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i E. BERZRBEWEED (phycocyanin, PC) X BSAEIFER (free fatty acid, FFA) 55 HIAR RS 4 i W7 ML AT
(non-alcoholic fatty liver disease, NAFLD) 4IRS LR G4 B K H AT RedL] . SR FRA VAL BN BT 240 i
Pk HepG2 (human hepatocellular carcinoma cell) , #1372 NAFLD 4UHafE8Y, FANEIREER PC %F HepG2 4 AU H
240, FEATINMAL O Yt A I Hwh =88 Ctriglyceride, TG) . MJH[EEE (total cholesterol, TC) . mi%E & HIE
il B Chigh-density lipoprotein cholesterol, HDL-C) « {i& % Ji B & 4 fHL [ B% (low-density lipoprotein cholesterol, LDL-
C) . WREMRAILEMA (alanine aminotransferase, ALT) K| &R MREILFEH G (aspartate aminotransferase,
AST) HIKF, #&l#% KT B (nuclear factor kappa-B, NF-xB) . BlJREIRSEIA T a (tumor necrosis factor-a, TNF-
a) « FHAK-6 Cinterleukin-6, 1L-6) 4RI 2 14 Cinterleukin-18, 1L-18) f) mRNA &K, & TNF-
o~ NF-xB W3 p65. T «B I 7 Cinhibitor of kappa B kinase, IKK) . #%& ¥ «B #i#l&E H Cinhibitor
of NF-«B, 1xB) R A MAHCHEIRIL R ARIAK T . W4 O Petss REIR, PC A FFA i S 1) HepG2 4ilH
Ja, SRR, RIGALAR A NE FUOERE LM B2, TC. TG, LDL-C. ALT. AST K-V, HDL-C /K
FEF (P<0.05) . EENESRAESARN (reverse transcription quantitative polymerase chain reaction, RT-
gPCR) ZERER, SHIMMAMEL, RIEA NF-«B. TNF-a. IL-18. IL-6 ] mRNA Fik/KF T (P<0.05) . 1
o ENZERES (immunoblotting) 25 5 U & 7R 56 20 TNF-a. p-NF-xB p65/NF-«B p65. p-IKKA/IKKS. p-1kBa/lkBa
HEREKFTFE (P<0.05) « %I PC X NAFLD 48 —E i frdr/EH, FTRENLHIE PC FE1IK NAFLD 41
NEBEAL R TNF-an 1L-6 A1 IL-18 S5 2 MR A0 BRI T /K7, #3 IKK. 1xB 1 NF-«B p65 iRk, X#&7~ PC nf fgil
R0 NF-xB {5 53 B ] SO SN, e NAFLD 520 .
EHEIR: AR MEARIDI PRI R NF-«B
HhESFES: R4TLS SCERFRIRES: A

Phycocyanin Regulates NF-xB Signaling Pathway to Affect the FFA-induced
Non-alcoholic Fatty Liver Cell Model

SUN Mengxiao', HAO Jianhua?, WANG Wei?, SUN Jingjing?,
JIANG Chengcheng?, ZHANG Haifeng'

(1. Basic Medical College, Inner Mongolia Medical University, Hohhot, 010110, China;
2. Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences, Qingdao 266071, China)

