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Mass spectrometry-based imaging to investigate the distribution of
metabolites in the retina of diabetic rats improved by Panax notoginseng
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Abstract: Based on mass spectrometry imaging method, we investigated the effects of Panax notoginseng
in improving diabetic retinopathy (DR) and interfering with corneal, vitreous and retinal metabolites, to reveal
the mechanism of Panax notoginseng's action in improving DR. All animal experiments were approved by the
Experimental Animal Ethics Committee of Beijing University of Chinese Medicine (Approval No.: BUCM-
2023052204-2117). Streptozotocin (STZ)-induced diabetes mellitus (DM) rat model was used, and fasting blood

glucose (FBG) and glucosylated serum protein (GSP) levels were measured in each group of rats. Occludin and
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zonula occludens-1 (ZO-1) were detected by immunofluorescence staining; air flow-assisted desorption electrospray
ionization mass spectrometry imaging (AFADESI-MSI) was used to detect endogenous metabolites in the cornea,
vitreous, and retinal microregions of the eyes of rats in the DM group and Panax notoginseng group. Endogenous
metabolites were detected in the cornea, vitreous, and retinal microregions of the DM and Panax notoginseng
groups, and the DM and Panax notoginseng groups were screened for different metabolites by principal component
analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Differential metabolites
were screened in the DM and Panax notoginseng groups, the in situ spatial information of differential metabolites
in each microregion was analyzed, and the related metabolic pathways were analyzed by the Kyoto encyclopedia of
genes and genomes (KEGG) database. The results showed that compared with the DM group, diabetic rats in
the Panax notoginseng group showed a decreasing trend in both FBG and GSP, and an increase in the expression
of ZO-1 and occludin in the retina (P < 0.001); AFADESI-MSI analysis showed that there were a total of 34
differential metabolites in the cornea, vitreous body, and retinal microregion in the Panax notoginseng group, of
which Panax notoginseng called back 13 differential metabolites. In the retinal microregion, Panax notoginseng
significantly regulated lysophosphatidylserine (18: 0), phosphatidylethanolamine (34: 2) and phosphatidylserine
(40: 7/42° 7). The metabolic pathway enrichment results indicated that Panax notoginseng mainly regulated
glycerophospholipid metabolism, glycosylphosphatidylinositol synthesis, niacin and nicotinamide metabolism as
well as glycerol ester metabolic pathways. In conclusion, Panax notoginseng improves the blood-retinal barrier
(BRB) in diabetic rats, and its mechanism of action may be closely related to glycerophospholipid metabolism.
This study provides scientific evidence for the mechanism of action of Panax notoginseng in improving DR, and
demonstrates the potential of mass spectrometry imaging technology applied to the study of pharmacological
mechanisms.
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Figure 1 The impact of Panax notoginseng on blood glucose and
glycated serum protein in diabetic rats. DM: Diabetes mellitus. A:
Blood glucose; B: Glycated serum protein. n =5, x 5. "P < 0.01,
“P<0.001 vs control group
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Figure 2 The impact of Panax notoginseng on retinal permeability in diabetic rats. A: Representative image of occludin; B: Representative

image of zonula occludens-1 (ZO-1); C: Fluorescence intensity of occludin; D: Fluorescence intensity of ZO-1.n=5,x 5. P < 0.001 vs

control group; “*P < 0.001 vs DM group. Scale bar: 100 um. 400x
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Table 1 Differential metabolites in corneal microregions between DM group and Panax notoginseng group (‘P < 0.05, "P < 0.01, ™"P <

0.001)

No. Theoretical m/z Metabolite Formula Attach form mlz Error/ppm Trend
1 138.019 7 4-Nitrophenol CH,NO, [M-H] 138.018 5 -8.45 Down"
2 146.045 9 L-Glutamic acid C,H,NO, [M-H] 146.044 8 -7.40 Down"
3 157.123 4 Pelargonic acid C,H,0, [M-H] 157.122 4 -6.38 Down’
4 181.071 8 Sorbitol CH,0, [M-H] 181.071 -4.21 Down”
5 187.097 6 Azelaic acid CH, 0, [M-H] 187.096 8 -4.18 Down”"
6 227.2017 Myristic acid C, H, [M-H] 2272013 -1.56 Down’
7 283.264 3 Stearic acid C,H,0, [M-H] 283.264 4 0.52 Down"
8 323.028 6 Uridine 5’-monophosphate C,H, ,N,0,P [M-H] 323.028 9 0.96 Down™”
9 341.108 9 Galactinol C,H,0, [M-H] 341.109 0.19 Up”
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Figure 3 The principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) score plots of

