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Metabolomics Reveals Mechanism of Abelmoschi Corolla Total Flavonoids in

Regulating Endoplasmic Reticulum Stress in IgA Nephropathy
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[ Abstract] Objective; To elucidate the mechanism by which total flavonoids of Abelmoschi Corolla (TFA) treat
immunoglobulin A (IgA) nephropathy (IgAN) through serum metabolomics analysis. Methods: SPF-grade male SD rats were
randomly assigned into six groups (n=10) : blank, model, low-dose TFA (TFA-L, 27 mg-kg'), medium-dose TFA (TFA-M,
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54 mg-kg') , high-dose TFA (TFA-H, 108 mg-kg"'), and losartan potassium (LST, 4.5 mg-kg') groups. The remaining five
groups, excluding the blank group, were modeled with bovine serum albumin (BSA) , lipopolysaccharide (LPS), and carbon
tetrachloride (CCl,). Specifically, from weeks 1 to 10, BSA was administered via gavage every other day, and a mixture of castor
oil and CCl, was injected subcutaneously once a week, with LPS injected into the tail vein at weeks 6 and 8. After successful
modeling, each intervention group was administrated with the medication prepared with distilled water once daily by gavage for a
continuous period of 4 weeks. The levels of 24-hour urinary total protein (24 h UP) and serum creatinine (SCr) were quantified by
kits, and the serum IgA level was determined by enzyme-linked immunosorbent assay (ELISA). Renal pathological changes were
observed by hematoxylin-eosin (HE) staining and periodic acid-Schiff (PAS) staining. Renal IgA deposition was assessed by
immunofluorescence (IF). Endoplasmic reticulum (ER) stress was observed by transmission electron microscopy. Western blot and
immunohistochemistry (IHC) were employed to detect the expression of ER stress-related factors. Non-targeted metabolomics was
used to screen differential metabolites for analysis, and key metabolites arachidonic acid (AA) , prostaglandin E, (PGE,) , and
cyclooxygenase-2 (COX-2) were validated. Results: Compared with the blank group, the model group showed increased 24-hour
urine protein (24 h UP) and serum creatinine (SCr) levels (P<0.01), obvious renal pathological damage, elevated serum IgA level ( P<
0.01) , increased renal AA and PGE, levels (P<0.01) , and up-regulated protein levels of COX-2, glucose-regulated protein 78
(GRP78) , phosphorylated eukaryotic initiation factor 2« (P-EIF2a) , activating transcription factor 4 (ATF4) , inositol-requiring
enzyme la (IREla), and spliced X-box binding protein 1 (XBP1s) in the renal tissue (P<0.05, P<0.01). Compared with the model
group, the intervention groups showed reductions in 24 h UP and SCr levels (P<0.05, P<0.01), alleviated renal pathological injury,
decreased serum IgA level (P<0.05, P<0.01), and reduced renal AA and PGE, levels (P<0.01). Western blot and THC results showed
that TFA reduced the levels of COX-2, GRP78, P-EIF2a, ATF4, IREla, and XBPIs in the renal tissue (P<0.05, P<0.01).
Metabolomics results indicated that 51 commonly differential metabolites were found among the normal, model, and TFA-M groups.
TFA ameliorated IgAN by affecting metabolic pathways related to the biosynthesis of arachidonic acid and arginine through L-aspartic
acid, prostaglandin 2a, leukotriene B,, leukotriene D,, among others. Conclusion: TFA can regulate the arachidonic acid metabolism
pathway, thereby modulating ER stress, reducing renal damage, and ameliorating IgA nephropathy.
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1.4 &% F50 & bR AY (B 1 Sunrise 24 A\ ) ;
Triple TOF 6600 % Ji7 1% 1% ( 3¢ [§] ABSCIEX A ] ) ;
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TWIN # 3% ff L+ 1 il B8 ( 3¢ B FEI 2 #] )
POWEROAC HC A H1 ik % Hi Jii . Mini-PROTEAN
Tetra Cell & H1 Kk f | Trans-Blot SD &I 2 - %% E AL
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WA 2 S BIE B AN M 2 B R L vk Uk 4R
S, B850 (15 000 remin™ , 4 °C,20 min) J5 #47 &
WO EAREARRS BRSSO R
[ Rh 28 3k 2 A (95 °C L, 5 min) A8 1, 10% + —
Jot B T 19 9 - 5 D A4 T I 95 I 'L Uk (SDS-PAGE) |, %
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30 min, B 0> (14 000 r*min™’ ,4 °C,20 min) J5 8 |k
WL ESWE S CE KL DR, BO IR, R
s (QC) AR A J2& AR I A A 45 i VR 5 o A, 7E
TR AR 8 AH €33 - % 1 (LC-MS) #EFE R, 2EFF o A
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3 &R
3.1 S RN 40 S G 4
3.1 LAY — MR A AE L Normal 41 52 55 K
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BT B, TFA T HUG LR ie A Prk % , 5 8 i
A IR RE AR AR ] W 4
3.1.2 TFA % IgAN KB 24 h UP.SCr.Ifil IgA Y
F g5 BOR, 5 Normal 4H o #¢ , Model 4 24 h
UP.SCr.IgA 8 % T 5 (P<0.01) ; 55 Model 41 %5,
LST 2l J TFA-M , TFA-H 41 24 h UP,SCr # i &I
(P<0.05,P<0.01) , 4% 25 25 41 1gA W] 1B 203 (P<0.05,
P<0.01)., W1,
#& 1 TFAX IgAN KFR 24 h UP.SCr.IgA B ME (x+s,n=5)

