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Effects of GABA on Erythropoiesis in the Hep3B Cell and
Rat Exposed to Hypoxia

Joongsoo Yoon" and In-Suk Sim ™

Department of Clinical Laboratory Science, Kyungdong University, Wonju 26495, Korea

The aim of this study was to evaluate gamma-aminobutyric acid (GABA)-induced erythropoietin (EPO) and EPO-
receptor expression in human Hep3B cells and Sprague Dawley (SD) rats during hypoxia. Expression levels of EPO,
EPO-R mRNA, Janus kinase-2 (JAK-2), vascular endothelial growth factor (VEGF), hypoxia inducible factor-1 (HIF-1),
and HIF-2 in response to GABA treatment were evaluated in cell lines. SD rats were randomly divided into 5 groups of
8 rats each, and GABA was orally administered; the groups were the normal control (NC), hypoxia-exposed (GO), as
well as the GABA 1 mg/100 g body weight (BW) GABA treated group (G1), 5 mg/100 g BW GABA treated group (G5),
and 10 mg/100 g BW GABA treated group (G10) with hypoxia. We analyzed EPO levels and red blood cell counts in
rat blood and EPO gene expression in kidney tissue. EPO and VEGF mRNA levels in Hep3B cells exposed to hypoxia
were significantly increased and further increased after GABA treatment. However, the expression of EPO-R and JAK-2
mRNAs were not affected by GABA, but hypoxia-induced HIF-1 and HIF-2 mRNA expression was inhibited by GABA.
In the kidney tissue of rats exposed to hypoxia, the expression level of EPO mRNA was greatly increased, but levels in
the GABA treatment groups significantly decreased. EPO levels in the serum showed the same significant trend, but the
red blood cell counts were not significantly different. These findings demonstrate that HIF-1 and HIF-2 activation increase
EPO expression in Hep3B cells exposed to hypoxia. However HIF decreased by GABA addition and VEGF increased
significantly.
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(Sasaki et al., 2006). TF2 9= GABAZ| R4, gL
Azl 2 veFe 1] Al Hadt dols
AAAZIAG A 5= vk Alkbslslon, F9T 9
A AT 24 Faje] TR A Afol =g
S T B aE A ok(Kleinrok et al, 1998; Minuk, 2000;
Opolski et al., 2000; Han et al., 2007).

Erythropoietin (EPO)-> Aol A AAH Alo]Evlelo g
ol A e] AT AAS zd gtk (Salahudeen et al., 2008).
g1l A EPO= A1 v o] Ay malszel el A
1], hypoxia inducible factor (HIF)Z 13l EPO f-714}2] 7
AHE 22K Haase, 2006; Jelkmann, 2013). EPO A4
Janus kinase A& AE H=o] 843} W protein kinase B
9] 214ks} 9 apoptosise] A #1E &3 EPO receptor &3¢
Aol Agdgto =z A% BE 35 YeEFHTHBuemi et
al., 2003; Chatterjee, 2007).

Frol| Bard el ofshd, GABAS] AF= I3
=] o] A7 A A EF] A EPOS} EPO receptore] &
o] Z7Fel B.a7} 0 vl(Lee et al, 2018; Shin et al., 2019),
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d

g
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A2k 270 4] GABAR 2138 EPO A4 3Hg 2] 714 Wi
3= BASIA oW, in vino} in vivool| A Q] Bkt A}
o]& Zelseitt.

WE ooy
M= HiQ¥

2 A oAl AF8-3F Human hepatoma cell line, Hep3B
cell & A £33 (Seoul, Korea)oll A % REQITEH
100 mm culture dish®l] 4] 10% fetal bovine serum, 1% penicillin
/streptomycins ¥ Dulbecco's Modified Eagle's Medium
(DMEM)S& AH&3lo] 37T, 5% CO, 270l wjatsit
96-well plate®] 2+ wellPFc}h 1 < 10*70] A EZ seeding
g 5 2443 S WA AT 2§ o] E3HEA
o AR wEE F o 1Fol e distilled water, 2
150 27 1 uM, 10 g, 50 pM, 100 g, 250 M,
500 puM, 1,000 pM©] GABAES A 2]38}3ith. thA] 244171

Table 1. Composition of experimental diets

Ingredients %
Protein 23.0
Carbohydrate 49.5
Fiber 6.0
Fat 4.5
Others” 17.0
Calories (kcal/g) 35

