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Abstract: Diabetic retinopathy (DR) is a common blinding eye disease caused by diabetes mellitus
and is the leading cause of acquired vision loss in adults worldwide. DR is asymptomatic in its early
stages, and patients often miss the optimal treatment window by the time they seek medical attention
due to vision impairment. Traditional methods used for DR diagnosis have inherent limitations and

are not conducive to large-scale rapid screening. Biomarkers can reflect the stage of the disease
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owing to their specificity and sensitivity, which is crucial for the early diagnosis of DR. In the present
study, 142 potential literature-based biomarkers associated with DR were included in a knowledge-
directed strategy. And metabolites with different physicochemical properties were chromato-
graphically separated using a 100-mm Discovery HS F5 column. A pseudo-targeted metabolomics
method based on ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-
MS/MS) that simultaneously scans positive and negative ions was established to improve analysis
coverage and throughput. The method was validated using eight representative isotope-labeled
internal standards as analytical targets. All isotope-labeled internal standards exhibited satisfactory
linearities in both positive- and negative-ionization modes, with linear dynamic ranges spanning over
three orders of magnitude and correlation coefficients (72) above 0.995. Extraction recoveries ranged
between 75% and 108% at three distinct concentration levels with relative standard deviations (RSDs)
below 13%. Notably, 91% of the isotope-labeled internal standards exhibited intra-day precision with
RSDs of less than 5% across both ionization modes. Similarly, 91% of the analytes demonstrated inter-
day precision with RSDs of less than 10%, with all below 16.3%, indicating good method precision.
The developed method was used to analyze 137 serum samples, including 40 DR-free patients with
diabetes mellitus (NDR) and 97 patients with DR to investigate the practicality of the method. Quality
control (QC) samples were used to evaluate the data, which revealed that the instrument was stable
during the analytical sequence. Partial least squares discriminant analysis (PLS-DA) models were
constructed to identify and differentiate between the metabolic profiles of the DR and NDR groups
with the aim of providing a statistical basis for the classification and diagnosis of DR based on
metabolic differences observed in the serum samples. The NDR group and DR groups of varying
clinical grades were well separated. A total of 85 differential metabolites were identified between
NDR and DR groups using nonparametric tests. Further analysis led to the selection of choline and
12-hydroxyeicosatetraenoic acid (12-HETE) as two markers that effectively distinguished the DR
and NDR groups. In addition, the markers exhibited a good ability to distinguish between DR and
NDR patients when used in combination. The pseudo-targeted metabolomics-based knowledge-
directed method developed in this study provides a reference for screening and diagnosing DR.

diabetic (DR) ;
chromatography-tandem mass spectrometry (UHPLC-MS/MS) ; disease markers
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Table 1 Information of internal standards (ISs)

M R
ESI ass c.on
IS Class centration/
modes
(pg/mL)
L-Phenyl-d5-alanine +, - amino acid 4
Glutamine-d5 + amino acid 4
Cholic acid-2,2,4,4-d4 +, - bile acid 2
Succinate-"C, - carboxylic acid 1
Folic acid-"C; +, - vitamin B 0.1
SM (d18:1/18:0) + SM 2
Stearic acid-18,18,18-d3 - fatty acid 2
Palmitic acid-16, 16, - fatty acid 2
16-d3
Chenodeoxycholic +, - bile acid 1.5
acid-d4
Hippuric acid-d5 + benzenoid 0.4
Choline-d4 + amine 2
12-HETE-d8 - fatty acid 0.1
L-Leucine-5,5,5-d3 + amino acid 1
2-Piperidone-d2 + others 0.4

SM: sphingomyelin; HETE: hydroxyeicosatetraenoic acid.
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Table 2 Information of diabetic retinopathy related metabolites

DR/PDR potential markers

Sample material

Analytical

Adenosine, inosine, uric acid, xanthine plasma
PDR: pseudouridine, Gln, Leu-Leu, N- plasma
acetyltryptophan

Arg, Cit, glutamic y-semialdehyde, dehydroxy- plasma
carnitine; PDR: carnitine

Prostaglandin F2a plasma
2,4-Dihydroxybutyric acid, 3,4-dihydroxybu- plasma
tyric acid, ribonic acid, ribitol, TG(50:1),

TG(50:2)

2-Deoxyribonic acid, 3,4-dihydroxybutyric acid, plasma
erythritol, gluconic acid, ribose

Syringaldehyde, 12-HETE, o-cresol, p-cresol, serum
linoleic acid, cis-4,7,10,13,16,19-docosahexae-

noic acid, cis-11, 14-eicosadienoic acid, arachi-

donic acid

GIn, Glu, GIn/ Glu plasma
Trimethylamine-N-oxide plasma

Study population Ref.

platform
40 HC, 35 NDR, 39 DR LC-MS [10]
21 PDR, 21 non-PDR, 32 NDR LC-MS [11]
90 T2DM, 49 non-PDR, 34 PDR LC-MS [12]
28 non-PDR, 22 NDR, 16 HC LC-MS [13]