Table 1 Effect of TFA on 24 h urine protein, serum creatinine,

and IgA in IgAN rats (Xx+s,n=5)

7 24 h UP

45 /mg-kg" /mg-(24h)"! SCr/wmol-L” lgA/me: 1"
Normal 21 1.90£0.45 418.70£107.20  356.70+26.30
Model ZH 3.30+0.71% 573.40+73.73% 1052.00+102.70%
LST 41 45 1.83+0.36" 431.80+47.93"  646.00+80.25"

TFA-L4 27 2.62+0.89  466.00+69.02 865.90+86.75%

TFA-M 4] 54 1.72+0.35" 455.00+36.07°  846.50+53.30"

TFA-H# 108 1.77£0.18" 428.60+57.96  756.20+163.30*

I . 5 Normal 41 It # "P<0.05, ¥P<0.01; 5 Model 4l It
i3V P<0.05,YP<0.01(F2-%£5[)

3.1.3 TFAXf I[gAN KRB JE UM B 52 m) AR
& HE 4L (0 454 B 78 , 5 Normal 4 L 4%, Model 2H K
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B JUE 45 48 T R I 45 R T . Model 241 K B
JUE 20 2R DL EE BT kG 22, 0 B /INBR b R A B K
Jib, 22 OB A0 MO 38 A, 58 Pk A R /N R R
45 s TFA 45 25 I, R AR IR I 0 0, B /N Bk e s 3
ik . MR PR PAS Ze {0 g 7k , Normal 2H ' /)N BR 45 #4 52
# s Model 2H 2 BE /NERIE K, L IK I3 & 5 48 TFA

HE

T s, RN E A Tk . IF 45 R BoR
Normal 21 JC B & 19 TgA ULUE , 1l Model 41 1gA V1 JE
WG, 20t 259 T WU L TgA UUTE W s . TEM B
7, Normal ZH 5 JIlE 2H 2 P4 Jox ) i ~F- AR 25, Model 4 13
LA L0 A B ik Yk L A2 e B A M, W
K12,

7 : A.Normal 41 ; B.Model 21 ; C.LST #1 ; D.TFA-L 41 ; E. TFA-M 41 ; . TFA-H 21 (& 3-[& 6 [F] )

1 TFAX IgAN KRS UFH A FRIEIRG R (x400)

Fig. 1 Effect of TFA on histopathological damage in kidneys of IgAN rats (x400)

A B C
7 : A Normal 41 ; B.Model 41 ; C.TFA-M 21
B2 TFAMZHAXREHEARBHEMHIZNE (TEM, <20 000)
Fig. 2 Effect of TFA on ultrastructure of renal tissue in IgAN rats
(TEM, =20 000)