Abstract: The aim of this study was to explore the protective effect of phycocyanin (PC) on free fatty acid (FFA)-
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induced non-alcoholic fatty liver disease (NAFLD) cell model and its possible mechanism. Human hepatocellular
carcinoma cell line (HepG2) was treated with a FFA solution to establish a NAFLD cell model. HepG2 cells were
treated with various concentrations of PC for 24 hours. Levels of triglyceride (TG), total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) were assessed using oil red O staining. The mRNA expression levels
of nuclear factor kappa-B (NF-xB), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and interleukin-14 (IL-
15) were detected. Expression levels of total proteins such as TNF-a, NF-xB p65, inhibitor of kappa B kinase (IKK),
inhibitor of NF-xB (IxB), and related phosphorylated proteins were detected. Results of oil red O staining showed
that after PC treatment of FFA-induced HepG?2 cells, the lipid accumulation in the experimental group significantly
improved compared with the model group. Levels of TC, TG, LDL-C, ALT and AST decreased, while the HDL-C
level increased (P<0.05). Results of reverse transcription quantitative polymerase chain reaction (RT-qPCR) showed
that mRNA expression levels of NF-«B, TNF-a, IL-1p, and IL-6 in experimental groups decreased compared with
model groups (P<0.05). Results of immunoblotting test indicated a decrease in expression levels of TNF-a, p-NF-
kB p65/NF-xB p65, p-IKKA/IKKS, and p-1xkBa/lxkBa proteins in experimental groups (£<0.05). All results showed
that PC had a protective effect on the NAFLD cell model. The possible mechanism is that PC can reduce levels of
proinflammatory cytokine such as TNF-a, IL-6 and IL-15 in the NAFLD cell model, and inhibit the phosphorylation
of IKK, IxB and NF-xB p65. This suggests that PC may inhibit inflammatory reaction by regulating NF-xB signaling
pathway to mitigate the impact of NAFLD.
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FEEE M (phycocyanin, PC) ZWEANE . 20 ¥ AN b 1) — R B AT 2O A BT A bR R 0 i o a3k 1Y,
HAEMEEORE o f1 AT, RIVIRET, XLPILE S AR ERGAER, PC HHUMIEE., Bt
AR IERS BUR RS, SR ELR S SRR, W LAHE B T RE B BROK AL S AR, R IR
O LB 75 R R 73 S50 M s 11 R A B9,

e R T AR 7 A% (non-alcoholic fatty liver disease, NAFLD) &8 3BTRS K 2 51 A2 A9 R 5 A2 4,
RIARENES B R 8, L% SRS IR 0 L% A X . NAFLD 2 H RTRRE E K18
PERT9 B 3 BRI, N ZREH DL IB M AT 2 — 1012, NAFLD 9 — b fg RE I S AR i AR R
P RAR, M TNF-o/NF-«B 5 530 1 7 5 2 52U 1 FFIE JORE Fr 87 72 1 s R R 1 IR RSB F
(tumor necrosis factor-a, TNF-a) Z&—FhZIhAelE REAME T, S5 ZMPIRIRHRLFE; ZET «B
(nuclear factor kappa-B, NF-xB) NI@&—Fioctit KA+, Bl s A2 KA CIEEFFRIE. TNF-a 5
HZ M4 G, T LABS NF-xB (5 5@, BEmfihk— R A0 4 5E sON S, HIH] NF-xB 3 B 16 5 5 B0
R I SR, BRI R, HEEE Sz NAFLD (%, ARt #R50 PC GHIE 48 P4 i K 1
J NF-xB {5 5l MR, RERITH] NAFLD fIR AN, N2 RN T & RN B4 58 FE A

1 AR5 %

1.1 #R5iRF

ML 2R A EL B IR E SRR T e o [ K P R 2t 9 e B g /K= T pr e 4, A4tk HepG2 HHA
56 T R RF K 2= It 8 R Bt e PR = 2 7 ROl Bl TR e s s e el b R Bt 7 S AR W el 5 I R AT 9 B
$Eft. HepG2 4iifit A3 77 50 T i v B8 AL an BHE A R A F], Cell Counting Kit-8 (CCK-8) &
D-PBS ZZMR JHER FRAEER . VAT O Ykl . AR AIEF. Tween20-TBS Syl Tk sl R E R
FARAR, HW=F (TG . LHFEE (TC) . m#ENEEAMEEE (HDL-C) . K% FE g & A [ i
(LDL-C) . #HEEN (AST/GOT) . BN (ALT/GPT) &30 T f st g R A BR A A,
&L RNA 2 HGAIE DL BCA 8 Ak Bl e kR &0 T RAR AR (ks AIRA T, NovoSeript® Plus
All-in-one 1st Strand cDNA Synthesis SuperMix (gDNA Purge) F11 NovoStart® SYBR qPCR SuperMix Plus ]
VT IR ML R B A A BR A F], TNF-aw NF-xB p65. IKKf. IxBa. f-actin LA K —Hifiiik I T 75 M
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B RRE R AT, p-NF-«B p65. p-IKKS. p-IkBa T X HH (L) RS ERAH.
12 UFE5E&

