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Metabolomic integration with machine learning
identifies potential biomarkers for type 2 diabetes
mellitus and diabetic retinopathy progression

PANG Yuhui, LUO Chaokun, ZHANG Qingruo, ZHANG Xiongze, LIAO Nanying, JI Yuying, MI Lan, GAN Yuhong,

SU Yongyue , WEN Feng, CHEN Hui

(State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangdong Provincial Key Laboratory of

Abstract

Ophthalmology Visual Science, Guangzhou 510060, China)

Objective: To identify aqueous humor metabolic profiles associated with the progression of type 2 diabetes mellitus
(T2DM) and diabetic retinopathy (DR), aiming to discover potential biomarkers for DR progression. Ultra-high
performance liquid chromatography tandem quadrupole-electrostatic field orbitrap high-resolution mass spectrometry
(UHPLC-HRMS) will be utilized in conjunction with machine learning (ML) for comprehensive analysis. Methods:
A total of 78 patients with T2DM and 30 age- and gender-matched healthy controls were included. UHPLC-HRMS
was used to identify metabolites in the aqueous humor of all participants. ML was employed to screen for metabolites
associated with T2DM and DR progression, and predictive models were established. Results: After adjusting for
covariates, 1,5-anhydroglucitol, tetradecyl sulfate, and n,n,n-trimethyl-S-aminovaleric acid identified as significant
indicators for T2DM compared to controls (all P<0.05). N-acetyltryptophan, linoleamide, oleamide, palmitic amide,
valeric acid(FFA(5:0), and succinic acid emerged as predictors for DR progression (all P<0.001). Metabolic pathway

analysis revealed that "valine, leucine and isoleucine biosynthesis", "arginine biosynthesis," and "cysteine and methionine
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metabolism” were the most enriched pathways for T2DM. Predictive models achieved R* values of 81.3%, and 74%

for T2DM and DR progression, respectively. Conclusions: Metabolomic combined with ML effectively uncovered

metabolic characteristics associated with T2DM and DR progression. Linoleamide and oleamide represent promising

potential biomarkers for DR progression, offering new opportunities for diagnosis and personalized treatment of DR.
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Table 1 Baseline characteristics of the study participants
e > IR ﬁ%ﬁéﬁ%%ﬁ&ﬁ ﬁkiﬂ.ﬁﬂﬁ;ﬁﬂ%ﬁﬁ i%%‘ﬁﬁﬁ)ﬁ?b%ﬁﬁrﬁ »
AR et N ) e N A K e

n 30 78 30 18 30
PR, n(%) 0.328  0.386

2ot 13(43.33)  42(53.85) 19(63.33) 8(44.44) 15(50.00)

Bk 17(56.67)  36(46.15) 11(36.67) 10(55.56) 15(50.00)
Y /4R 65.07£2.50 6419+10.1  66.01+2.84 63.05 £ 5.59 64.10 + 3.08 0352 0.189
WERRI IR TE / 4F — 9.38 £3.75 7.5 +2.92 8.22 +3.20 12.14 + 3.18 — <0.001
G /(mmol/L)  5.5+£0.71  7.9+2.90 7.97 £2.76 7.99 +3.75 7.78 £2.53 <0.001 0.982
JRZE /(mmol/L) 472+120 833 +4.56 6.85 +2.40 9.56 + 4.51 8.58 + 6.05 <0.001 0.044
SRR /(mmol/L)  53+1.08 507+ 115 4.81+1.19 4.68 +0.78 546+ 1.15 0325  0.040
HiM =M /(mmol/L) 1.86+131 1.69+0.92 1.62 +1.12 1.64 + 0.74 1.8 +0.95 0.953  0.610
PFRORA IR S 2R R AL LA, B A GE D7 T S o 56 PPoR —AAIR) OBEDRIA JCHE P DL IS 5 21, JR 8 5t 1)

Bl PR L R S AE 20, SR RO e 2 ) LA, RIS IriE BN T O7 22000 . W Tor e, AR ITR

Wit PlH.

P represents the comparison between the control group and the type 2 diabetes mellitus group, using the independent t-test for statis-
tical analysis. P’ represents the comparison among the three groups (type 2 diabetes mellitus without diabetic retinopathy, non-pro-
liferative diabetic retinopathy, and proliferative diabetic retinopathy), using one-way ANOVA for statistical analysis. For categorical

variables, P-values were calculated using the chi-square test.