141 NDR, 90 NPDR, 186 MNPDR, 121
PDR, 107 PDR with fibrosis

GC-MS, LC-MS  [14]

(40 NDR, 40 DR) & (40 NDR, 40 DR, GC-MS [15]
40 HC)
69 DR, 69 NDR, 69 HC LC-MS [16]

32 DR, 32 NDR
40 HC, 30 non-PDR, 42 PDR, 50 NDR

GC-MS, LC-MS  [17]
LC-MS [18]
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Table 2

(%)
(Continued)

DR/PDR potential markers

Sample material

Study population

Analytical
platform

N-Lactoyl isoleucine, N-lactoyl valine, N-lactoyl
tyrosine, N-lactoyl phenylalanine, N-(2-furoyl)
glycine, 5-hydroxylysine, Cit, N,N,N-trimethyl-
5-aminovalerate, myristoleate, palmitoleate, 5-
dodecenoate, SM(d18:2/24:2), maleate, 3-hy-
droxypyridine sulfate, 4-vinylphenol sulfate, 4-
ethylcatechol sulfate, dimethyl sulfone

PDR: pipecolic acid, pantetheine, pyroglutamic
acid, a-N-phenylacetyl-L-glutamine, (24R)-cho-
lest-5-ene-3-3,24-diol

Asp, pyruvate
Ala, His, Leu, pyruvate, Tyr, Val

Ethanolamine, Thr, Lys, Arg, Met, acetylorni-
thine, pipecolic acid, Trp, Gln, indole

PDR: fumaric acid, uridine, acetic acid, cytidine

Tetradecenoylcarnitine, hexadecanoylcarnitine,
Lys, Met, Trp, Tyr, total dimethylarginine, PC
aa C34:2, PCaa C32:2, PCaaC36:2, PC aa
C38:6, PC aa C40:6, PC ae C36:5, PC ae C42:
3, SM(OH) C22:1, SM C24:0; PDR: pimelycar-
nitine, creatinine, total dimethylarginine, PC aa
C32:2, LPCacCl18:2, PCaa(C36:1, PC aa C44:
4, PC aa C44:5

Asymmetric dimethylarginine, symmetric di-
methylarginine, Arg

Asymmetric dimethylarginine

Phenylacetylglutamine, p-cresol, o-cresol, nico-
tinuric acid, Orn, linoleic acid, linolelaidic acid,
palmitoleic acid, y-linolenic acid, a-linolenic
acid, cis-7-hexadecenoic acid, hexadecanoic
acid, elaidic acid, cis-4,7,10,13,16,19-docosa-

hexaenoic acid, arachidonic acid

Glu, PC, 13-hydroperoxyoctadeca-9,11-dienoic
acid, Thr, Met, oxoglutarate, eicosatrienoic
acid, 3-hydroxybutanoate, N-acetyl-L-
glutamate, Asp, N-(L-arginino) succinate, Gln,
Orn; PDR: Asp, Glu, Gln, Orn, 2-oxoglutarate,
N-acetyl-L-glutamate, N-acetyl-L-aspartate, ci-
trate, PC, 13-hydroperoxyoctadeca-9, 11-dienoic
acid, Met, Lys, Thr, Phe, N-(L-arginino) succi-
nate, succinate, N(pi)-methyl-L-histidine, lino-
leate, pantothenate, dihomo-y-linolenate, doco-
sahexaenoic acid, icosapentaenoic acid

Linoleic acid, y-linolenic acid, eicosadienoic
acid, dihomo-y-linolenic acid, arachidonic acid

2-Pyrrolidone, thiamine triphosphate
Xanthine, 1-palmitoyl-GPA(16:0), Trp, glycour-

sodeoxycholate, phenylacetylglutamine, 5-me-
thylthioadenosine

LPC(14:0), LPE(16:0p), LPE(18:0p),
LPC(16:1)

Taurolithocholic acid, tauroursodeoxycholic
acid, arachidonic acid

plasma

plasma and
vitreous

plasma
plasma, cere-
brospinal fluid

serum

serum

serum

serum

serum

serum

serum

serum

serum

serum

serum

serum

328 DR, 1021 NDR

plasma(88 PDR, 51 control) & vitreous
(51 PDR, 23 control)

89 T2DM, 30 HC
19 DR, 36 control

21 DR, 21 NDR

21 PDR, 21 NDR
123 non-PDR, 51 PDR, 143 NDR

329 NDR, 27 non-PDR, 101 PDR, 107
CSME

111 NDR, 71 DR

(46 DR, 46 DM, 46 HC) & (23 DR,
23 DM, 23 HC)

15 HC, 15 T2DM, 15 non-PDR, 15 PDR

(49 DR, 49 NDR) & (20 DR, 20 NDR,
69 HC)

69 HC, 69 T2DM, 69 DR
123 DR, 116 NDR

44 control, 43 DR

(82 HC, 60 NDR, 58 DR) & (20 NDR,
20 DR)