Unique20 ZH/KA, IR A PR A R ; GIS4DS K%V K#dh, B (JEID A RA R,
AKTA explorer 10s PRI T2 #%8, FKEEH B AA]; Infinite M200Pro BiFrAL, 7 H (i) SKIGERHF
BIRAF; ABI7500 PUg s 786 & PCR X, FEB K H/REHE A F]; Powerpac3000 FLIKAX, 3&EAA R
A5 FUSION FX6. EDGE 2% Kkt % (R W il% 548, 7 Vilber Lourmat 2]

1.3 REHE
1.3.1 PC #9%1%

Pl THE e R R e H — OKIE Ve, B0 JEREED T, %18 1 g 2 10 mL Ji A pH=7. 10 mmol/L ] D-
PBS. #/MRA G R E R E-20 CCHIE IR AR 2 X, BHR 2hs 285 T-20 °CA LR, XHEUH,
4 °CJUE 24 ho 1X10* t/min KR Z 0 20 min, HU i, 15 PC MR HINHZ SR BB IR R R AR A |
PUR T2 I R G000 PC IR AT AL, 19 2040% KT 4 11 PC, 4 °C B A7,

132 @izt

HepG2 AT — A BB IR IE FRAE T R %, 5P 9: IRJE 37°C, COy R4 5%. WL T X4k
W 2T iR . EA RS BER B 60%~T0%M BEAT IR, JFT 24h 54545, ZiWAbEE 24 h IR
BXHA GERAKMAN, NC |« BAAH (FFA AFEM4IH, MO) . RIGH (L5t FFA 1 PC &4k
PRI
1.3.3  @mfe & s

O AE K Al 96 FLAR, &FFL 100 pL K550 1 X 10° AN, AR ERE (0. 0.01,
0.1. 1. 10, 100, 500~ 1000~ 2000 ug/mL) ] PC #RALEE HepG2 41, AWK 6 NE L. FPEEST
FH (CEA. RS o RlfER IR 24, 36, 48, 60h i, AEFLINIA 10 uL CCK-8 k7, & 1
FFHEE 2 h J5, {EIK 450 nm ALMIEIROLEE (absorbance, 4D o WRJRE AT U BRANALIE /1 v, sk
(1D FizR. RAELMIE J100iE 3 ASEE T EIRE R PC IEWGHAT IR 855, 4%l PC Sk ¥ iR 2 &
K 3 ANRER A EEAE Ly My He

Ay Ay

% x 100% (D

Az Az

KA A s, SHIML. CCK-8 FZGWIHIEE SN K 450 nm AEFIREE s A vy SEEFRFEEA CCK-8, HA
E RO RE T TER K 450 nm ARG s 4w, STANMOAT CCK-8, EAEZWIHIFE MK 450 nm Ak
IR o
1.3.4 FFA %% HepG2 @@l ig s & MAE A

¥ HepG2 A% ARy 3X10° mL ™", “F4HHT 6 fLAR, T 37°C. CO, B/t 5% M5 7740 Th 5 9%,
BRI MG EE . N FR R (free fatty acid, FFA, HI¥IFAIELEL N 2 0 1 AUIER SR ER B B WL
fi FFA 249K %4 1 mmol/L, 4bFE 24 h,
1.3.5 PC *F FFA #5549 NAFLD 8@ A8 A ¢4 %) vk

i FHWHZT O YL (RGN 40 it P4 i R HE AR o 4% IRIHAT O ekl i W, X4l (RHR4L. BRI, iR
) HMOEAT e, R NSRS SO, TSRS E 100% ) 5 PR BE A G €0 48 it Hh B U
4L 0, AF HEEFRCAEIR K9 500 nm LB E L O HWR e e,