Normal laboratory diet (Purina LabDiet 5001)
*Qthers: vitamins, minerals, and water

ot wldAIZ F wIAE A AL 0.5 mg/mLe] MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)&
100 uL 75t formazans 34d$+ S DMSO (Dimethyl
sulfoxide) 50 uLE 3 7}3lod Versamax microplate reader
(Molecular devices, Sunnyvale, CA, USAYE AH&-3to] S4 %
(540 nm)E SA3F3ITE EPO ¥l 704} HdwAE 9
g AZA S 202 MTT AF 2313 st 2ledst
RO, GABAS] 7S 50 uM, 100 pM, 500 M <=
Fo® 2Asch

ARt & vhEeE AlREe] Al FEks T 24
YA A apoptosisE oF7| Sk, wheba] A A
<= g F 9= CoCLE ©]&sto] AEAAS +3)
T} Hep3B AIEE A3l GABAE o8] 5%
593 Akl e, 12413 2o CoClLE 50 pMe] 5%
2 F7FsII) CoCl, A2 4AZF $ AEE Ko} F40

S

O ol 1

AHFTEL 5559 7 Sprague-dawley ratS (F)Fo}
g, genellA st 1579 AR S0l A
A F 2w 8wk A FAR R Uro] ARSIt
GABAZE 357+ 1 mg/100 g BW, 5 mg/100 g BW, 10 mg/
100 g BWO| 5= -] glom, o]F 59 3ol e
GABAE A3 % aF 1A ik 870 w=EA1%
ot =3 AbRE Al AF S sHalal AREEE AL
B+ AXF AFE(LabDiet 5001 Rodent Diet, Purina, Table 1)
= ARtk ARl AWl 2244 €, F5 60+
10%, F5%=3 200~300 Lux 2 5413133 .0, 124]7F

ek
717F HEE 2459 FEAYe vyt 55
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Table 2. Primer sequences

Gene symbol Sense (5'-3") Antisense (5'-3")
EPO TACGTAGCCTCACTTCACTGCTT GCAGAAAGTAT CG TGTGAG TGT TC
EPOR AGGTGGACGTGTCAGCAGGC CGTACCTTGTGGCGTATGCAG
HIF-1a CACTGCACAGGCCACATTCAT AAGCAGGTCATAGGCGGTTTC
HIF-2a GTCACCAGAACTTGTGC CAAAGATGCTGTT
JAK-2 GGCAGCAGCAGAACCTAC GTCTAACACCGCCATCCC
VEGF AACGAAAGCGCAAGAAATCC GCTCACAGTGAACGCTCCAG
Actin CTTTCTACAATGAGCTGCGTG TCATGAGGTAGTCTGTCAGG

EPO, erythropoietin; EPOR, erythropoietin receptor; HIF, hypoxia inducible factor; JAK-2, janus kinase 2; VEGF, Vascular endothelial

growth factor

2191 913] 9] 521(Approval No. KUIACUC-2017-95)2 4]
Z35lgth AFo] Fay $ 7k B2 ARRES

Zsto] EPO % olo} #dld FA) wAEA o Ag-8t
Atk AL ek} & BE FEAA APsion, ¥

T4 EDTAZE H7bel 18 de] fEel] gof 4 A
74 4ol RAs)AL, 4A17F ol rat A8 EFEA 7]
5 ARgSte] EAEelth AR d5uATt §le
AEFEE A3 AL 3,000 pmoll A 108-7F LA 223}
o 45 dHE EPO Aol ARSIt

=

1]
A
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4 =

Arka B o1 F7]9F ApehEl hypoxia chamber
(COY, O, Control In Vivo Cabinet, USA)S A}-&3}%Ith
Hypoxia pumpE ©]-8-5}4] chamber W2 245 9%, 2
2 2%t HE=E 248 o, ok 30
Ak

23 ¥ M= Lf EPO &4

F% w=FA

g;ﬁ =1 /lﬂ
CUSABIO CO., LTD, China)Z A&3}SI T}

Reverse transcription—-polymerase chain reaction

IUdo] Zgy =& o] X] AR

saE AN B9E HEs9a, 23
T FYUFFol| A RNeasy min kit (QIAGEN)S- A}-8-3}¢]
el wel RNAE 228kl #2¥ RNAE 1°

strand cDNA kit (Roche)E A}-8-519] cDNAE 453t
10X buffer 2.0 puL, 25 mM MgCl 4.0 uL, dNTP 2.0 pL, oligo-
dT primer 2.0 pL, RNasin 1.0 uL, AMV reverse transcriptase
0.8 uL2] mixture®l] RNA 500 uL& % 7}3}] sterile water