3.1.4 TFA X IgAN K E'H E ERS 4§ 45 (19 52 i
Western blot 3 4 45 8 I 75 , 5 Normal 40 H %%,
Model 4] IREla .GRP78 \ATF4 XBP1s % ik /K VB &
Tt 55 (P<0.05, P<0.01) ; 5 Model 2H H %58, 4% 45 245 41
IREla 45 1 % 35 W] i T B (P<0.05, P<0.01) , TFA-H
41 GRP78 & 11 % ik W] & F [ (P<0.05) , TFA-M .
TFA-H 20 ATF4 2 [ &5 W i F ¥ (P<0.05) ,LST 41
K TFA-M . TFA-H 2 XBP1s % 1 % 5 & F F(P<
0.05,P<0.01), WL 3.2, s R R, 5
Normal £ H %% , Model 4 ' P-EIF2a . IREla . XBPls
1A BE P 2 3 DX sk B 8 34 Jin (P<0.05, P<0.01) , 45
SR PHME SR T A s b . WLIE 4 K 3,
3.2 IV AR5 B 4
3.21  KREMBEACH R EREFELT

e - S e g
S —

RP78 | 78 kDa

currs - N

XBPls il S s B 8 L4 " @ 45kDa

AT - - 0
pracin R >,

A B C D E F
B3 SAARBAALIREle. GRPT8,ATF4,.XBP1s B B K%
ik
Fig. 3  Electrophoresis of IREla, GRP78, ATF4, and XBPls

protein expression in kidney tissues of rats from each group

PN e NS N e S e A e o | SN S
T 5 7R 25 4% BRI TR] 4 A A R, {HL 0 T AR K 0 A
5 4.3 22 5, $ 78 TFA T BT GE U8 T IgAN K Rl
RN REE A 0 . X QC BEAR AT AH 4y
BT (U0 398 5 5 R BRE I B4 ), QC FE A 8] 9 A1 5GP &
BAHAE 0.9 LL b B3R T 1, AW SE 0 B A MR AT

3.2.2 Bl s AR Y E PR = B I QC
FEA HEAT BT ¥, QC FE A % 4, 3% W5 vT &
Nromal 41 #l Model 41 , B & 43 2 156 B #5274 4 57 B
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#2 TFAX IgAN X RS H 4L IREla.GRP78 ATF4 . XBP1s E B R IEHIEIE (F+s,1=3)
Table 2 Effect of TFA on IREla, GRP78, ATF4, and XBP1s proteins in kidney tissues of IgAN rats (x+s,n=3)

25 # 4 /mg- kg IREla/B-actin GRP78/B-actin ATF4/B-actin XBP1s/B-actin
Normal ZH 1.00+0.00 1.00+0.00 1.00+0.00 1.00+0.00
Model £ 1.50+0.03” 1.75+0.27% 1.69+0.32" 1.79+0.14%
LST 4 45 1.03+0.27Y 1.42+0.21 0.99+0.29 1.25+0.06
TFA-L 4 27 0.93+0.21% 1.36+0.05 1.18+0.13 1.61£0.14
TFA-M 41 54 1.01+0.07¥ 1.42+0.15 1.03+0.21Y 0.98+0.27"
TFA-H 41 108 0.86+0.129 1.07+0.18> 1.04+0.17> 0.88+0.32%

P-EIF2a
IREla
XBP1s w
A B [ D E F

4 TFAX IgAN X RS E4H A P-EIF2«. IRE1a . XBP1s &E B KX

4850 (IHC, x400)

Fig. 4 Effect of TFA on P-EIF2a, IREla, and XBP1s proteins in kidney tissues of IgAN rats (IHC, x400)

#£3 TFAX IgAN XK R 'S Af A4 P-EIF2a.IRE1la  XBP1s EH &
ER M (x+s,n=3)

Table 3 Effect of TFA on P-EIF2a, IREla, and XBP1s proteins
in kidney tissues of IgAN rats (x+s,n=3)

M FE/mg-kg'  P-EIF2a IREla XBPls
Normal £ 6.18+0.78  0.26+0.08  17.72+2.02
Model 41 11.37£1.07"  7.55+0.33% 27.74+3.97%
LST 4 4.5 5.76+2.84"Y  2.92+0.80" 19.60+2.29”
TFA-L 41 27 6.74+0.61  4.76+1.63" 19.60+2.29%
TFA-M 41 54 6.19+1.14%  1.28+0.20" 26.70+3.30"
TFA-H 4 108 9.59+2.76  0.84+0.21% 17.29+3.20"

Iy, TFA A X T Model LA B 50 85, "R A 25 A
fITekE . M4 PLS-DA & A %1 Normal 41 Fl Model 41
Z (AL FELE W] 43 5, Model 2 F1 TFA 20 17 75 W W 4%
B EBK L RY O i (0.94,-0.29) oK KA
SURE e 7S RS T N V1 T 1
L

