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Abstract: Nephrotic syndrome (NS) has a variety of classifications, pathogenesis and pathological types.
Clinical diagnosis primarily relies on serum biochemistry, while the specific classification necessitates renal
puncture for biopsy, which is hindered by poor patient compliance. Therefore, it is of great significance for clinical
diagnosis to find a non-invasive and rapid method to reflect the classification and progression of nephrotic
syndrome. In this study, LC-MS metabolomics combined with receiver operating characteristic (ROC) and multiple
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linear regression analysis was used to screen and identify potential biomarkers capable of reflecting the typing and
progression of nephrotic syndrome. According to the statistical parameters VIP>1, P<0.05 and AUC>0.5 obtained
from the orthogonal partial least squares discriminant analysis (OPLS-DA) model, five potential classification
markers were screened to distinguish membranous nephropathy (MN) from IgA nephropathy (IgAN), including
indoleacetic acid, isoleucine proline, DL-indole-3-lactic acid, D-phenylalanine and L-tryptophan. Furthermore,
using estimated glomerular filtration rate (¢GFR) as the dependent variable, a multiple linear regression analysis
was conducted to identify the potential progression markers capable of reflecting the progression of MN to uremia.
These metabolites included alanylleucine, 9-capryloylcarnitine, gluconic acid, caprylyl glycine and sebacic acid.
Potential markers of progression of IgA nephropathy to uremia comprised alanylleucine, 9-capryloylcarnitine,
caprylyl glycine, and sebacic acid. This study provides a theoretical basis for the discovery of potential
classification and progression biomarkers of kidney disease, and also offers a methodological reference for future
research in this area. The protocol was approved by the Ethics Committee of Shanxi Provincial People's Hospital
[(2020) Provincial Medical Ke Lun Shen Zi No. 30].
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Figure 1 PCA score scatter plot. A, D for healthy control (HC) vs membranous nephropathy (MN); G, J for HC vs IgA nephropathy
(IgAN); M, P for HC vs Uremia; permutation test (B, E for HC vs MN; H, K for HC vs IgAN; N, Q for HC vs Uremia), and OPLS-DA score
scatter plot (C, F for HC vs MN; I, L for HC vs IgAN; O, R for HC vs Uremia) of urine samples. A, B, C, G, H, I, M, N, O for positive ion

mode; D, E, F, J, K, L, P, Q, R for negative ion mode
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Table 1 Differential metabolites between healthy and disease groups. ‘P < 0.05, P < 0.01, ""P < 0.001

No. Compound name Formula m/z t,/min Ton form MN vs HC IgAN vs HC Uremia vs HC
1 Aspartylphenylalanine C,H,N,0, 281.115 1 495  [M+H]' T T T
2 3-Methylglutarylcarnitine C,;H,,NO, 290.159 1 479  [M+H] I [ T
3 9-Decenoylcarnitine C,,H, NO, 314.2319 1146 [M+H]" T I 1
4 Gluconic acid CH,,0, 195.050 6 144  [M-HJ T T L
5 D-Glucose CH,,0, 179.059 1 154 [M-H] T i T
6 Capryloylglycine C,,H,,NO, 2001282  10.79  [M-HJ e [ 1
7 Sebacic acid C,H,0, 201.113 5 735 [M-HI T T I
8 Indoxyl sulfate C.H,NO,S 212.002 1 920  [M-HJ T 1’ 1"
9 gamma-Glutamylleucine C,,H,)N,O, 241.119 3 6.86 [M-H,0-H]" T " T
10 Hydroxyprolyl-isoleucine C,H,N,0, 243.135 3 734 [M-H] T 7 T
11 Leucyl-L-proline C, H,N,0, 229.154 2 350  [M+H] L T -

12 N,-Succinyl adenosine C,,H,N,O, 384.112 1 483 [M+HJ 1 T -

13 Uridine C,H,,N,0, 243.062 6 2.03  [M-HJ T 7 -

14 Erucamide C,,H,,NO 338.342 1 1596  [M+H] T - I
15 Indolelactic acid C,H,NO, 204.067 2 8.52  [M-HJ T - 1"
16 Hippuric acid C,H,NO, 180.062 4 6.86  [M+H] T - I
17 N,-Methylguanine CH.N,0 166.072 1 247 [M+H] - 1 1
18 Citric acid CH,0, 191.017 6 235  [M-HJ - T L
19 L-Tryptophan C,H,N,0, 203.082 7 556  [M-H] - T T
20 Galactaric acid CH,,0, 209.031 7 1.54  [M-H] 1 - -