LC-MS

LC-MS

GC-MS

NMR

LC-MS

LC-MS

LC-MS and FIA-
MS

LC-MS

HPLC
LC-MS

LC-MS

LC-MS
LC-MS
Metabolon Dis-
coveryHD4

LC-MS

LC-MS

[24]
[25]

[27]
[28]
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Table 2 (Continued)
X X . Analytical
DR/PDR potential markers Sample material Study population Ref.
platform

2-Piperidone, 12-HETE serum 216 NDR, 202 NPDR, 193 MNPDR, LC-MS, GC-MS  [35]

198 SNPDR, 96 PDR
DR & PDR: homocysteine, folic acid plasma 70 non-PDR, 65 PDR, 96 NDR, 80 HC immunoassay, [36]

quantaphase Il
folate radioassay
kit

DR & PDR: homocysteine plasma 156 HC, 71 non-PDR, 46 PDR, 62 NDR HPLC [37]
DR & PDR: 4-hydroxyphenethyl alcohol, 1,2- plasma 27 PDR, 18 non-PDR, 21 NDR LC-MS [38]
dipalmitoleoyl-sn-glycero-3-phosphocholine,
pachymic acid, dehydrotrametenolic acid
Arg, Cit plasma 159 NDR, 92 non-PDR, 64 PDR LC-MS [39]
Cit, indoleacetic acid, chenodeoxycholic acid, plasma 27 T2DM, 28 non-PDR, 28 PDR, 27 HC LC-MS, ELISA [40]
I-methylhistidine, PCs, hexanoylcarnitine,
EPA; PDR: chenodeoxycholic acid, EPA,
indoleacetic acid
Cytidine, cytosine, thymidine plasma 41 HC, 37 DM, 38 DR LC-MS [41]
N-Methyl-glutamate , methylglutarylcarnitine, plasma 97 T2DM, 97 DR LC-MS [42]
glucose-6-phosphate, p-cresol sulfate, PC(0-42:
5), Cer(d18:2_24:1), SM(d33:1), SM(d34:2),
SM(d36:5), Trp, PC(14:0_16:1), PC(14:0_14:0),
PC(18:2_14:0); PDR: 2-methoxyresorcinol, a
-hydroxyisobutyrate, 2-hydroxycaproic acid
Tyr, 3-hydroxybutyrate, creatinine, citrate, serum, plasma, 666 DR, 2211 NDR NMR [43]
ethanolamine, formate, hypoxanthine urine
Tyr, Ala plasma 655 macrovascular events, 342 micro- NMR [44]

vascular events (nephropathy or reti-

nopathy), 632 all-cause mortality
PDR: xanthine, pyruvate, palmitic acid, glycer- vitreous (8 PDR, 9 ERM, 17 RD) & (9 ERM, LC-MS [45]
aldehyde 3-phosphate, 2/3-phosphoglycerate, 25 RD, 9 PDR)
Gln, Pro, Cit, ribose phosphate
PDR: pyruvate, lactate, Pro, urate, Cit, Orn, al- vitreous, 43 PDR, 21 ERM, OIR mice LC-MS [46]
lantoin, dimethylglycine, N-acetylserine, succi- mouse retina
nate, a-ketoglutarate, inosine, creatine, Gly
PDR: Val, Ile, Leu, Ser, Gly, Ala, Phe, Lys vitreous 30 PDR, 20 MH HPLC [47]
PDR: kynurenine, acylcarnitine, phospholipids, vitreous 49 PDR, 23 control, OIR mice LC-MS [48]
triacylglycerol
PDR: 20-HETE, 12-HETE, 5-HETE, 20-carboxy vitreous 31 PDR, 13 control LC-MS [49]
arachidonic acid, 11, 12-epoxyeicosatrienoic acid
PDR: D-2,3-dihydroxypropanoic acid, isocitric vitreous, aque- vitreous (28 PDR, 22 MH), aqueous GC-MS [50]
acid, threonic acid, D-glucose, L-lactic acid, ous humor humor (23 PDR, 25 control (non-
fructose 6-phosphate, Cit, pyruvate, uric acid, diabetic patients with cataract)
Orn, Lys, Leu, pyroglutamic acid, Ala, Thr, hy-
droxylamine, Val, L-alloisoleucine, Phe, creati-
nine, myoinositol, GIln
DR & PDR: glucose, fructose, galactose, man- tear 19 PDR, 21 NDR, 20 non-PDR LC-MS [51]
nose, lactic acid
Guanosine, uric acid, D-(+)-malic acid, pimelic tear 20 PDR, 21 non-PDR, 21 non-DM LC-MS [52]

acid, azelaic acid, 2-hydroxybenzothiazole, N,
N-diethyl-4-methoxybenzamide, homovanillic
acid, pipecolic acid, guvacoline, spironolac-
tone, N,N-diethyl-3-methoxybenzamide, prosta-
glandin F2« 1-11-lactone, 2-methoxyestrone,
tretinoin
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Table 2 (Continued)
. . . Analytical
DR/PDR potential markers Sample material Study population Ref.
platform

