. When cells exposed
to hypoxia, a dramatic enhancement of MDA was observed,
but the treatment of single knockdown of PHD1 or Keapl

Effects of Keap]_shRNA on Nrf2 Level in suppressed the increase, furthermore, the double knockdown

the Hypoxic AML12 Cells group was more e ective in reducing the hypoxia-induced MDA

To clarify the e ect of KeaplshRNA, the AML12 cells were€levation Figure 4A). However, no signi cant di erences in
transfected with KeaplshRNA and were administrated wittih€ levels of MDA and GSH between gene knockdown cells

hypoxia for 0, 6, 12, 24, and 48 h, then the expression of Keaﬁfd control cells during normoxiaHigure 4A), The intracellular

and Nrf2 at the mRNA and protein levels was determined. ArGSH concentration presented the inverse correlation wite th

84% reduction in Keapl mRNAF(gure 3A) and 50% reduction MDA level (Figure 4A).

in Keapl protein Figure 3B) levels were observed at 12 h of

hypoxia in the cells silenced with Keap1shRNA. As expectefffects of PHD1 and KeaplshRNAs on

Nrf2 mRNA and protein levels were increased in the hypoxicAML12 Cells Viability during Hypoxia

shNC cells compared to that in the normoxic shNC cells, and th&o understand the e ects of PHD1 and Keapl molecules
expression of Nrf2 mRNA and protein were further increased inon cell biological behavior, the Annexin V-APC/DAPI double
hypoxic cells treated with Keap1lshRNA, which peaked at 12 h ataining was used to analyze cell apoptosis. The results were
hypoxia Figures 3A,B. presented as the sum of the percentage of early apoptotic
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FIGURE 4 | Co-transfection of PHD1 and Keap1shRNAs inhibited oxidative stress and increased cell viability during hypox ia. Co-transfected AML12 cells
were exposed to hypoxia for 12 h, and(A) intracellular MDA and GSH levelgB,C) Annexin V-APC/DAPI double-stained cells undergoing apop#is, (D) cell viability
and (E) LDH levels were assessed. Data are expressed as mean SEM,n D 3. *p < 0.05, *p < 0.01 vs. respective normoxic and hypoxic control# p < 0.05 vs.
respective single-knockdown normoxic and hypoxic contrgl™Hp < 0.01, HHH p < 0.001 vs. normoxic control.

cells and late apoptotic cells. Figures 4B,C during hypoxia, in di erent hypoxia groups uctuated with a similar tendency as
the percentage of apoptotic cells in the single PHD1shRNAVIDA levels. During normoxia, we found no signi cant di erence
(6.49 0.50%) or KeaplshRNA (5.86 0.45%) treatment in LDH levels between the gene silencing and normoxic cdntro
group were notably lower than in the hypoxic control group groups. In hypoxia, PHD1shRNA or KeaplshRNA treatment
(10.14  0.79%). Moreover, the apoptotic rate was furthergroup led to a decrease in LDH release, furthermore, the LDH
reduced in the double-knockdown group (4.63 0.36%). A level of the co-transfected group was lower than that of thgle
similar trend among treatment and control groups were alsgroups.

observed during normoxia.

Next, the cell viability was examined using the CCK-8 assay=
The data inFigure 4D indicated that hypoxia evidently reduced Effects of PHD1 and KeaplShRNAS on the

cell viability, however, co-treatment with PHD1 and Keap1lEXpression of Pro- brogenic Molecules in

shRNAs led to an increase in cell viability compared to singléhe Hypoxic AML12 Cells