RPN BR L 25 AR R, SRR AL
JIKEGGHR A %28 T T2DMA AR K. 45 4t
wAEF A RN (R2), Hrb “WER . STE
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M, 255 ULEB.
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ratio, OR){E /0893, 95% {5 [X.[R] (confidence interval, CI)
°40.851-0.937, Bl T PUke IR ORIE H0.809, 95%CI
40.712-0.919, N,N,N = H %52 3 %2 [ ORE A
1.141, 95%CIH1.077-1.210(F3, ¥JP<0.05). 95%CI#
N, LSBKILALEE R ORIEAT 95% Y I R 7% 7£0.8515]
0.9372 [0, iR T VUBEILRE 1) ORIEA 95% 1 I REME VA
1£0.712 ~ 0919, TMiN,N,N = -5 5K ORMEA
95% AT et V5 7E1.077 81,2102 /6] o T B3 X i) R
fU51, KUZAY S5 T2DMZ ] ()56 2R BA 403t
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2.3 DRt EHEXERNKIEY
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T2DMA3A L %4l (25 NDR . NPDRAIPDR).
GEILRM, N-ZEtOERR . WIREER . B . B
RMERE . R (U 25 08 7 R (5:0) FIBE HA TR 22 57 b 3%
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Figure 1 Volcano plot and pathway analysis of differential metabolites in type 2 diabetes mellitus

(A) X HEZ 520 g 4 22 AR K LU T o (B) X B 55 2 0 DR 21 25 S A RO AR G AR i B o 4 <], 2 (kg

PEHUN . IR, &4 A U R MR

1
05

(A) Volcano plot of differential metabolites between the control (CON) and type 2 diabetes mellitus (T2DM) groups. (B) Bubble plot
of enriched metabolic pathways related to differential metabolites between the CON and T2DM groups, where darker red indicates more
significant P-values. The larger the circle, the greater the impact of the enriched metabolic pathway.

&2 T2DM ERREMERERS T
Table 2 Pathway analysis of differential metabolites in T2DM

ARIGHE B4 K AN/ AR P{H FDR
BEIR . A RAN E IR A W) E L 5/8 <0.001* <0.001*
KRB L 6/14 <0.001* <0.001*
ez R A IR A 7/33 <0.001* 0.003*
HAMA 5/16 <0.001* 0.003*
NERR . KA 2RI 6/28 <0.001* 0.006*
WERR . SRR AR 6/40 0.003* 0.037*
ORI VA P A £ s 3/18 0.016* 0.179
T R e A 4/30 0.022* 0222
1Z TR FNHBE A A=) L 3/20 0.035* 0.270
FAGRRAAER 3/20 0.035* 0.270
W AR 6/70 0.040* 0.270
K= R Al = R A 4/36 0.040* 0270
PRI 3/23 0.049* 0.306

*FENPIHELFDRIE /N T0.05. £ AN A . False discovery rate, FDR,,
“*” represents a P-value or FDR < 0.05. False discovery rate, FDR.
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Figure 2 Box plot of relative intensity of differential metabolites in type 2 diabetes mellitus and diabetic retinopathy progression
(A) 2BUpE IR 22 A AT P 5 (B) W PR P 10 s A e 2 S A Qs A 2

(A) Box plot of differential metabolites in type 2 diabetes mellitus. (B) Box plot of differential metabolites in diabetic retinopathy progression.

% 3 T2DM Z= R K logistic [EVFH#7

Table 3 Logistic regression analysis of differential metabolites in T2DM

R OR fH 95%CI P
1,5- B 1L A s 0.893 0.851~0.937 <0.001

B lR 1 DU ot i i 0.809 0.712~0.919 0.001
NN,N — 3 s g0 1.141 1.077~1.210 <0.001

EH{EX[E]: Confidence interval, CI; F({EF,: Odds ratio, OR,
Confidence interval, CI; Odds ratio, OR.
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Table 4 Differential metabolites associated with DR progression

RPN ARITOIRIIRA  RUNR Y NDRws.  NPDRus
- PUMIBGR AL MBGRAAL O MMBbEEAL  aNowa o T
(NDR, BJfif = #% (NPDR,$9ff +  (PDR,Jfl = b5  P{H Pl (Pl