PDR: D-Ser, Glu aqueous hu- 25 PDR, 25 control HPLC [53]

mor, vitreous
PDR: Arg, Pro, Cit, Orn, octanoylcarnitine mouse whole 20 PDR, 31 NDR, 10 OIR mice, 15 LC-MS [54]

eye, vitreous mice
Ceramide, lactosylceramide, SM vitreous 4 control, 9 T2DM LC-MS [55]
PDR: docosatetraenoic acid, arachidonic acid, vitreous 41 PDR, 22 control LC-MS [56]
docosahexaenoic acid, +12(13)-epoxy-
octadecenoic acid. £19,20-epoxy-
docosapentaenoic acid, +9(10)-dihydroxy-
octadecenoic acid, EPA
5-HETE vitreous 16 non-PDR, 15 PDR, 7 RD, 9 ERM LC-MS [57]
PDR: lactate, succinate, 2-hydroxybutyrate, aqueous humor 13 DM, 14 DR, 7 control NMR [58]
Asn, His, Gln, Thr, dimethylamine, ascorbate,
formate, Ile
Adenosine, adenine, xanthine, hypoxanthine, retinal tissues 10 STZ-induced diabetic mice, 10 NDR LC-MS [59]
guanine, inosine mice
N-acetyl-aspartate, creatine, N-acetyl-aspartate, left visual cor- 15 NDR, 15 non-PDR, 15 HC, 15 PDR MRS [60]
choline tex
18-Hydroxyeicosapentaenoic acid vitreous, mice DR, control (10 rats), STZ group (12 LC-MS [61]

rats treated with STZ) , EPA group( 11
rats treated with both STZ and EPA-E)
PDR: 15-keto-dihydro-prostaglandin F2«a serum, OIR 24 NDR, 20 non-PDR, 24 PDR 13, 14-dihydro-15- [62]
mice keto PGF2a
ELISA Kit

PDR: 19,20-dihydroxydocosapentaenoic acid vitreous, 17 PDR, 14 control, mice LC-MS [63]

mouse retina
PDR: glucose, galactitol, ascorbic acid vitreous 22 PDR, 22 control NMR [64]

HC: healthy control; NDR: diabetes population without diabetic retinopathy; DR: diabetic retinopathy; LC-MS: liquid

chromatography-mass spectrometry; PDR: proliferative diabetic retinopathy; GIn: glutamine; Leu: leucine; non-PDR: nonproliferative

diabetic retinopathy; Arg: arginine; Cit: citrulline; T2DM: type 2 diabetes mellitus; TG: triglycerides; NPDR: mild nonproliferative dia-

betic retinopathy; MNPDR: moderate nonproliferative diabetic retinopathy; Glu: glutamic acid; Asp: aspartic acid; Ala: alanine; His:

histidine; Tyr: tyrosine; Val: valine; NMR: nuclear magnetic resonance; Thr: threonine; Lys: lysine; Met: methionine; Trp: trypto-

phan; PC: phosphatidylcholine; LPC: lysophosphatidylcholine; FIA-MS: flow-injection analysis-mass spectrometry; CSME: clinically

significant macular edema; HPLC: high performance liquid chromatography; Orn: ornithine; DM: diabetes mellitus; Phe: phenylala-

nine; LPE: lysophosphatidylethanolamine; SNPDR: severe nonproliferative diabetic retinopathy; EPA: eicosapentaenoic acid; ELISA:

enzyme-linked immunosorbent assay; Cer: ceramide; Pro: proline; ERM: epiretinal membrane; RD: retinal detachment; OIR: oxygen-

induced retinopathy; Val: valine; Ile: isoleucine; Ser: serine; Gly: glycine; MH: macular hole; MRS: magnetic resonance spectros-

copy; Asn: asparagine; STZ: streptozotocin; EPA-E: eicosapentaenoic acid ethyl ester.

22 ®ik-FkEHEMRN

ARBFFEH AR 142 4 DR AR S T A
[ AR P 1 22 Bl ), G s R R IRV R LB T A .
Shy B R AR ) A 5 E Y 65 A5 1F T RE B8 A AL
g B By o B AOCR X ACQUITY UPLC
BEH C8(5 cmx2.1 mm, 1.7 um) ,Discovery HS F5
(5 ecmx2.1 mm, 3 pm) Al Discovery HS F5 (10
cmx2.1 mm, 3 pm)3 @5 AT 10 R AL
BERFWL, i TR e e A e EBOR L C8 AE
FARHTERT 3 min 10, B RURE . MHILZT,
AR FRUAR AT AT B0 43 B, WP Al T S 3