2 20.0 pL7} S)A g ¥, Thermo cycler (9700, Applied

2] EPO +4J-& ELISA kit (Cat# CSB-07323r,

biosystem)ol| A 25Tl A 105, 42°CollA] 603, 95°C ol A]
5%7F WA cDNAE 31T 379 cDNAE 2X
probe mixture (Roche)E AF&-3}d LC480 realtime PCR “H]
(Roche)oll Al dra &S 213191t} 2X LC480 probe master
mix (Roche) 10 pL, 20 pM forward 2 reverse primer 1.0 pL,
20 pM probe 0.2 pL2] mixtureol] cDNA 1.0 LS 3 7}5}e]
sterile water= 20 pL7} =7 & §, LC480 realtime PCR
ZIH](Roche)Z 95Tl A 383} predenaturation, 95 C ol 4]
10Z, 60TCellA] 3055 403 Whiato] Wglghg 24 W
o BEAEgIth RE AFLe 23] W%l o, PCRO]

AHgE §AAE] ol W G71NDE Table2sh ek

SHXE|
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& A1%412 SPSS program (SPSS Inc., Chicago, USA)S ©]
% ETAAKmean + SD)E A|A|EF o, 7t
94@ B A HaEe =& X0 5] Student
& Agste] P <005 oate] fofFell A fol
S AT HE ke 89142 Duncan's
&sto] 5% oA AAsE o

LI
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Lo,

o o5

ttest 7
A AA

10 oZi

multiple range-testS ©]

P
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=
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Hep3B cell S WYAIZ]l & GABA (1 1M, 10 pM, 50 pM,
100 pM, 250 pM, 500 pM)E 2447+ Bt xJejste] MTT=
Cell viabilityS Z43 A3} tz=130l vlal] 2+ 98.90%,
98.07%, 99.67%, 103.43%, 103.38%, 100.24%, 102.34%=. 1}
E}%t o™ GABA”} Hep3B celldll 5448 YRR &=
= AS IRkl thFig 1).
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LA ol vlal Go LaellA of 874 S71stal
oM, GABA H7}1521 G50, G100, G200 “L&oll A= GO

Hep3B cell & CoCLoll =FA171 3 AE W) EPOSt ¥ 5ol vl Z12} 55.743.77%, 39.31+2.80%, 37.112.14%%
H A HEls FAEITHFg 2). Al W EPOS] oAl Skl EPO receptor®] WA, A3 NC
25 vlE) BE 1ol oF 34311.1%2] FEoR H
o3HA 7H4~3FSI Tt Janus kinase 2 JAK2)S] W34 2
100 Fo I NC ZLgol Hla] BE 154 oF 37.247.25%
FroR fFoatA Fastlth Whd VEGFS] it

MIZ L EPO X 2 |EXL LT

[

S 80
- A3}, NC 1ol vl Go ZLEoll A oF 53.1+6.54%7F &
o ~ -
2 60 7Fsk8d 2™, G50, G100, G500 H7F1514= GO 15
g )8 ZHz} 23.5+9.58%, 28.8+8.12%, 26.8+5.14% 2715}
= GloL} §olZlo] 4|t Sgkth. HIF-19] WA A3} NC
20 - 21l wlE] GO ZLEolA 60+1.88% S 7FEH o, G500
TFOlA FLEHA GO Lol HIE 8.142.94% F-2) 3k
0- - - -
Go G GI0 G100 G500 Aotk HIF-29] HditA] A3} HIF-17 AR 237

iR ee] Z 3 Zof| &
Fig. 1. MTT Assay in co-culture of Hep3B cells after an over- 7F SR NC 25l HlsH GO el A 73+2.32%

night incubation with 1, 10, 100 and 500 pg GABA / mL. The Z7FskF o), G500 TEOA GO &l vlal LA
absorbance of the MTT formazan was determined at 570 nm in an " o/ FLr=10d
ELISA reader. Cell viability was defined as the ratio (expressed as 26.0+1.56% FFaxstgivh

a percentage) of absorbance of treated cells to untreated cells. EPO= AA) 7hollA] AT, A4 AER 9o
Values given represent the mean % standard deviations of three B B ’ e
independent experiments carried out in triplicates. EPO2] Azke] gxlxo] # EPO7} S7kshH, o]Alo]
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Fig. 2. Effect of different concentrations of GABA on EPO and its related gene expression in Hep3B cell exposed to hypoxia. Gene
expression of (A) EPO, (B) EPO receptor, (C) JAK-2, (D) VEGF, (E) HIF-1, (F) HIF-2. Data represent ration in mean + SEM of experiment.
Different letters indicate significant difference of the means (P<0.05). EPO, erythropoietin; JAK-2, janus kinase 2; HIF-1, hypoxia inducible
factor 1; HIF-2, hypoxia inducible factor 2; VEGF, vascular endothelial growth factor.
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Fig. 3. Effects of different concentrations of GABA on EPO and its related genes in rat kidney exposed to hypoxia. (A) Gene
expression of EPO in kidney tissues, (B) EPO value of serum, (C) Red blood cell counts in whole blood. Data represent ration in mean +
SEM of experiment. Different letters indicate significant difference of the means (P<0.05). EPO, Erythropoietin.