each microregion in the eye tissue sections. A: PCA analysis of rat corneal microregions; B: PCA analysis of rat vitreous humor microre-

gions; C: PCA analysis of rat retinal microregions; D: OPLS-DA analysis of rat corneal microregions; E: OPLS-DA analysis of rat vitreous

humor microregions; F: OPLS-DA analysis of rat retinal microregions

Table 2 Differential metabolites in vitreous microregions between DM group and Panax notoginseng group (‘P < 0.05, "P < 0.01, P <

wkk

0.001, P <0.000 1)
No. Theoretical m/z Metabolite Formula Attach form m/z Error/ppm  Trend
197.080 8 4-Hydroxy-6-methyl-3-(1-oxobutyl)-2H-pyran-2-one  C,,H,,0, [M+H]" 197.078 9 -982  Up™
2 205.068 3 Sorbitol CH,,0, [M+Na]  205.069 3.61  Down’
3 207.101 6 2,3-Dihydro-6-methoxy-2,2-dimethyl-4H-1- C,H,,0, [M+H]' 207.099 6 -952  Up™”
benzopyran-4-one
4 209.059 1 Lanthionine CH,N,0,S [M+H] 209.057 9 -552  Down”
5 223.0747  L-Cystathionine CH,N,0S [M+H] 223.073 8 -405  Down™"
6 225.112'1 Alongside C,H,0, [M+H]" 225.1102 -8.60 Up ™
7 237.148 5 12,13-Dimethyl-5,14-dioxabicyclo[9.2.1]-tetradeca-  C,,H, 0, [M+H]" 237.146 6 -8.10 Up™
1(13),11-dien-4-one
8 239.1254 Undecanedioic acid C,H,0, [M+Na]"  239.1258 175 Up™
9 245.076 8 Pseudouridine uridine C,H,,N,0, [M+H]" 245.078 9 852  Up™”
10 255.064 5 5-L-Glutamyl-taurine CH,N,0S8 [M+H] 255.063 3 -4.84  Down”
11 267.156 7 1,11-Undecanedicarboxylic acid C,H,,0, [M+Na]"  267.157 1 157 up™
12 268.1040  Adenosine C,H N0, [M+H]'  268.1045 1.75  Down”
13 413.266 2 Bis(2-ethylhexyl) phthalate C,H.0, [M+Na]"  413.266 9 .62 Up”~
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B X 2 AR S N\ MetaboAnalyst 6.0 X35
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TIX N 92 AR & 4245 21 2 AR BB R, 458
e FUREACUE  D- B & WA D- 2 RN (B 6A). B
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g
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. W7 E M, occludin.Z0O-1 % H 5 BRB I i
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Table 3 Differential metabolites in retinal microregions between DM group and Panax notoginseng group ('P < 0.05, "P < 0.01, ""P <
0.001,
Phosphatidic acid; PE: Phosphatidylethanolamine; PC: Phosp hatidylcholine; PS: Phosphatidylserine; PI: Phosphatidylinositol

ok

P < 0.000 1). LysoPS: Lysophosphatidylserine; LysoPI: Lysophosphatidylinositol; NAD: Nicotinamide adenine dinucleotide; PA:

No. Theoretical m/z Metabolite Formula Attach form mlz Error/ppm Trend

1 524.299 4 LysoPS(18:0) C,,H,,NO,P [M-H] 524.299 3 -0.18 Up”
2 571.288 9 LysoPI(16:0) C,H,0,,P [M-H] 571.289 4 0.90 Down’
3 619.288 9 LysoPI(20:4) C,,H,0,P [M-H] 619.291 3 3.90 Down’
4 662.101 8 NAD C,H,,N.O,,P, [M-H] 662.103 3 2.20 Down’
5 673.481 4 PA(34:1) C,,H, 0P [M-H] 673.482 1 1.07 Down”
6 714.507 9 PE(34:2) C,,H,,NO,P [M-H] 714.506 5 -2.00 Up™™”
7 737.489 4 PA(36:1) C,,H,,0P [M+CI]” 737.495 4 8.19 Down™™
8 802.539 2 PC(38:7) C,H,,NOP [M-H] 802.539 5 0.34 Down’
9 830.570 5 PC(40:7) C,H,NOP [M-H] 830.5713 0.93 Down’

10 832513 4 PS(40:7) C,H,NO, P [M-H] 832.5139 0.59 Up’

11 860.544 7 PS(42:7) C,.H,NO, P [M-H] 860.536 4 -9.65 Up™

12 871.534 2 PI(37:4) C,H, O.P [M-H] 871.533 1 -1.27 Down™”

Group
. DM

4-Nitrophenol Panax notoginseng
L-Glutamic acid 5

Pelargonic acid ' "

Sorbitol

Azelaic acid 0

Myristic acid I !