A, HE— X 5 em Al 10 em K Y Discovery
HS F5 (3 HE )5, i & &£ 1 10 cm [ Discovery
HS F5(10 emx2.1 mm, 3 pm) (3% F 3F 17 F A 5y
BT, DAARAS B 47 0 4 B ROR

ST AR B A AR T R A pH, A o
AW R . HAREBIT :AFHHE 0.1%
(R R %0) B R A 2 mmol/L 2 i 8% 1 /K %5 Wi, B
5 0.19% (PR B2 %) H R AL 2 mmol/L £ 1R # 1Y
FHBSE VS W o AR i A 4 O B I T) 0% 43 A, A4k T R
AH T A B AT IR . AR HE R AL S 0 WRAR 3 Sk,
AR M 142 > B AR A 0 88 -t 181 LA 1



5% 3 W AT TE L A5 56 T 16 B 4005 1) 20 A D 3k A S B A B A 1 JBE 0 7 v g ;P - 319 -

O

[*))

Intensity / 107

w

o 3 6 9 ) 15
t/ min
1 WEEAEDARERE BRI 10 cm Discovery HS F5 @it A B FR AL E

Fig.1 Total ion chromatogram of internal standards and target metabolites in pseudo-targeted method on 10 cm Discovery
HS F5 column

A B bR A i v B AL B 4 F . XET tial, DP)&E . X T RERREROACI Y, S A 4
A BRFEE R A, R A AR AR AR T W 3 2 BRI X QC REARHEAT 43, AR BUOR B B[R] MS!
B, HAR B ) REES T TR T BB AE (colli- MS? {5 B, 454 508 5 (1 HMDB) #9 — 2% 3% 141,
sion energy, CE) fil 22 #% Hi J% (declustering poten- BTSSR AR SEOLE 3,
*3 BREKRBEUIMNELEDHRIESH

Table 3 MS parameters of target metabolites and internal standards

No. Metabolite t/min  Precursor ion (m/z) Fragmention (m/z) CE/eV DP/V ESImode
1 L-phenyl-d5-alanine 5.23 171.12 125.11 20 20 +
2 GIn-d5 0.76 152.11 135.08 20 15 +
3 cholic acid-2,2,4,4-d4 7.53 377.30 359.29 20 45 +
4 folic acid-"C; 4.53 447.45 176.10 60 30 +
5 chenodeoxycholic acid-d4 8.16 361.30 247.17 30 30 +
6  hippuric acid-d5 4.53 185.10 110.07 20 30 +
7  choline-d4 2.18 108.13 60.08 30 50 +
8 L-Leu-5,5,5-d3 4.86 135.12 44.00 40 105 +
9  2-piperidone-d2 3.08 102.09 57.06 26 41 +
10 SM (d18:1/18:0) 11.32 731.61 184.07 35 74 +
11 xanthine 1.82 153.04 110.08 25 40 +
12 adenosine 3.77 268.10 136.06 26 26 +
13 pseudouridine 1.21 245.08 125.03 26 11 +
14  N-acetyltryptophan 5.05 247.11 146.06 44 14 +
15 Leu-Leu 9.22 245.19 86.10 20 20 +
16 Cit 1.16 176.10 159.21 13 15 +
17  carnitine 2.30 162.11 85.03 26 40 +
18 Arg 1.77 175.12 60.06 13 30 +
19  docosahexaenoic acid 8.91 329.25 161.13 47 56 +
20 Glu 1.16 148.06 84.11 23 15 +
21 pyroglutamic acid 1.10 130.05 84.11 19 35 +
22 pipecolic acid 0.97 130.09 84.08 30 100 +
23 Tyr 3.70 182.08 136.17 19 15 +
24  kynurenine 4.87 209.09 94.10 19 20 +
25 Leu 4.32 132.10 86.10 11 11 +
26 Ala 1.06 90.06 44.17 19 65 +