%, log2) b2, log2) 2%, log2)

N- 2R 18.05 + 0.41 18.79 + 0.37 18.54 + 0.42 8.66E-08 S.44E-06  6.49E-08  4.66E-02
MV e R 23.81 +0.93 26.18 +2.89 28.46 + 0.92 4.62E-16 1.45E-13  7.00E-06  1.60E-05
TH I i 25.94 + 1.42 28.01 +3.11 30.50 + 0.83 2.00E-13 3.14E-11  3.69E-04  2.70E-05
el e i 25.54 + 0.60 26.54 + 1.35 27.56 + 0.63 1.48E-12 1.55E-10  2.79E-04  1.51E-05
I (iF A

. 24.93 +0.59 24.33 +0.85 23.55+0.84 1.08E-08 84SE-07  1.11E-02  1.1SE-03
Witz (5:0)
BEFAMR 26.20 + 0.41 25.87 + 0.46 25.48 £ 0.51 6.34E-07 3.32E-05  1.88E-02  7.83E-03

Nl B/ NEE 2SS (Least Significant Difference, LSD)?%H??ANOVA@’*EE MRS K0, P LLEE A Pl
“*” represents the P-values from post hoc tests after ANOVA analysis using the Least Significant Difference (LSD) method for pairwise

comparisons.

& s DR ZRREMH S ER &M DT 5

Table S Multi-model linear regression analysis of differential metabolites in DR

I 1 L Eilp) LA 3
(e
B ZEL (95%CI) P{E B ZH (95%CI) P{H B ZHL (95%CI) P1H
N- ZB =R 0.742(0.387~1.097) <0.001 0.732(0.357~1.108) <0.001 0.632(0.312~0.952) <0.001
SV e R 0.264(0.217~0.311) <0.001 0.263(0.218~0.308) <0.001 0.230(0.182~0.277) <0.001
THITE e 0.239(0.190~0.289) <0.001 0.241(0.193~0.288) <0.001 0.205(0.157~0.254) <0.001
R AE ke 0.517(0.405~0.629) <0.001 0.517(0.409~0.625) <0.001 0.436(0.325~0.547) <0.001

BLIR (iF 25 AR

Wi 5:0) -0.566(-0,726~-0.405) <0.001  -0.551(-0.710~-0.392)  <0.001 -0.426(-0.578~-0.262)  <0.001

IEHAMR -0.884(-1.176~-0.592) <0.001  -0.849(-1.147~-0.551)  <0.001 -0.613(-0.911~-0.315)  <0.001

BT JEAGER ;BT . RRIEARIE MRS B3 . RRIEARE . MBI A2 BB R AR (4F) . BAE Xl . confidence
interval, CI.

Model 1: Crude; Model 2: Adjusted for age and sex; Model 3: Adjusted for age, sex, and duration of type 2 diabetes mellitus (years). Confidence
interval, CL.
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Figure 3 Predictive model for type 2 diabetes mellitus and diabetic retinopathy progression
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(A) Predictive model for type 2 diabetes mellitus; (B) Predictive model for diabetic retinopathy progression.
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signal transducer and activator of transcription 3, Jak2/ STAT?3)
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I, NG PPAR v FTE . X — B R R T
AGEsH] Bl L7/ S PPAR v FUAHEAEH], #E—
A L IR A QRS SR #FDRAY A A &
o WAk, AT R BMMERVE IR S 2 Y Bl ik
SRR RE AL M AZ A SR WIAR RN, TRES LA N
AR A R VAR ARBF s SRR, ik
JEAEDRIEJE P RIA K- T, T REZEDRIV A& AL AL
JEr AR EHEAER], AR S ARTEIM B e (e
DR A EARVE