o] Aol AHgeto] Adywe] EIs
(Sllver and Erslev, 1974; Jelkmann, 2007). & *‘?ﬂoﬂfﬂ
A A 84E 24F CoCl, A2 :Hoﬂ 5
5= EPO®| ko] of gull o] 57kl GABAE 4]
2§t 15X % EPOS] o] frelatAl SUhskal e
), AlZ WA GABA7} EPOE T7MA1ZItE Hars}
U] 3 TH(Lee et al., 2018). AT, EPO receptor & =
4 A3l GABAE AHP3HA] &2 159 GO LEFA
= NColl ]3] frelebl THast o, GABAE Al2leh

= S7hekA) ekt e nabA ek o] A4k
2~ 3o =] =™ EPO ¥ EPO receptor®] ¥3o] 3
¥ahe], 8ol A4Sl Wol7]4ke AEALIT) o] 9l
3 @%&} sEIEne] &g F7AYn
e AT B AHe wakrle} 2
WA A A 192 SUL A

fm

A o 2

EPO+= EPO receptor®} 2 3}3}o] JAK-STAT (signal trans-
ducers and activators of transcription) A& 2] oJs) =4
Ht}. Dimer e receptore] EPO7} AE3shH =84
Tl JAKS Agtete], AlE e AAREA IR
STAT?] &AJo] Aot Won et al., 2009). 3 23] o] A
% GABA7} EPO receptor®] &l Jaks XA &3k
7] wiEell, JAK29] ' A zpo]7} gId Ao &<l
HATk AETE AAkA Aol A AESkaL Hagk AAE
&A7] $30 hypoxia response element= =2 30091 71¢]
Aol FEFe WAH, o] FollX HABAHFZIQIARI

VEGF¢} EPO B 9717 WAL a4 2d At 718 2 9
e W ErkKimakova et al, 2017). B3 SHAIE7E AL
27F BES 34 A4 4 QEE 3= HIF-1 9
Zo] MAEHA o]} ¥l vi-9- @ EFEC] Kl
31 %) tK(Kaelin and Ratcliffe, 2008; Pugh and Ratcliffe, 2003).
= A9 A GABAS] HW} EPO ' At Tdst
7l VEGFO] 57}l daks vzl 1o vebstth HIF-
13 HIF2¢] #42 2324 A3} CoCLE A3 L
ol 5 o3 7 UEblen, G500 1ol A

= Q3] HIFS] S7Fs AsISlth x4 o= HIF=
;ﬂ* b B4 ofste] w3 VEGF 2 F7tel =
FEFE VA= Aow dA 9len, 21 €19 hypoxia
inducible geneE2] WA= T3 TS dH(Kaelin
and Ratcliffe, 2008). S}A] T}, breast cancer MCF-7 |3 o]
CoCLE o] F Adta s w=sdlgle 45 At
S HAE1I9S - VEGFE o9 o = Srtsisle
L, HIF-1& 213 2ko]& g1 THQing et al, 2018). 3k,
AlEE Hell A GABAZF HIAGAQ1 HIF F34F 23 =5
AAAA, Bt FIEE FAx7IeE Agolebal