27 His 1.63 156.08 110.07 33 25 +
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Table 3 (Continued)
No. Metabolite ty/min  Precursorion (m/z) Fragmention (m/z) CE/eV DP/V ESImode
28  uridine 1.77 245.08 113.09 15 15 +
29 cytidine 2.80 244.09 112.00 20 40 +
30 creatinine 2.37 114.07 44.13 22 25 +
31 nicotinuric acid 3.84 181.06 135.06 26 15 +
32 phenylacetylglutamine 4.41 265.12 130.05 20 26 +
33  Orn 4.57 133.10 70.15 23 20 +
34 pantothenate 3.51 220.12 72.04 29 14 +
35 eicosatrienoic acid 9.24 307.26 95.09 29 38 +
36 glycoursodeoxycholate 6.82 450.32 321.26 32 32 +
37 tauroursodeoxycholic acid 5.55 500.30 126.02 35 20 +
38 2-piperidone 3.11 100.08 56.04 23 35 +
39 indoleacetic acid 5.70 176.07 130.10 20 30 +
40 hexanoylcarnitine 9.70 260.19 85.02 45 100 +
41 eicosapentaenoic acid 8.23 303.23 149.02 26 23 +
42 1-methylhistidine 1.50 170.09 124.09 22 30 +
43 cytosine 2.06 112.05 95.03 29 14 +
44 Trp 6.12 205.10 188.20 15 20 +
45 hypoxanthine 1.76 137.05 110.09 28 75 +
46 Pro 1.24 116.07 70.16 21 25 +
47  B-Ala 1.26 90.05 55.02 26 14 +
48 +12(13)-epoxy-octadecenoic acid 8.51 297.24 71.09 32 44 +
49  9,10-dihydroxy-octadecenoic acid 7.62 315.25 279.23 17 41 +
50 homocysteine 4.40 136.05 90.10 11 20 +
51 folic acid 5.30 442.15 295.09 26 14 +
52 riboflavin 4.61 377.15 243.09 32 56 +
53 myo-inositol 0.89 181.07 81.03 15 90 +
54  4-hydroxy-6-methyl-2-pyrone 091 127.04 69.00 35 38 +
55 indole 1.05 118.09 58.07 38 47 +
56 N-acetylornithine 1.85 175.11 115.09 17 25 +
57 3-methylxanthine 9.83 167.03 149.02 17 107 +
58 creatine 1.51 132.08 90.06 15 60 +
59 3-methylindole 0.73 132.08 90.90 26 38 +
60 serotonin 6.26 177.09 160.17 15 15 +
61 acetylcarnitine 4.85 204.12 85.02 45 100 +
62 homoarginine 2.29 189.13 130.09 23 35 +
63 norleucine 4.30 132.10 69.07 23 17 +
64  N-acetyl-L-tyrosine 4.28 224.13 136.20 23 15 +
65 guanidoacetic acid 5.60 118.06 72.06 17 20 +
66 4-methylcatechol 5.09 125.06 69.04 70 20 +
67 Gly 1.05 76.04 30.30 19 15 +
68 dimethylglycine 1.05 104.07 58.10 20 40 +
69 Phe 4.82 166.09 120.16 19 20 +
70 homoserine 1.14 120.07 56.05 30 60 +
71 guanosine 1.20 284.08 152.20 19 15 +
72 Ile 4.30 132.10 57.06 38 11 +
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Table 3 (Continued)
No. Metabolite ty/min  Precursorion (m/z) Fragmention (m/z) CE/eV DP/V ESImode
73 adenine 3.12 136.06 92.03 30 80 +
74  hippuric acid 4.55 180.07 105.03 20 29 +
75 Phe-Phe 9.46 313.15 120.08 29 35 +
76 indole-3-propionic acid 6.12 190.09 55.02 29 29 +
77 Lys 1.19 147.11 56.06 56 20 +
78  taurine 0.89 126.02 44.05 29 23 +
79 DL-octopamine 5.20 154.08 84.05 26 119 +
80 N,N,N-trimethyl-5-aminovalerate 4.57 160.13 101.06 20 41 +
81 octanoylcarnitine 11.00 288.22 85.03 29 80 +
82 PCAaC34:2 11.61 742.57 184.07 38 11 +
83 PC Ae C36:5 11.27 766.57 184.07 41 11 +
84 LPE(16:0P) 8.53 438.30 266.28 35 110 +
85 SM(D36:5) 10.34 723.54 664.46 38 11 +
86 sphingosine 1-phosphate 8.77 380.25 264.27 23 59 +
87 LPC16:0 8.78 496.34 104.11 41 5 +
88 trimethylamine-N-oxide 2.50 76.08 59.07 22 101 +
89  Arg-Tyr 9.71 338.18 91.58 74 56 +
90 pimelycarnitine 7.00 304.18 85.03 32 83 +
91 asymmetric dimethylarginine 3.30 203.17 70.07 32 8 +
92  glutamic y-semialdehyde 0.96 132.08 86.10 23 14 +
93 symmetric dimethylarginine 3.00 203.15 116.07 32 29 +
94  5-hydroxylysine 2.23 163.12 104.04 23 59 +
95 acetylhomoserine 2.25 162.11 103.04 23 29 +
96 elaidic acid 8.84 283.26 41.04 38 50 +