Stearic acid 2

Uridine 5'-monophosphate

Galactinol

B Group

4-Hydroxy-6-methyl-3-(1-oxobutyl)-2H-pyran-2-one
Sorbitol
- 2,3-Dihydro-6-methoxy-2,2-dimethyl-4H-1-benzopyran-4-one
Lanthionine
L-Cystathionine
Alongside
12,13-Dimethyl-5,14-dioxabicyclo[9.2.1]-tetradeca-1(13),11-dien-4-one
Undecanedioic acid

PseudouridineUridine

5-L-Glutamyl-taurine

1,11-Undecanedicarboxylic acid

Adenosine

Bis(2-ethylhexyl) phthalate

C Group

LysoPS(18:0)
LysoPI(16:0)
LysoPI(20:4)
NAD
PA(34:1)
PE(34:2)
PA(36:1)
PC(38:7)
PC(40:7)
PS(40:7)

PS(42:7)
PI(37:4)

Figure 4 Analysis of differential metabolite changes in cornea, vitreous and retinal microcurvature. A: Heatmap of rat corneal microre-

gions; B: Heatmap of rat vitreous humor microregions; C: Heatmap of rat retinal microregions

Jih 52 8 2 2L, B 4k R BRBL T #7404 AR PR R H#E—2 K H AFADESI-MSITR A #7~8 = L3 DR
I FERY 55 % DR AHE ST K H STZ 15 3 g or 1 BBk AR R, B LA AR, =LA IR sk A
PRI R BRASEHY, 25 SR B, 5% G4 AH L, DM 41K i 340 E E R, =L T W5 S LR
P 1) oceludin s ZO-1 3k Wi 3 T %, 3% B w20 13 Fofrs BRI &Gl X0 8% 4R 20 BT RO, = -BRE S Y
5i occludin, ZO-1 % 1E T [ 14 BRB % Hi. =-L42% AR X LS A D-23 Ut e A D-23 S IR A,
VY S, W3 b K B Y BB R oceuldin, ZO-1 % S5 ) 3 A Tl X 24 il R R K A4 il R AT SRR R H
15, #7R = -Lisid 4 BRB 203% DR, 2 BB AT, U2 R DO BB DX mb et 8 e QO L 0 Tl



1522 2%

2

it Acta Pharmaceutica Sinica 2025, 60(5): 1515-1524

DM

NAD

m/z 662.1033

()

PA(34:1)
m/z 673.4821

¥
L
@
£
8o
)
Q
=
]
8
. 2 6000 2 5000
£ £ 4000
5 4000 £ 3000
'ﬁ 2000 ':“/e 2000
2 2 1008 2
o o
z =
= = Qé\‘\s@%
e .
cqé o~ \o";

=
A
g
V
£
¢
)
=
8§
§
&
)
2 2000 e G 3000 £ 4000 = 2 6000
=]
2 1500 £ 2000 & 3000 8 voo
R=| g =
‘2 1000 -2 2000 8
g =g
[
g 500 g 1007 18 L § 1006 jg 2000
g o0 2 o 2 0 e 0
= > o = 5> s > o B
2} O S QO ol Q& o
= o % & ~ o% ~
o o o o
§ < < <
& & &
L & & &
h R g !

Figure 5 Analysis of the spatial location of differential metabolites in retinal microregions. P < 0.05, "P < 0.01, ""P < 0.001, ""'P <

0.000 1 vs DM group
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Figure 6 Metabolic pathway enrichment. A: Metabolic pathways involved in differential metabolites in the corneal microregions of
diabetic rat models; B: Metabolic pathways involved in differential metabolites in the vitreous microregions of diabetic rat models;

C: Metabolic pathways involved in differential metabolites in the retinal microregions of diabetic rat models
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