21 Isoleucylproline C,,H,,N,0, 229.153 1 248  [M+H]' . - -
22 2-Furoic acid C,H,0, 111.006 7 242 [M-HJ . - -

23 N,-Methylguanine CH.N,0 166.072 1 247 [M+H] - T -

24 D-Phenylalanine C,H,NO, 164.073 3 449  [M-HJ - [ -

25 p-Cresol sulfate C,H,0,S 187.007 3 840  [M-HI - 1 -

26 4-Hydroxyhippuric acid C,HNO, 194.044 5 5.13 [M-H] - I -

27 Hypoxanthine CH,N,0 137.045 5 245 [M+HJ] - - 1
28 Alanylleucine C,H,\N,0, 203.1389 213 [M+H] - - 1
29 N, -Acetyl-L-arginine CH,\N,0, 217.128 5 211 [M+H] - - 1
30 Prolylhydroxyproline C,H,NO, 229.118 0 6.86  [M+H]" - - 1"
31 Leucylproline C,H,N,0, 229.153 2 243 [M+H[ - - T
32 Phenol sulphate CH,0,S 172.990 1 8.01 [M-H] - - T
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Figure 2 Heat map of differential metabolites between HC and

nephrotic syndrome (IgAN and MN) groups
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Figure 3 ROC curve analysis of metabolites specific to different
types of nephrotic syndrome. A: ROC curve analysis of metabo-
lites specific to MN group; B: ROC curve analysis of metabolites
specific to [gAN group. Only metabolites with AUC>0.5 are shown
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Table 2 Multiple linear regression analysis of 22 metabolites

involved with MN progression to uremia

. Non-normalized L. Collinear
Independent variable . Significance L.
coefficient (NNC) statistics

Constant 4.500 0.833 1.633
Hypoxanthine 949.880 0.454 2.572
N,-Methylguanine 2 812.281 0.303 1.285
Hippuric acid 312.928 0.185 1.300
Alanylleucine 5448.766 <0.001 2.360
N -Acetyl-L-arginine 1465.519 0.471 1.331
Proline hydroxyproline 62.913 0.91 1.910
Leucine proline 236.638 0.341 1.417
Aspartylphenylalanine 62.515 0.921 1.234
3-Methylglutarylcarnitine —535.878 0.392 1.476
9-Decaroylcarnitine 1242218 <0.001 1.572
Erucamide 2213.654 0.079 1.335
Phenol sulfate 832.606 0.091 1.354
D-Glucose —1084.162 0.361 1.585
Citric acid 2.208 0.988 1.195
Gluconic acid -538.992 0.043 1.372
Caprylyl glycine 8052.733 0.002 1.341
Sebacic acid -3597.888 0.003 1.558
L-Tryptophan -1671.004 0.262 1.407
Indoleacetic acid -2 005.881 0.26 1.245
Indolephenol sulfate -515.489 0.281 2.486
gamma-Glutamylleucine —-156.368 0.781 2.831
Hydroxypropyl -404.063 0.663 1.633
isoleucine

Table 3 Multiple linear regression analysis of 22 metabolites

involved with IgAN progression to uremia

Non-normalized

Independent variable coefficients Significance Coll%nejar
Statistics
(NNC)
Constant -9.308 0.710 1.700
Hypoxanthine 3434.172 0.053 2.328
N,-Methylguanine -605.594 0.821 1.262
Hippuric acid 302.566 0.165 1.444
Alanylleucine 4616.946 0.001 1.921
N -Acetyl-L-arginine 2 048.314 0.312 1.226
Proline hydroxyproline 675.089 0.219 2.279
Leucine proline 227.579 0.466 1.438
3-Methylglutarylcarnitine 46.165 0.940 1.597
9-Decaroylcarnitine 1121.252 0.002 1.617
Erucamide 2 249.57 0.102 1.380
Phenol sulfate 374.498 0.511 1.333
D-Glucose -2132.639 0.089 1.411
Citric acid 182.489 0.215 1.378
Gluconic acid -223.904 0.312 1.448
Caprylyl glycine 7 400.767 0.007 1.392
Sebacic acid -3 742.666 0.004 1.518
L-Tryptophan -80.893 0.953 1.177
Indoleacetic acid -359.937 0.739 1.436
Indolephenol sulfate -404.220 0.46 2.265
gamma-Glutamylleucine —-62.746 0.907 2.448
Hydroxypropyl isoleucine —484.752 0.596 1.700
Aspartylphenylalanine 1 135.570 0.054 1.242

. R AEEIR -2 ML Wi . = R H R A2 R
5 eGFR {f 2 i 3 28 M AH 5, mT 4t 52 SN TgAN B &



FRORHAE: T LC-MS AR 2 R AR BB 05 45 8 TRV E 70 TR B b J 2 W b 3 RO T 7 -+ 1785 -

JE N PREFRE (Ve R A An W . Ko, INEBE
I (NNC =4 616.946, P < 0.001).9-Z 8 AT, (NNC =
1 121.252, P =0.002) FI=¢HH & (NNC = 7 400.767,
P =0.007) 5 eGFR £ & & 1IEAH ¢, 1M 28 i (NNC =
-3 742.666, P=0.004) 5 eGFR & 23 i AH K.