shRNA transfection. Cellular membrane integrity was analyzeTo clarify the function of PHD1 and Keapl during brogenesis,
by detecting LDH release. As shownhigure 4E LDH release the expression of some pro- brogenic molecules including
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COL1A1, transforming growth factdedl (TGFbl), vascular and HSCs, HSC-T6 cells were cultured in double-knockdown
endothelial growth factor-A (VEGF-A), and insulin-likeagwth  CM to better simulate thein vivo local environment, and
factor 1 (IGF-1) was evaluated by gRT-PCR and western blot ithen the corresponding brosis-related molecules were
the hypoxic AML12 cells. Upon exposure to hypoxia, mMRNAsexamined at the mRNAs and proteins levels. During
(Figure 5A) as well as proteingfgures 5B,G levels of COL1A1, hypoxia CM, COL1A1l, a-SMA, TGFbl, VEGF-A, and
TGFb1, VEGF, and IGF-1 were upregulated, but the changes ilGF-1 mRNAs Figure 6A) and proteins Figure 6B) in
TGF-+b1 and IGF-1 proteins were not statistically signi cant. hypoxic single-knockdown CM were lower than those in
During hypoxia, single knockdown of PHD1 or Keaplthe hypoxic control CM, and were further decreased in
induced the downregulation of MRNA&igure 5A) and proteins  double-knockdown CM. However, no signi cant dierence
(Figures 5B,@ levels of COL1A1, TGH31, VEGF-A, and IGF- in these mRNAs and proteins expression was observed
1 compared to the control. More interestingly, the decreasbetween the PHD1 or KeaplshNC CM and the control CM
was further enhanced when PHD1 and KeaplshRNAs wermgroup.
simultaneously introduced. To know whether the release of
COL1AL1 levels were a ected by PHD1 and KeaplshRNAs, agffects of PHD1 and
ELISA assay was performed using the AML12 cells C“'t“rF{eaplshRNAs-Treated Hypoxic AML12

supernatants. The results showed that the levels of COL1A1 | I A . d Prolif . fi
the supernatants had the same trend of reduction as thosean t ells on Apoptosis an roliteration of in

cell lysatesKigure 5D). HSCs
Since double-knockdown CM deregulated the expression
Effects of PHD1 and of brosis-related molecules in HSCs, we next detected
] . how the apoptosis of HSCs was regulated using Annexin
KeaplshRNAs Treat,ed HprXIC AMLlZ V-APC/Pl double staining. Apoptosis was increased in
Cells on the Expression of Fibrosis-Related hypoxic single-knockdown CM, moreover, the apoptotic

Molecules in HSCs rate was further enhanced in both normoxic and hypoxic
Considering the complex intrahepatic microenvironment,double-knockdown CM Figures 7A-Q. However, there
especially the complicated relationship between hepatocytegs no signicant dierence between the knockdown
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KeapishNC - - - - + - - - - + - -
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FIGURE 5 | Co-transfection of PHD1 and Keap1shRNAs inhibited expressions of pro- brogenic molecules during hypoxia. AML12 cells were
co-transfected with PHD1 and Keapl shRNAs, and then exposedo hypoxia for 12 h.(A) mRNAs and (B,C) proteins levels of COL1Al, TG, VEGF-A, and IGF-1
were detected by gRT-PCR and western blot(D) COL1A1 level was measured by ELISA. GAPDH was used as the intal standard,n D 3. *p < 0.05, **p < 0.01,
= < 0,001 vs. respective normoxic and hypoxic control? p< 0.05, # p < 0.01 vs. respective single-knockdown normoxic and hypoxicontrol, Hp < 0.05,

HH 5 < 0.01 vs. normoxic control.
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FIGURE 6 | Effects of PHD1 and KeaplshRNAs-treated hypoxic AM  L12 cells on the expression of brosis-related molecules. HSC-T6 cells were cultured
in CM obtained from the supernatant of hypoxic PHD1 and/or Kepl knockdown AML12 cells. (A) mRNAs and (B) proteins levels of COL1Al1a-SMA, TGFb1,
VEGF-A, and IGF-1 were measured via gRT-PCR and western blcBAPDH was used as the internal standardn D 3. *p < 0.05, **p < 0.01, **p < 0.001 vs.
respective normoxic and hypoxic control CM# p < 0.05, * p < 0.01 vs. respective normoxic and hypoxic single-knockdowrCM, Hp < 0.05, HHp < 0.01,
HHH 5 < 0.001 vs. normoxic control CM.