Aprgih, SDR#FEMCHAEYREY, E
IR ANTBERE , Y8 TIRDIRR BRI G, xR
HH IR TR IS I AEDRIE e i R 44 GV E R . R IR e
RS0 Aok 85 i Wl U R IBE Y Tt (fatty acid amide
hydrolase, FAAH), SZIH i HiAc1F N AOAMAR N . 76
BEIREE Y, FAAH 1A9FIA T84 S BUR DRI R
£, KRR IR o 5 R R 1 Z IS5 G, 5l
REACRLE A AT, A, FAAH 19355
IKRENE X SN RN, DR T AR R Tt i
FEDRY HELT R i A EE LR T VR o 38R TR £ Tk
JHE T A3 2L V0 G AR IR 32 14K 119(G protein-coupled
receptor 119, GPR119) 14 I 41 At Py B IR i 11 7K,
PN 17317 Rl U/ | B A AN 1] s 7 €
VEHI AT BESZ I R] R BE AR TR A S5 4 imi ™, Sk eeqiE g 6
W1, REWimR BRI A5 Py oL P8 GHEE PRI SZ 1A 2
HAWAHOCSZ AR, B AEr PR, 23 DRICH
ZHLACHEIR R

2l W U N R T BUR AW TSRS SE AR e ] i o]
AT, R T T2DM A DREF BRIt 45 e
JIE I 2 I e 26 A& W AE U DRGE Jeg v %) S22 /E T
SRR, I A I FE DRAS B B i R 8 A7
e E 25, SR ENTREAE DRI ARG 11
1o BRI, APPSR HEA AN, 22 2
A5G 6 RAEA N i — 2000k, HBARAE P
Tyt e — L5

A

TERSCR S rh A AN TR e 185U
BT N A EE IS S8R, I R A LS
PEAIER P AR I A 5T

PlERIMZ FrA SR AR £ 8
FF AR BN AR

A T AR L Z AT P (Creative
Commons), SO =7 P R R R A (BY)—ﬂEﬁﬁﬂk‘@
{81 FH (NC)-2% |28 (ND) (CC BY-NC-ND) 1 )5 4t |
R FCVFEE = AR R R R SCRE T R W . kAT, B
PR3 SN /4 SN | 0 R B UK ) SN LI E A LIAPAN L2 i
(A e P P AR RS B4 AR TR P
HAg ., A TEEAE.



ST T I AU L AR R 2 B DR KSR DRA L O EA ALk TR E IR a5 DR, 45 313

SE 3k
1. Risk Factor Collaboration (NCD-RisC) NCD. Worldwide trends

10.

11.

12.

in diabetes prevalence and treatment from 1990 to 2022: a pooled
analysis of 1108 population-representative studies with 141 million
participants. Lancet, 2024, 404(10467): 2077-2093. DOI: 10.1016/
$0140-6736(24)02317-1.

Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet, 2010,
376(9735): 124-136. DOI: 10.1016/S0140-6736(09)62124-3.

Hou X, Wang L, Zhu D, et al. Prevalence of diabetic retinopathy and vision-
threatening diabetic retinopathy in adults with diabetes in China. Nat
Commun, 2023, 14(1): 4296. DOI: 10.1038/s41467-023-39864-w.

Chai YH, Zhang YP, Qiao YS, et al. Association between diabetic
retinopathy, brain structural abnormalities, and cognitive impairment
for accumulated evidence in observational studies. Am J Ophthalmol,
2022,239: 37-53.DOI: 10.1016/j.2j0.2022.01.011.

Kim HU, Park SP, Kim YK. Long-term HbAlc variability and the
development and progression of diabetic retinopathy in subjects with
type 2 diabetes. Sci Rep, 2021, 11(1): 4731. DOI: 10.1038/s41598-
021-84150-8.

Gonzélez-Pefia D, Brennan L. Recent advances in the application of
metabolomics for nutrition and health. Annu Rev Food Sci Technol,
2019, 10: 479-519. DOI: 10.1146/annurev-food-032818-121715.
Zhang J, Zhang J, Zhang C, et al. Diabetic macular edema: current
understanding, molecular mechanisms and therapeutic implications.
Cells, 2022, 11(21): 3362. DOI: 10.3390/cells11213362.

Johnson CH, Ivanisevic J, Siuzdak G. Metabolomics: beyond
biomarkers and towards mechanisms. Nat Rev Mol Cell Biol, 2016,
17(7): 451-459. DOL: 10.1038/nrm.2016.25.

Peters KS, Rivera E, Warden C, et al. Plasma arginine and citrulline are
elevated in diabetic retinopathy. Am ] Ophthalmol, 2022, 235: 154-162.
DOT: 10.1016/j.2j0.2021.09.021.