wig

I PR AR 15 20 2% AIF 90 DA TR0 JR S0 R T 98 %60 %2
LR AS B AT 58 48 S R AL A DTS2 A AT SR80 A 1) oA D
PR AR 57, 5 A7 75 S8 3 0. A A 6 8¢ 22 B SR
A PR AR TR BFE A B ), K& BhAR
LML A, HOR s AR ME B 80K, ReHEmh s i B iR
TR R A, o R e s s Ok B 2% R
DL /A5 B[R 35 SR I s2 R . S8R AR T, I PR
FF A SRAS R S 56 008 B 0 0 3 S R AR RS, AT S
FETE R DR, ASHIE 7% FH I R PR VBRE AR EAT B 9

TE B3 1 adk i AR o R A e (AR &L, B
PERERRIEERILEEE REZ — fENEF, BIE
TEEFERR AR A R O R il s EEEH . fE—
TR R I A 1) A 41 22 1 R 548 MN ZH F [gAN
2H I I3 2 B AR BB T R I, MN A L- R 1R
RN 5 B PR, IgAN 4 L- (0 IR AR XG5 &2 B &
i, Bk ROC #2870 i L- & Bk B A 4 = 1912 W g
1P, R S R — 2, M WRAT AR P R E T s i
IR B8 a2 35 R 48 9 A I 4 4 Ak 328 1 n 5 1 o
R, |k 2 A — R 0 4 A I R R BRE B
=, CRIET AR R, ORI 4R AT i
54 &9 (chronic kidney disease, CKD) A fR A K /i )
B NERAE A, B /N B )5 450 4 AN D g Az 2RO L]
e 2R 7K1 CKD #E FE 1M 35 00, WA 2 CKD 4
R T AE A Wb BT . A SR 1 R R R B I
T G -3 FLER AU R, HL 5 AH DG g T R AR AL )
AH IS, TEAHT 7T o MN 4R AR P b AR 1 i K
S| W 2, H IgAN ZH PREAR U P 1) DL-W5 Wie-3- 3L,
PR AN Lt R & i, XA b v] — e f2
JE I Bt U 453 4% 155 L o

ANRAR AR S ORI, FET 5 HFEA
MR, H2R R vl 285 I w10 28 O =08 e A g 4
A R TR, 7RIS B T e s vl v, R TN R [ I =R
H G4 2 307 2K TN &R K P B K 5 '8 Th g AR 22 M
KB AHEFT R I TgA B3 24 R AR P ) D-ZR TN &
[T AT N =g XK L TS

AW LA eGFRAA A F A &, 18 1T £ o2k M 3] 14
S3 AT 0 3 MIN/IgAN HE e 2h PR B3 0E 1098 76 3k S hr 54,
KT 9-8 I PR 7 K H 2 R 5 8 5 eGFR 2 3% 1E

FH %, T4 45 B R 5 00 55 e GFR B8 3 1R 5%, 4R
KA AT — E FEJE W R ORI A%
AT A AE A AL LR AL I, T R 35 B A A DA D
LR R R, AR R A —E HT R IER] . HEik
18, 75 45 T WBBOA J7 IO K B R JUE 28 1 B
AU, D00 995 8 R 2B SO S IS AN S A AT T v AT
RE 5 AT 2520 1A 25 B B AR 5k, T AHIT 78 o 9- 28
WBR R — B R EIGIE T ARG, R E RS —
TS0 T TR AN R S PR o R R SR IO Y
WAL AR KRB AR AFBUR I, 2 H 2R & =
B AR AT RE 2 15 R0 i 1 T 2L A R R 2 — P, o
WEFCA RS SRR IE 45 R — 5. CAT I8 R W] 4l Bl
BRI A D92 W s A A OV AR AR b S5 ) BLHLR P AR
A5 s 3 e AR ORI, AR AT S v R e 4 B TR A
BUMN/IgAN & 8T B, HEDNH 4 BE IR 5 B m] LDy —
FELE 2 W AR b, T T S 005 B 1) R A ANt g

Eig

zi b, AWFFTiE L LC-MS AR B4 22 5 AR 43 R 2
HC 5 MN.IgAN K& JR 8 4% [8] (1) A= b5 EW) . R
ROC [ 28 i 58 MN Al IgAN ¥ 1E 2 BAE b &), &
FEU| Wk 28 57 2 S R I U R « DL-W5| Wk-3- LR D- 2K
NRAR L-BZ . 02 0P RE i T
A 2 R  9- 2% Tk PRI 6 ) W R o B H R AN
Z& R AT AE D MN i3 i R R 5 0 138 72 3 e hr B,
T P B e R L O- S Bk A Bk 7 3 H R IR AN 28 R W]
VBN IgAN 3 & 2 JR 3 0E T T RE R b & & 5T
R S A SR TR R 43 TR 31 R 2 e M D it —
S8 PR BER AR, A S FE A 03 75 7E 23 B b B LA Rk
AR BT SR T — M e B R T ES %
SR, A T BRIEE AR e ) AT SE M, DhRe A2 5 2
WA D (R 7T T B

EB TRAk: TRARH R A M R ERE H, ET RIS
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