WX HRZH . A ZH | G 4H 4 B IS0 FH 40 B AR o3 ) R AR fe s AT B O R B 3B, Rl B B
&, fH =0 (TG)  SHMERE (TC) . /&% Bl & AR [ERE (HDL-C) « iK% FE R 8 F R B (LDL-
C) . WEMRARLEBE (ALT) FRITXRAREZEELBE (AST) K.
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JH I I S 5 A 5 X W (reverse transcription quantitative polymerase chain reaction, RT-qPCR)
Kl NF-xB AL 28 PE4H M K7 TNF-a. IL-6. IL-18 [f] mRNA FiA/KF. #4018 RNA FEEGRF &L 4
TR HREH | B ZH L XIS 2 A M S RNA, FRIE RNA B4 FE SR BT, 44 IR G vl B Bk AT Wi e 5,
W SRAR Ry 20 pLo 2 Ja 4 M50 & vl B 2R AT SEIN 9Ok 8 B R & 8% 0 M. (real-time quantitative
polymerase chain reaction, qPCR) , KMNFEFEBEW T: 95°CHAEM: 1 min, 95°CZEE 20s, 60°CiB K 20
s, 72 °CIEAH 30 s; 45 PG . (] p-actin fE AN ZEEA, Ml NF-xB. TNF-a. IL-6 Fl IL-18 Y] mRNA
RIKAK, PRSIV IR 1.

#* 1 YR8 qPCR 2 H5I9F7
Table 1 Cell qPCR analysis of primer sequences

FEK Gene 731 (5°+3°) Sequence
[-actin F: AGCCATGTACGTAGCCATCCA
R: TCTCCGGAGTCCATCACAATG
NF-«B F: CCGTGAGGCTGTTTGGTTTGA
R: TCTTATGGCTGAGGTCTGGTCT
TNF-a F: GGCCAAGCCCTGGTATGAG
R: RTAGTCGGGCCGATTGATCTC
IL-15 F: AACCTCTTCGAGGCACAAGG
R: AGCCATCATTTCACTGGCGA
IL-6 F: AGTGAGGAACAAGCCAGAGC

R: CAGGGGTGGTTATTGCATCT

I A% EIE (immunoblotting) 3EGHG I TNF-a. NF-xB p65. IKK. IxB &5 585 H S iR A0 2 A
TP #HIRE ARG S BRI S AR ED, RnxEaf#iTesE, HE EFEE, BdE
WML IZ &R Bk (polyacrylamide gel electrophoresis, PAGE) #7402 (10 V, 30 min; 80 V, 30 min;
160V, 30min) , % PVDF i (4°C, 200mA, 120min) , FFE 550 5% O9# = dEHA 1h, 4°C
B E — Pk (—PIRFRAARI L p-actin, 1 :5000; TNF-a. NF-xB p65. p-NF-xBp65. IKK. p-IKK.
IkB. p-IkB, 1:1000) , Tween20-TBS ¥EfE 4 ¥ (£FK 10min) , FiREMFE —H1 1h, Tween20-TBS &
4 % CERR 10min) , SRS ROGYE (ECL) BT, fTH Image ] AT KE 4T, BIGTTHE
A RILE,

1.4 Zeitoth

f§i 1] GraphPad Prism 8 3 REAT Eidla 7o i, B e s & 1L 0 Ao Bl 22 2 R A L IR 50 200
fr (Z4IA) Al Dunnett’s t k46 (BALIED o K P<0.05 BNA SR o

2 BR50HM

2.1 NAFLD ¢RRiaRBYpy e 3E
WA O Yeta g Ban& 1 fizn, FFA %S0 HepG2 (e, A% EA W R Glgm, u]ides
EEIon

NC. X4 MO. B4,

B 1 SH4 O RE/FH HepG2 Ak
Fig. 1 HepG2 cells stained with oil red O
T WAEBORRECH 400,
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2.2 % HepG2 ¢ApEEME IR

1] 2 WL, PC AT HepG2 4H M v 1A 1R 5 M) 52 5750 5 AR 12k AN IS TR AR M . PC T BRI FE R =y AL FLIN ()
R, PC X2 A 3 5 AR /E FH R . (H PC BTSN 2 000 pg/mL B, PC AbFR X4 f i s oK i 24
S, PR S SERE PC B EIREE LA 104 100 1000 pg/mL, AbFEMFAIEEL 24 h, 3% L. M. H FEoR
3 AR,

a. by c. d. %I PC 4bFE 24, 36, 48, 60 h;

A. B. C. D, E. F. G\ H. LPCJiR=EIKEE/ 4 0. 0.01, 0.1, 1. 10, 100, 500, 1000, 2000 pg/mL 4L,
2 TERRERER PC AL IREKILBRIES

Fig.2 Viability of cells treated with different concentrations of PC

TEe oy ok, ik e, GRIRAL ORE PO AL, 25009 P<<0.05. P<<0.01. P<0.001. P<<0.000 1.