Az,

MF mE U EPO REAL WH W ¥ U EPO X
RBC ==Xl

A TR F A 248 HEste] BdEE 24
of AHg-attt A 249 EPO 34 23 NC 1

ol B8] GO LEoA ok 67.89)7
10] Wk G, G5, G10 120 A= 247} 89.8426.12%,
91.1+14.88%, 97.9£2.77%% w5~ A A 7+A4skgiTh
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= S APste] A o EPO TAE A8
ATk NC Lol Bls] GO Laoll Al oF 89.3+£21.53%2]
A2 Z7Fskdnk sAIRE Go 25l B8] G, G5, G10 L
FolA ZH2E 60.5+£22.08%, 51.3134.74%, 57.418.70%2]
FAZ FolebA Atk e, A8 o]&sto] A
g7 5 B8l oY a5 1 e Aol= (1Sl
Hlgo] opd AejoA] FHe] EPO %= w5 A
o Aaka AEG RN E F 1,00087F FolAH, F=
Al 1] Aol A A 2kE ThJacobson et al., 1957; Fisher et al.,
1996). EPOE= 2] 2biyiio] whE HIF v|=w] 7]2ko
2 -5, 2kt e A= ek 2 A3
A= AFNA FEAH o7 Aiksk Feoll =EA7] AL
GABAE Foisto] EPO FHabe] S E48H3ith
A Ao =47 GO IE A= Neo Hls)] 2
AFo] oF 68ul= 7SIt AN GABA o] 15<]
Gl, G5, G10°1A= Al2AE 3 2] 238 EPO Ui
S 3A AT =3 3 U] EPO A E 43
A3} NC 2ol Blsf GO LaellA frelebAl S7FekalaL,
GABA A 2] 154 THA] v46}7ﬂ aakglet o= v
- wAH F7F EPO At WS SAlste, 714
o g AP 9 ST WAEE 7149 25l
a. /ngﬂ-ghq. EPO+= 7(4/\]— /\Lﬂ]oﬂ 1% ;ggﬂcg l‘%u]g
o] dollsis A=t HIAGAQ! EPO9] 7= ©]
A1 AT F7HeS 4o F dem o Hor
ARNE A A= Ho] Y= o]tHLee and Arcasoy, 2015).
F o] ddolA APF o wisks w48l on, o
g sk FRleA] esteh AdTY A= =
=9 Z2HE7]A ¥ (Stem cell)2] FSAHE
unit-erythroid (BFU-E)2} colony-forming unit-erythroid (CFU-E)
& @& A proerythroblasts, erythroblastsE A A 48
T A A1 CHDulmovits et al,, 2017). ©] ¥4 A EPO7}
9 &S v x]= GAI= BFU-E stageoll A 28 YAl Ak
AR erythroblast stage”}x]ollﬂ o] Alzte] oF 8YU AHE A
[Eth 2 AFoA= 5UIF A 07 Ahka B
=EAZ7] wEe] €% 14% EPO A7} sobitt st
2t A g7h whgs kA= L IRt Bk

Aoz oast 4= 9]

I AgrellAd= QIRE 7“1]4‘% 37l Al GABAE ¥
slal Aaka 7ol w27 F EPosh 19}
Aol By 2 FY U EPO X5 B8tk A
o CoCLE #H7}ste] Arka & 24 2 =3AHS
i, EPO7} f2lstAl 5718k 2™, GABA A 2] “L-oll A

Ll
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=1

-

M
A
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“
ot o

ol [

B4 S7kekdn). &A%k EPO receptor$} EPO 714 B2
91 JAK-29] W2 GABA F7toll 9|3k Walr} gllom,
Aakae] WHE1AR1 HAAIIAF VEGFS GABA %7}
of ofal W FrFsllth Aikadd 7 “W Ll
3l A&l HIF-13} HIF2E AAtAho] = =
IFelA F7FFASH, G500 LE-olA= ;ﬂ’nﬂ T%%}f:ﬂ
H HIF f42F 238 A F T

3ol AMaFES dulo g ol ArkA o] wF
AR T A 228 HE 2 EPO H-AA BES BAE)
Atk GO LEol A oF 68uie] EPO o] F7lekdl e
GABA Ag|1g7olA 35l & Fo= AAAZItE 2H
o] @3 Wl EPO A A ZA¥ Y3 dgor Il
HQouh AT 7 BA A= frelgh AfolE HolX]
B ie=

3 A& IS o)A GABAE FoIsielS A5,
g3 U EPO ¥ 19} PAE Al wEo] Frheh,
Y] 4 714 {9 o}ﬂl ~7}§h’4% Ha7F Qlth(Park
et al, 2020) 3 HAE AA Arka A
Eax 1/\1 S AlF e, w9 24 EPO 71
4:% M A= 0101] GABAZ

E

rL“.

“J
©

r
ot i
2L o

U
3t B A8S Hep3 B Al ¥ CoClLE
& B4nn o Bud fragels, 44
SF in vivo A0 ZH AU TEE 9
0% ok GABAE FHT AT E
ﬁ](Entenc nervous system)# H] &3k
Hhol|l A AA] A Aol T8k eSSkt ol
APdo] gt E A 91 o™(Ame and Helle, 2007), ¥ ¢
JMW T} 3 = H@Pﬂ 53171 913+ GABAS]

o] W&t o7 oyt
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