CM groups and control CM group in normoxic CM. In DISCUSSION

addition, Figure 7D showed that cells cultured in CM

enhanced cell viability compared with cells in DMEM, andIn this study, we rst successfully established a model \oérli
the e ect was enhanced in hypoxic CM. However, the cellbrosis induced by CCJ, which is a suitable model for exploring
proliferation of the HSC-T6 cells was reduced when culturedhe underlying mechanisms involved in liver brosigiattin
in single-transfected CM and was further weakened in theet al., 1985; Lee and Friedman, 2D1By analyzing the liver

co-transfected CM. tissues from model animals with brosis, we observed that th
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FIGURE 7 | Effects of PHD1 and KeaplshRNAs-treated hypoxic AM  L12 cells on the apoptosis and proliferation of HSCs. HSC-T6 cells were cultured in
the CM obtained from the supernatant of hypoxic PHD1 and/or Kepl AML12 cells.(A—C) AnnexinV-APC/PI double-stained cells undergoing apoptosi (D) Cell
viability was assessed by CCK-8 assay. Data are expressed asean SEM,n D 3. *p < 0.05, **p < 0.01 vs. respective normoxic and hypoxic control CM,

# p < 0.05 vs. respective normoxic and hypoxic single-knockdowrCM, Hp < 0.05 vs. normoxic control CM.

molecules related to hypoxia (HIFal HIF-2a) and oxidative which suggest that Keapl negatively regulates Nrf2. Thexefo
stress (Keapl) were increased in hepatocytes, which provideckiaockdown of Keapl is vital for promoting Nrf2-mediated
valid theoretical basis for thie vitro research. cytoprotection.

Next, to elucidate the underlying mechanisms we chose Until now, most anti- brotic approach researches are focused
hepatocytes as the primary target. To simulate the hypoxian either alleviating hypoxia or oxidative stress alone, éwosv,
in vitro, we used 1% oxygen (normoxia with20% oxygen) a single treatment have showed an unsatisfactory result with
in the incubators similar to Fingas' studyFifgas et al., a more side-e ects Halliwell, 2013; Kim and Yang, 2015;
201). In the hepatocytes, we observed that hypoxia onlBiswas, 2006 Considering the interrelation between hypoxia
leads to a decrease in PHD1ImRNA but not that of itsand oxidative stress, in this experiment we used shRNAs to
protein expression, which implied that hypoxia controls thesimultaneously knockdown the expressions of both PHD1 and
expression of PHD1 only at the transcript level. PHD1 is notKeapl so that one sided dominance of either factor was
only sensitive to oxygen concentration but also vulnerable eliminated. Our data suggest that optimal interference oDRH
ROS generationKaelin and Ratclie, 2008 Our results also or Keapl was achieved at 12 h in hypoxic condition, therefore
showed that knockdown of PHD1 increased the expressiothe co-transfected cells were cultured in 1% hypoxia up te thi
of both HIF-2a mRNA and protein in the hepatocytes, time point. We found that loss of PHD1 or Keapl reduced
but had no eect on HIF-h level. These ndings were oxidative stress by activating GSH and by subsequent itibibi
consistent with the previous studies reporting HIB-Z&s a of MDA. Schneider et al. reported that knockdown of PHD1 in
major downstream mediator of PHD1 during hypoxia tolerancethe hepatocytes led to reduced oxidative stré&ssh(ieider et al.,
(Aragones et al., 2008; Schneider et al., ptaid HIF-la 2010, and inhibition of Keap1l in the hepatocytes improved the
may be regulated by the PHD2 pathwajakeda et al., 2007 resistance against oxidative stress by upregulating Nvfiggta
Furthermore, we found that KeaplshRNA could e ciently et al., 201}, which are also inline with our ndings and further
suppress Keapl expression and enhance Nrf2 expressi@upported our data. Importantly, our results indicated that
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FIGURE 8 | Regulation model of hepatocytes and HSCs in respons e to hypoxia. When hepatocytes are exposed to hypoxia, mitochondrial ATRroduction
decreases while ROS generation increases, which result in$Cs activation. PHD1shRNA and Keap1shRNA mainly faciligathe translocation of HIF-2 and Nrf2 into
the nuclei respectively, where the activation of cytoprotive genes reduce hepatocytes injury and weaken the genet@n of pro- brogenic molecules, which nally
inhibit the activation of HSCs.