2.3 XT4RREAEEL AR BRI A 7K T B9S2 AE

e O Yeta st K 3 fin, SEIRAMEL, 2 PC FHiE, WA L. M. H 41 t g %
PC J5i sy B F 3 T B 298/, iR PC B3 0403% T FFA iS5 HepG2 41 i i) flg B HEAR L 42 .

NC. X4 MO. B4, L. M. H R¥4, PCREIRE/ %4 10, 100, 1000 pg/mL.
3 FFA #1 PC &328) HepG2 4RBRAS FRIEFA R MR H
Fig. 3 Effect of FFA and PC on lipid accumulation in HepG2 cells
T BB 4005 EFIHAL O Yefa,
PC JREIREAFM 3 NMEEE (L. M. HY , 40 O MWL E (B 4) B PC TSI EE 1S K B
&, #E—BUEH PC F1r] B K FFA 55 1) HepG2 4HIE A & &, 3% HepG2 41 i fig i A8 1k
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NC. *Hf&20; MO. BiAIH; L. M. H. k384, PC &4 514 102 100, 1000 pg/mL.
4 TESER HepG2 4RATIRENAYMLL O IR E

Fig. 4 Absorbance of oil red extracted from different treated HepG2 cells

TEe e, e, HRUUAMLL, 4514 P<0.01. P<0.001.

PC Xf4fifl TG, TC. LDL-C A1 HDL-C /K- fszmiati&l 5 fros . S5xt AL, BARALME TC. TG,
LDL-C /KPR (P<0.05) , HDL-C /KFREEFFK (P<0.05) , FKHH FFA 75 540t BTG o HEAR
MR ZRBLILS . & PC TG, SERAMIL, RIG4H L. M. H 140/ TC. TG. LDL-C /K- &E#
F#M& (P<<0.05) , 1fi HDL-C /K F¥EZEFA R (P<0.05) .

NC. XHH82H; MO. #i%4; L. M. H. {564, PC FiEiKE D318 10, 100, 1000 pg/mL.
&5 AR4AIE HepG2 4HEHY TCw TG HDL-C. LDL-C 7k

Fig. 5 Levels of TC, TG, HDL-C, and LDL-C in different treated HepG2 cells
Ty x| ek EEETURAALL, 437008 P<<0.01. P<0.001. P-<<0.000 1.

P 6 al %, HRAVZHLNM ALT. AST /KPS AL B2 T E (P<0.05) , 8 FFA %S T HF4H
fadsifs. 5G4 L. M. H 403 ALT. AST /K- SHEAYZHAH 38 835 FEAIK (P<<0.05) , H PC iR &k AL
K, ALT. AST /KFfk. XULEH PC o] LLGE FFA i S HepG2 20l AU X HLANE FHERUS oL, [H
B AT LA FRA 5 511 HepG2 41 f5i47i -
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NC. X4 MO. B4l L. M. H iR¥4, PC REIRE /58 10, 100, 1000 pg/mL.
6 ANREIAIEARY HepG2 4HAE ALT. AST 7KF

Fig. 6 Levels of ALT, AST in different treated HepG2 cells

T wx, e, GREMAMEL, 43509 P<0.01. P<<0.001.

24 IHERMEETF mRNA FIEKFERIFMN
W& 7 /50, SxPHRALA L, BTSN NF-kB. TNF-a. IL-6. IL-18 ] mRNA ik &8
(P<0.05) , £ PC FHif5, SHAAHML, ERMEAIME T 1 mRNA RIS EEFMK (P<0.05) , &
B PC W] RE I Ik F ] (12 2% P 40 B IR - 1 8 2k 400 ) 8 SR 52 7 (R R R

NC. Xtf84H; MO. #i%40; L. M. H. {3041, PC JliEiKkE /%14 10, 100, 1000 pg/mL.