97 PC AaC40:6 11.70 834.60 184.07 41 32 +
98 PCAaC32:2 10.81 730.54 184.07 38 47 +
99 SM(D34:2) 10.37 701.55 184.07 29 29 +
100 palmitoleate 7.72 255.23 81.07 26 15 +
101 N-lactoyl valine 5.01 190.04 148.07 20 62 +
102 N-acetyl-L-phenylalanine 5.11 208.10 120.09 32 47 +
103 LPC20:2 9.17 548.37 184.07 39 38 +
104 LPC 16:1 8.52 494.32 184.07 36 38 +
105 LPC15:0 8.60 482.32 184.07 33 38 +
106 LPC(0:0/18:0) 9.30 524.37 184.07 36 38 +
107 choline 2.07 104.11 60.08 23 53 +
108 Val 2.13 118.09 72.08 26 41 +
109 ethanolamine 0.93 62.06 44.10 30 30 +
110 indoxyl 3.40 134.05 79.06 32 47 +
111 eicosadienoic acid 5.50 309.28 119.09 17 56 +
112 thiamine triphosphate 5.33 506.29 148.01 41 80 +
113 N-phenylacetylglycine 4.70 194.08 65.04 37 15 +
114 PC AaC38:6 9.13 790.57 115.08 35 50 +
115 N6-(1-iminoethyl)-L-lysine 3.70 188.15 86.10 35 26 +
116 L-phenyl-d5-alanine 4.88 169.10 108.09 =20 -40 -
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Table 3 (Continued)
No. Metabolite ty/min  Precursorion (m/z) Fragmention (m/z) CE/eV DP/V ESImode
117 cholic acid-2,2,4,4-d4 7.53 411.30 349.30 -40 -120 -
118 succinate-"C, 1.82 121.04 77.06 -20 -30 -
119 folic acid-"C; 4.52 445.15 311.08 -30 =75 -
120 stearic acid-18,18,18-d3 9.59 286.28 286.28 =20 -90 -
121 palmitic acid-16,16,16-d3 9.26 258.25 258.25 -10 -90 -
122 chenodeoxycholic acid-d4 8.15 395.31 395.31 =20 -120 -
123 12-HETE-d8 8.17 327.14 308.98 -10 =50 -
124 uric acid 1.44 167.02 69.01 =20 =30 -
125 inosine 2.64 267.08 135.03 -16 -10 -
126 Gln 1.07 145.06 109.00 -19 =20 -
127 arachidonic acid 9.11 303.23 231.21 -26 =71 -
128 hexadecanoic acid 9.25 255.23 237.22 -29 -62 -
129 N(pi)-methyl-L-histidine 1.05 168.08 72.01 -29 =20 -
130 2-oxoglutarate 1.02 145.01 73.04 -14 -14 -
131 linoleic acid 6.30 279.24 146.96 -17 -29 -
132 12-HETE 8.22 319.23 179.10 =21 -40 -
133 taurocholic acid 5.59 514.28 80.15 -135 -60 -
134 glycocholic acid 6.94 464.30 74.05 -85 -80 -
135 1,5-anhydroglucitol 0.98 163.06 100.80 -15 -100 -
136 chenodeoxycholic acid 8.18 391.29 373.29 -43 -80 -
137 uracil 0.90 111.02 41.92 -28 -20 -
138 5-HETE 8.33 319.23 115.04 =20 -44 -
139 20-carboxy arachidonic acid 791 333.21 271.21 -26 =59 -
140 cholic acid 7.51 407.28 345.28 -41 -92 -
141 DL-4-hydroxy-3-methoxymandelic acid 7.50 197.05 137.02 =26 -62 -
142 glycochenodeoxycholate 7.50 448.31 74.03 -44 -8 -
143 hydroxyphenyllactic acid 0.91 181.08 71.01 -22 -25 -
144 malic acid 1.07 133.01 115.01 -19 -15 -
145 succinate 1.85 117.02 73.00 -15 -60 -
146 Asn 1.02 131.05 113.03 -14 -10 -
147 mannitol 0.90 181.07 71.01 =38 -38 -
148 Glu-Leu 4.81 259.13 130.09 -29 =35 -
149 indole-3-carboxaldehyde 5.95 144.05 115.05 -38 -65 -
150 y-linolenic acid 7.70 277.22 121.10 -44 -86 -
151 isocitric acid 1.43 191.02 111.01 -17 -8 -
152 2,4-dihydroxybutyric acid 0.93 119.03 59.02 -17 =32 -
153 5-methylthioadenosine 1.07 296.08 83.09 -44 -122 -
154 inosinic acid 0.96 347.05 153.00 -20 =20 -
155 2-methylglutaric acid 0.99 145.06 127.05 -14 -38 -
156 3-dehydroepiandrosterone sulfate 7.28 367.16 96.96 =71 -44 -
157 13-hydroperoxyoctadeca-9,11-dienoic acid 8.35 311.22 249.22 -35 =53 -
158 docosapentaenoic acid 9.26 329.25 59.01 -41 -44 -
159 indoxyl sulfate 3.40 212.00 79.96 -38 =26 -
160 pyruvate 1.33 87.01 87.00 -11 =71 -
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Table 4 Linear relationships and LODs of eight isotopically labeled ISs in positive and negative ion modes