Sumarriva K, Uppal K, Ma C, et al. Arginine and carnitine metabolites
are altered in diabetic retinopathy. Invest Ophthalmol Vis Sci, 2019,
60(8): 3119-3126. DOL: 10.1167/iovs.19-27321.

Rhee SY, Jung ES, Park HM, et al. Plasma glutamine and glutamic
acid are potential biomarkers for predicting diabetic retinopathy.
Metabolomics, 2018, 14(7): 89. DOI: 10.1007/s11306-018-1383-3.
Sun Y, Zou H, Li X, et al. Plasma metabolomics reveals metabolic
profiling for diabetic retinopathy and disease progression. Front
Endocrinol (Lausanne), 2021, 12: 757088. DOI: 10.3389/

fendo.2021.757088.

13.

14.

1S.

16.

17.

18.

20.

21.

22.

23.

24.

28S.

Wang Z, Tang J, Jin E, et al. Serum untargeted metabolomics reveal
potential biomarkers of progression of diabetic retinopathy in asians.
Front Mol Biosci, 2022, 9: 871291. DOI: 10.3389/fmolb.2022.871291.
Wang X, Yang S, Yang G, et al. Novel risk score model for non-
proliferative diabetic retinopathy based on untargeted metabolomics of
venous blood. Front Endocrinol (Lausanne), 2023, 14: 1180415. DOTI:
10.3389/fend0.2023.1180415.

Zhu XR, Yang FY, Lu J, et al. Plasma metabolomic profiling of
proliferative diabetic retinopathy. Nutr Metab (Lond), 2019, 16: 37.
DOI: 10.1186/s12986-019-0358-3.

Guo C, Jiang D, Xu Y, et al. High-coverage serum metabolomics reveals
metabolic pathway dysregulation in diabetic retinopathy: a propensity
score-matched study. Front Mol Biosci, 2022, 9: 822647. DOI:
10.3389/fmolb.2022.822647.

Zuo J, Lan Y, Hu H, et al. Metabolomics-based multidimensional
network biomarkers for diabetic retinopathy identification in patients
with type 2 diabetes mellitus. BMJ Open Diabetes Res Care, 2021,
9(1): €001443. DOL: 10.1136/bmjdrc-2020-001443.

Han X, Zhang L, Kong L, et al. Comprehensive metabolic profiling of
diabetic retinopathy. Exp Eye Res, 2023, 233: 109538. DOI: 10.1016/
j-exer.2023.109538.

Liu H, Li J, Wong L. A comparative study on feature selection and
classification methods using gene expression profiles and proteomic
patterns. Genome Inform, 2002, 13: 51-60.

Strobl C, Boulesteix AL, Kneib T, et al. Conditional variable
importance for random forests. BMC Bioinformatics, 2008, 9: 307.
DOI: 10.1186/1471-2105-9-307.

Sammut SJ, Crispin-Ortuzar M, Chin SF, et al. Multi-omic machine
learning predictor of breast cancer therapy response. Nature, 2022,
601(7894): 623-629. DOI: 10.1038/541586-021-04278-5.

Lewis JE, Kemp ML. Integration of machine learning and genome-scale
metabolic modeling identifies multi-omics biomarkers for radiation
resistance. Nat Commun, 2021, 12(1): 2700. DOI: 10.1038/s41467-
021-22989-1.

Yamanouchi T, Ogata N, Tagaya T, et al. Clinical usefulness of serum
1, S-anhydroglucitol in monitoring glycaemic control. Lancet, 1996,
347(9014): 1514-1518. DOL: 10.1016/50140-6736(96)90672-8.
Dungan KM. 1, S-anhydroglucitol (GlycoMark) as a marker of short-
term glycemic control and glycemic excursions. Expert Rev Mol Diagn,
2008, 8(1): 9-19. DOL: 10.1586/14737159.8.1.9.

Selvin E, Rawlings AM, Grams M, et al. Association of 1,
S-anhydroglucitol with diabetes and microvascular conditions.

Clin Chem, 2014, 60(11): 1409-1418. DOI: 10.1373/



314

AR AL 4R, 2025,40(4)  journal.gzzoc.com

26.

27.

28.

29.

30.

31.

32.

33.

clinchem.2014.229427.