B 7 AREIIER) HepG2 HAREIE K M LBRE T B mRNA FRiA7KF

Fig. 7 mRNA expression levels of proinflammatory cytokine in different treated HepG2 cells
e wxy ek oeeer GROWARAEL, 235028 P<<0.01. P<0.001. P<<0.000 1.

2.5 Xf NF-«B BEHEXERREKFERNFMN

PG eZ EnRIe 45 R (B 8) , HxTIA LR, BAAHLHMIE) TNF-a. p-NF-xB p65/NF-xB p65. p-
IKKB/IKKS- p-IxBa/IxBa £ FAFRIE /KT B EF & (P<0.05) , RIGH B ZEFFE (P<0.05) , FIH FFA
&3 T TNF-a/NF-«B HE&i% 4L, 1 PC FFRAMY AT LR i TNF-a S H R IL, IEREHIH] IKK. 1xB F1 NF-
«B BRI AL, HETIH] NF-«B il B 5L o
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a. W|EAHEJK; b, BAXRIKEKT; NC. HRA; MO, HAA; L. M. H R4, PCIREIKESHIA 10 100, 1000 ug/mL.
B8 AREIAIERY HepG2 YRR NF-«B (@I HE X & B RIAKF

Fig. 8 Protein expression levels associated with NF-«B pathway in different treated HepG2 cells

e wxy ek eeer GROWA AL, 235028 P<<0.01. P<0.001. P<<0.000 1.

3 Wik

NAFLD /& —Fha] LLTRBH FIV6 B A0, AH U SRAS SR YT, 181 A0 25180 I S M i i Ve I 4 44k
A, AR A T8, g NFAE AR, 75 B AT NAFLD iR fl =
PIRRRE, JERICA R FT MVEITH it . NF-«B A5 5l BE 2 A A N 1% B AR S e A J 3 1) B 224
NF-«xB 15 510 2% [ RF SR B 0 s M0 A 2 P IR R AE AU B o NF-xB 2 p6S Fll pSO A 744
B, T «B 02 A 6B FE T NF-«B FIB0E K5, BBUIRE T NF-«B 5 kB fE4IK N 456
SAEEMIRA . T B 06T IKK A5 0 1B BRI E 0TS NF-«B (1) 35 B R PR U200, A58 Kk
W, PC JL AN IKKS 1kBa il NF-«B p65 ik, MR p-IKKS p-IkBa 1 p-NF-«kB p65 EiAfE
PC TPl 5 ¥ 2 2 B, #2718 PC AT LB 0] IKKS. IxBa Al NF-xB p65 HIfEER 4k K NH| NF-xB 15 5l #%
G, o

WHFER I, NF-xB #0305 5 Ae (e 02 28 PR 40 M DX 1) 205, e A P4 M PR 1 S idt— P 1G5 NF-«B 3%
P, A SORE S SOMJEINT . TNF-a S5 2 YA R 175 3 NF-xB HITEAL, NF-xB 755245 1 FH-4H i o il B0 s
N A3 TNF-a. FAMRNFR-6. EHMENR-18 FZANER M. X2 NF-«B WIERER S5 T
JERE S SE . FFAF4Edb. FFRA R 105, A qPCR RIG L5 REH, PC Al BRI TNF-a. IL-1.
IL-6. IL-8 Z5{R R AR+ )Rk, #2875 PC o a] DLdik $0 A SGAR 4 14 40 i PRl - K4 1) NF-«B {5 51
AL, HETTIREE NAFLD 40 R 2 i A 53 HEAR R 453475

HAT, A A7 1Z 8 A IRV TR SRS . mRIPiR . P 2. PC Al Hik. bilh
SRR E G2 SV M, X 2 P B AR AP T AR T R, 2 RN AMRIRUER PC %468, NI
PC 2 al. OikfE, PC &7E B ImEw B, HEE =M rPia S 28T PC,
Cervantes-Llanos Z5PUL B, AR EAHE (phycocyanobilin, PCB) I GEESIYI MG AR, PR IL-6
SR R ML R R T 1 FRAA K Minic S5 P27E (R AME I 22 IR A6 PC, SRAF IR G 5 I S th oK IR HT R
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