combined interference of PHD1 and Keapl had a synergistipromoting collagen synthesisG(essner and Weiskirchen,
e ect on the inhibition of oxidative stress. 2006; Kaimori et al., 200,7and IGF-1 also stimulates collagen
Previous studies have shown that apoptosis was involved synthesis and HSCs proliferatiorS¢harf et al., 1998 Ma
the pathogenesis of hepatic brosisgmdy and El-Demerdash, et al. proposed that both HIFaland HIF-2a acted as positive
2012; Klein et al., 20)2n the study, we observed that apoptosisregulators of VEGF Nla et al., 201}} moreover the changes
was decreased in the PHD1-knockdown hypoxic hepatocytesy TGF-bl expression was in HIF dependent mannépu(
and the anti-apoptotic e ect observed was independent of thet al., 201x However, our data indicated that the levels of
HIF signal pathway, which may be associated with the actimati the pro- brogenic molecules—COL1Al, Td#, VEGF-
of NF-kB (Fitzpatrick et al., 2006 Meanwhile, Hamdy et al. A, and IGF-1 were downregulated in PHD1 knockdown
reported that Nrf2 inhibited apoptosis via activation of thetian cells during hypoxia, and this may be because T&Fand
apoptotic Bcl-2 protein lamdy and El-Demerdash, 20lzand VEGF-A may also be under regulation of ROS besides HIF
we also demonstrated that knockdown of Keap1 could inhiket th (Kuroki et al., 1996; Jobling et al., 200k addition, we found
apoptosis of hepatocytes. Furthermore, combined knockdowthat the knockdown of Keapl could inhibit the expression
of PHD1 and Keapl led to stronger anti-apoptotic e ectsof pro-brogenic molecules. Furthermore, concomitant
and improved viability of hepatocytes during hypoxia. Indeedknockdown of both PHD1 and Keapl synergistically reduced the
the hypoxia tolerance in the PHD1-knockdown hepatocytegxpression of pro- brogenic molecules, thereby inhibitinget
is mainly as the result of the subsequent decrease in glucogeogression of brosis, however, the speci c mechanism i sti
oxidation and oxygen consumptiom(agones et al., 2008; unclear.

Schneider et al., 201.0 Hypoxic hepatocytes are capable of promoting the expression
It is well known that cytokines play central roles in liver of TGFbl and VEGF-A, which further activates HSCQU
brosis by regulating in ammatary mediators toward varisu et al., 201p In addition, hepatocytes undergoing apoptosis

injuries (Marra, 200). VEGF contributes to the process of and oxidative stress which in turn activates HSZs4n et al.,
liver brosis by promoting angiogenesis and activating HSC<006; Subhadip et al., 201 Therefore, considering the complex
(Yoshiji et al., 2003 TGFb1 plays a critical role in inducing the intrahepatic microenvironment and the interaction between
epithelial-mesenchymal transition of hepatocytes and thgre hepatocytes and HSCayako et al., 2004we used CM from the
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supernatant of hypoxic hepatocytes to culture HSCs. Our dattargets for developing new e ective clinical drugs to treaetiv

showed that double-knockdown CM from hepatocytes couldbrosis. However, further studies are needed to conrm our

suppress the HSCs activation and prevent the progression bf/pothesisn vivo.

brosis. Alternatively, prompting apoptosis of activated HSCs

may also be an alternative approach to resolve brosisdgle, AUTHOR CONTRIBUTIONS

200). It is worthly noted that double-knockdown CM could

induce an increased apoptosis of HSCs, thereby inhibiting theConceived and designed the experiments: JL, YL, and PC;
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