323 MYt A PLS-DA # A1 1 VIP
B (>1) B A A 50 (P<0.05) T 1 22 AR 4, 45 R 3%
B Normal ZH vs Model 40 3£ 221 22 AR 9y, Hirp 79
A BB, 1424 F I B9 ; Model 41 vs

- 158 -

TFA 2] i i t1 219 4> 22 AR, 120 4> B pg AR
1,994~ VR AR, UL 5 R R0 A kL. AR
OPLS-DA B85 245 545 2| iy VIP {H Fl P (R i 2 —
20 ] 22 AP, A VIP(E>1, P<0.05 Ay i 6 4 1F
15 30 22 S AR 289 4, 5 T HMDB %4l 2 .KEGG
G R R SCHRARE , S22 59425 S kARt , 22
S S 5 R DL e e R b e

3.24 MUY E £ K E R
1Y 59 4~ = 21 1] 1Y 22 55 A4 1) FH Metaboanalyst 6.0
FE LR W 3 31T KEGG & 4 40, 25 3% iR 3k 5 4E 5]
21 AN M 6 B . A% 0 B LR RS B-TH AR AR
e KA AA I I8 D R AR A RS
o AA U RE A PR 45 ER SRS o L5 5t R B 4
Abo TFA R & 50 (1 =M D, =) B, 5 R 081y
AA R, UL 5 R B AL R

3.2.5 TFA X AA R BF5E  COX-2 4 AA
R e EN ELISAZ R E/R, 5
Normal 4 [ 3¢, Model 20 K BUE IE4H 41 AA \PGE, 7K
S 2 T (P<0.01) 5 5 Model 41 Fb %5, 45 45 25 4
AA PGE, /K F & # B AR (P<0.01) . W4, 5
Normal 21 %, Model 240 K FU'BF HEZH 4 4 COX-2 3
ik TE i (P<0.01) 5 5 Model 41 FL #8045 4h 25 4
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COX-2 72 ik B & [% ik (P<0.05, P<0.01) . WA 5.
#*5. K6,
R4 TFAX IgAN KRS MA LR AA PGE, K FERIFME (X+s,n=5)

Table 4 Effect of TFA on arachidonic acid and prostaglandin E,

levels in Kidney tissues of IgAN rats (x+s,n=5)

21 51 4 /mg- kg AA/ng-L" PGE,/mg-L"

Normal ZH 350.60+40.27 318.00+31.87

Model 41 678.10+18.15% 609.60+29.07
LST 41 4.5 416.20£36.23"  397.50+27.78"
TFA-L Z1 27 597.70+25.73% 527.50+29.77"
TFA-M 41 54 521.40+31.83% 468.00+22.57
TFA-H 41 108 436.40+26.17Y 447.30+26.25"

COX-2 s PP S T iy Wy 68 kDa

| —— - —— 1 1

A B C D E F
BE5 SAXRREHALR COX-2EARIERK
Fig. 5 Electrophoresis of COX-2 protein expression in Kidney

tissues of each group of rats

K5 TFAMIGANARBSHAL COX2ERAREMNF I (x5,
n=3)

Table 5 Effect of TFA on COX-2 protein expression in Kidney
tissue of IgAN rats (x+s,n=3)

21 51 4 /mg-kg'  COX-2/B-actin  COX-2 FIPEF ik

Normal 21 1.0040.00 8.67+8.67

Model 41 1.85+1.85% 32.45+0.43%

LST 4 45 1.10+0.13% 18.18+1.45%

TFA-L 41 27 1.37+0.21% 20.56+4.35"

TFA-M £ 54 1.31£0.20% 14.50+2.51%

TFA-H 41 108 0.76+0.02" 17.50+2.04"
4 iTig

IgA B & — B B S B, I PR 26 B I
PR LR KA o A AL RS IR, E R A
PN AT 22 U7 . ERS J2& fi 9 R R
TR I B e DR AT B AR E R AR SR (Y 40 R
B YR B uUHE R0 E B RSN
Pr & HE I IF, ERS R W L B S 20— R 91T iF