ESI mode IS LOD/(ng/mL) Regression equation Linear range/(ng/mL) 7
+ L-phenyl-d5-alanine 0.250 y=27137.7342-31396.400 5-10000 0.995
cholic acid-d4 1.000 y=13291.7002-5673.280 2.5-10000 0.995
chenodeoxycholic acid-d4 2.500 y=1865.577x-1962.004 5-5000 0.996
hippuric acid-d5 0.250 ¥=16255.994x-2230.113 0.5-10000 0.995
L-leucine-d3 5.000 ¥=269.239x-454.511 25-25000 0.998
2-piperidone-d2 0.050 ¥=13600.611x+19335.051 5-10000 0.995
- L-phenyl-d5-alanine 1.000 y=941.874x+124.198 2.5-25000 0.996
cholic acid-d4 1.000 y=685.804x+48.025 5-25000 0.997
succinate—”C4 2.500 y=1090.061x-565.412 25-25000 0.998
folic acid-"C, 2.500 y=888.2092-1757.596 5-5000 0.995
chenodeoxycholic acid-d4 0.050 y=5983.7012x+987810 10-10000 0.998

y: peak area of the compound; x: mass concentration, ng/mL.
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Table 5 Precisions and extraction recoveries of ISs at low, medium and high concentration levels

ESI Intra-day RSDs/% Inter-day RSDs/% Extraction recoveries/% (Mean+RSD)
mode 8 Low  Medium High Low Medium  High Low Medium High
+ L-phenyl-d5-alanine 1.4 3.5 1.8 4.4 5.1 3.1 99.7+8.0 89.3+4.0 93.7+1.9
cholic acid-d4 4.4 4.5 0.7 7.9 7.1 7.9 99.6+8.1 84.1+11.7 89.1+3.3
chenodeoxycholic acid-d4 2.8 1.6 2.3 5.6 5.5 6.5 96.6+7.0 84.6£5.5 87.3+£5.6
hippuric acid-d5 34 4.2 4.8 5.4 7.2 7.1 108.3+11.4 97.4+8.6 100.9+3.0
L-leucine-d3 2.1 33 2.4 9.5 5.3 54 100.0+£9.5 86.4+8.2 88.9+2.4
2-piperidone-d2 4.7 3.2 3.0 15.1 6.9 7.4 87.7£10.1 82.3+£3.3 81.2£5.5
- L-phenyl-d5-alanine 2.8 1.7 1.6 6.7 6.1 7.5 103.0+8.2 89.3+4.5 91.9+4.0
cholic acid-d4 3.6 1.0 4.2 7.2 7.1 8.0 99.3+8.5 85.5£5.5 89.6+7.7
succinate-"C, 4.4 3.8 2.9 16.3 9.8 8.8 106.7+8.4 93.6+6.0 99.6£2.0
folic acid-"C, 5.1 3.5 5.5 9.5 9.7 7.9 88.2+13.0 78.3+8.8 79.5+£7.7
chenodeoxycholic acid-d4 10.9 2.6 3.3 11.0 4.3 4.7 75.1£4.4 79.8+9.8 85+5
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Table 6 Clinical parameters of the subjects
Clinical parameter Total NDR NPDR MNPDR SNPDR PDR

Gender (male/female) 57/80 20/20 14/15 13/20 5/14 5/11
Age (years) 62.97+5.59 63.33+5.65 62.32+5.98 63.69+5.62 62.82+5.53 61.87+5.07
BMI (kg/m?) 25.49+3.54 25.58+3.43 25.04£3.51 25.19%3.01 25.60+4.01 26.61+4.47
SBP (mmHg) 140.89+20.11 129.18+11.93 143.83+21.36™ 147.41£19.03" 145.35+22.99" 148.00+22.48™
DBP (mmHg) 81.00+9.71 80.92+7.30 81.97+11.87 81.13£10.92 82.06+8.31 77.64+10.05
FPG (mmol/L) 8.35+2.02 7.84+1.96 7.95+1.84 9.05+1.76" 9.71+2.41 7.69+1.69
HbAlc (%) 7.62+1.39 6.91+1.18 7.50+1.47 8.28+1.25™ 7.98+1.10™ 8.09+1.45"
TC (mmol/L) 5.05+1.09 5.00+1.07 4.81+1.22 4.90+0.94 5.49+1.07 5.46+1.04
TG (mmol/L) 1.56+0.77 1.65+0.79 1.41+0.82 1.46+0.57 1.59+0.75 1.82+0.97
HDL-c (mmol/L) 1.35+0.32 1.29+0.28 1.35+0.31 1.45+0.37 1.38+0.32 1.33+0.35
LDL-c (mmol/L) 3.03+0.95 2.98+0.84 2.92+1.05 2.90+0.95 3.35+1.00 3.29+0.99
T2DM duration (years) 8.97+5.73 6.73+5.30 6.54+3.28 9.14+4.45" 13.53£6.57" 12.27+6.33™

Uric acid (pmol/L) 319.71+82.25 338.31£66.32

314.15+90.64

324.45+92.05 294.71+96.92 289.50+57.97°

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; FPG: fasting plasma glucose; HbAlc: hemo-

globin alc; TC: total cholesterol; HDL-c: high-density lipoprotein cholesterol; LDL-c: low-density lipoprotein cholesterol. * p<0.05,

#k p<0.01, *** p< 0.001 compared to NDR. Data represent mean+SD.
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