Shen Y, Si Y, Lu J, et al. Association between 1, S-anhydroglucitol
and acute C peptide response to arginine among patients with
type 2 diabetes. ] Diabetes Res, 2020, 2020: 4243053. DOI:
10.1155/2020/4243053.

Zhao M, Wei H, Li C, et al. Gut microbiota production of trimethyl-5-
aminovaleric acid reduces fatty acid oxidation and accelerates cardiac
hypertrophy. Nat Commun, 2022, 13(1): 1757. DOI: 10.1038/s41467-
022-29060-7.

Yamamoto S, Takehara M, Ushimaru M. Inhibitory action of
linoleamide and oleamide toward sarco/endoplasmic reticulum Ca2+-
ATPase. Biochim Biophys Acta Gen Subj, 2017, 1861(1 Pt A): 3399-
3405. DOI: 10.1016/j.bbagen.2016.09.001.

Huang JK, Jan CR. Linoleamide, a brain lipid that induces sleep,
increases cytosolic Ca2+ levels in MDCK renal tubular cells. Life Sci,
2001, 68(9): 997-1004. DOI: 10.1016/50024-3205(00)01002-x.
Yamamoto S, Takehara M, Kabashima Y, et al. Identification of novel
inhibitors of human SPCA2[J]. Biochem Biophys Res Commun, 2016,
477(2): 266-270. DOI: 10.1016/j.bbrc.2016.06.05S.

Yu H, Zhou D, Wang W, et al. Protective effect of baicalin on oxidative
stress injury in retinal ganglion cells through the JAK/STAT signaling
pathway in vitro and in vivo. Front Pharmacol, 2024, 15: 1443472.
DOI: 10.3389/fphar.2024.1443472.

Ibrahim WW, Sayed RH, Abdelhameed MF, et al. Neuroprotective
potential of Erigeron bonariensis ethanolic extract against
ovariectomized/D-galactose-induced memory impairments in female
rats in relation to its metabolite fingerprint as revealed using UPLC/
MS. Inflammopharmacology, 2024, 32(2): 1091-1112. DOI: 10.1007/
s10787-023-01418-3.

Leggett JD, Aspley S, Beckett SG, et al. Oleamide is a selective

34.

3S.

36.

37.

38.

39.

endogenous agonist of rat and human CB1 cannabinoid receptors. Br J
Pharmacol, 2004, 141(2): 253-262. DOL: 10.1038/5j.bjp.0705607.
Pawar HD, Patil Y, Patil A, et al. Cardioprotective effect of CB1 receptor
antagonist AM251 against 3 receptor-stimulated myocardial infarction
via modulation of NF-kB signaling pathway in diabetic mice. Heliyon,
2024, 10(15): €35138. DOI: 10.1016/j.heliyon.2024.e35138.

Kim M, Song G, Kang M, et al. Replacing carbohydrate with protein
and fat in prediabetes or type-2 diabetes: greater effect on metabolites
in PBMC than plasma. Nutr Metab (Lond), 2016, 13: 3. DOI:
10.1186/512986-016-0063-4.

Mahali SK, Manna SK. Beta-D-glucoside protects against advanced
glycation end products (AGEs)-mediated diabetic responses
by suppressing ERK and inducing PPAR gamma DNA binding.
Biochem Pharmacol, 2012, 84(12): 1681-1690. DOI: 10.1016/
jbcp.2012.09.033.

Ding X, Qiu Y, Wu G, et al. L-thyroxine attenuates extracellular
Hsp90 « -induced vascular endothelial calcification in diabetes
mellitus, as revealed by parallel metabolic profiles. Atherosclerosis,
2024, 392: 117527. DOI: 10.1016/j.atherosclerosis.2024.117527.

Lim SK, Park MJ, Lim JC, et al. Hyperglycemia induces apoptosis via
CB1 activation through the decrease of FAAH 1 in retinal pigment
epithelial cell. J Cell Physiol, 2012, 227(2): 569-577. DOI: 10.1002/
jcp.22756.

Kumar P, Kumar A, Song ZH. Structure-activity relationships of fatty
acid amide ligands in activating and desensitizing G protein-coupled
receptor 119. Eur ] Pharmacol, 2014, 723: 465-472. DOI: 10.1016/
j-jphar.2013.10.044.

(RERE: FTUA; RWiE: BKA)