"e’_"'ﬂ 3
B e

J L, 7 AR T & R RO (URP)Y™, DL 4 45 9 i
I Ty RE 19 52 2%, UPR O f#% 32 3 oy Jog 1) 8 2 P 0 1
Sy 9 A AR 3R RNA KE N R W 3 S (PERK) |
IREla F1 06 5% st 7 6 (ATF6a) ™' 3 4 1)
ERS A 1 & P9 5 W & 25, 1 24 ERS i i, ol 3 it
K, REW ARSI &EA I, UPRA B FEN
JoT P ZE AL AN RE AR BB U T, DA R 4 Y
B EREEW T R EMFSIEM , ERS # & 4L
1E 2 BB IE B & E | 24 GRP78/PERK/EIF 2w i
L RN ) = A N = 1 R N (TR
LUk B R0 L BRS 5 A W0 AR FVE AR DR B
T 2 R A0 N IR B RS DR E S O
A% S 4 B M 0 DO PR v Y T IRE e/
XBP1 i #% 0l 4E o G i M5 88 05 099 7R R 9T
LY C

H R LGN TgA B & Y TP LR A L B
AR 28, K e B W) 076 IR, B % %€, B AR
PR HEGIRYT IgAN B 78 1T 4R R s 2 3 L il
Hh R 24 B T O T E L R S Y R - IR R A
(cGAS)/ Tt % 3 H 31 3% B 7 (STING) " | P4 i 14
KRR R 2 1k 2 (CB2)/ik Ji 4 4 g 1T 4 1k il 4
(NOX4)/NOD #f 2Z 1A 25 1 3(NLRP3) "' %5 il [ Uik
D TgA TE B WE M TTR 5 3 I 25 S 1A Bk V6 25 W B 22
% Wy Fi 0l I R T A0 A S B T RETR T TgA B
I 5 AD R AR T R O AT K B 3- 2 OB L i B g
(CIGALTI1) F core-1 B1-3 > F|, bl L 5 7% Wi 55 5 1k
57 FAEAR 1(COSMC) ik , DT 4 il IgAN K BL'E
HPLRBEESY I EMPUR . EE R F A
RS Ry S5 T, B R S ] R IR YT IgA
I, R Tg AN R BRI B O 461 47

VLA 76 TgA B s ERS ¥4 A58 T
12 ORTE, GRPT8 J& N I W rh e £ B R MR Z
— ,JE T EUPRIE 1Y B # ERS AL 48 ', GRP78
i ok A% R 45 5 45 f B (NBD) 5 UPR i & 1
IRE1 #I PERK &5 &, S8 T ZH B 1L . 4
IREla # B BRALIT, A BRIk, i@ H A
B 0 K% 68 R R 9 D) g B T T i ok

B 6 TFAX IgAN KR IEHALR COX-2FEBREMFN (IHC, x400)
Fig. 6 Effect of TFA on COX-2 protein expression in kidney tissue of IgAN rats (IHC, x400)
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XBP1 mRNA %) 87 4]"* , XBP1 mRNA 87 Y] J5 18 it
B TS MR SN T XBP1s™ il 2R R BT RY
Xbp 1(Xbpl u)mRNA FJ 4% R K 7= 4= 5o e 1 3 1
JRPO LT R A9 PERK BE 0% 12 F ETF2« B W R 1L |
% PERK/ATF4 {5538 & ',

A HE G A N 52 56 38 i BSA+LPS+CCL, J7 32
57 TgAN K BB K6 I H: 24 h UP . SCr M L7 IgA
%78 Model A % F Normal H Z R A &K il % &2 X,
HE 1 PAS 45 % & 75 , Model 40 K A B . (1 48 7k 40
JHL 320, R B 40 348 B % /DN 3R R RS R RS TF &5
87N, Model K FUA X F Normal 241 K LA B &
TgA YLVE , 48 7~ A 70 At 5 i T o ARIF 21 24 1 9% 45 2R
F W TFA A3 53 8 755 AA A58 % , 95 4238 IREla
Y5} ERS [ S5 5 4%, 5 COX-2 %% YT AH 50, 24
g M B TR T A7 W, COX-2 &% AA b hy
PGE,, 2§ PGE, # #ill il B 7] LA ysk 42 ERS™, AA i 14
COX-2 #4291 ¥4 BIP Fl IREla Y % ik , 1% 5 ERS X
VAR UE: e I = S N T M SRR SN
L. GRP78/ATF4P/EIF2a/COX-2/IRE1a/XBP1s ¥ 1]
TR, &S Y T BUS , TFA-M 41 fl THA-H 41 K
. GRP78/ATF4P/EIF2a/COX-2/IRE1a/XBP1s % [
IRV BEAG L B2 7% TFA AT 3 5 B0 #0697 1gA B .

25 BTk, Y TgA s 5 A W T VE TR IE &R I
X, 3 A 5 ) P Jo D A, PN T I AR A e T [
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