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[Abstract] Objective To investigate the role and mechanism of haptoglobin (HP) in regulating retinal
vascular barrier function and inflammatory response in diabetic macular edema (DME). Methods Aqueous humor
samples were collected from 7 patients with non-proliferative diabetic retinopathy (NPDR) and 7 patients with DME.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used for proteomic analysis to identify
differentially expressed proteins. The target protein was screened out through protein-protein interaction analysis and
biological function analysis using the STRING database. Aqueous humor samples were collected from patients with

simple cataract (n=23), NPDR (n=23), and DME (n=23), and HP expression levels were determined by enzyme-linked
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immunosorbent assay (ELISA). In addition, 42 healthy male SD rats aged 8—10 weeks were randomly divided into
control, diabetes, diabetes+empty vector, and diabetes+HP lentivirus groups using the random number table method.
Rats in the control group received citrate buffer, while those in the other groups received streptozotocin to establish
diabetes mellitus model. At 8 weeks after modeling, the diabetes+empty vector group and diabetes+HP lentivirus
group received intravitreal injections of empty vector and HP lentivirus, respectively. One week post-injection, retinal
vascular leakage was assessed by calculating the Evans blue/retina weight ratio. Quantitative PCR was performed to
detect the relative mRNA expression levels of interleukin (IL)-18, IL-2, IL-6, tumor necrosis factor-a (TNF-a), and
high mobility group box 1 (HMGB1) in the rat retinas. Immunofluorescence staining was used to detect the number of
F4/80-positive cells. Part of this study on human samples complied with the Declaration of Helsinki and the study
protocol was approved by the Ethics Committee of the Hospital of Hebei Eye Hospital (No. 2024LW30). All
participants fully understood the study protocol and purpose and signed the informed consent form. The feeding and
use of experimental animals adhered to the 3Rs alternatives, Regulations for the Administration of Affairs Concerning
Experimental Animals and Laboratory Animal-Guideline for Ethical Review of Animal Welfare. The animal
experimental study protocol was approved by the Animal Experimental Ethics Committee of Hebei Eye Hospital (No.
2024L.W31). Results Proteomic analysis identified 425 quantifiable proteins, of which 84 showed significant
differences between the DME and NPDR groups. HP was identified as a hub protein among the differentially
expressed proteins, with a higher functional enrichment related to the regulation of inflammatory response. ELISA
results showed that HP expression levels in the simple cataract, NPDR, and DME groups were (5.878+0.462), (6.118+
0.215), and (6.769+0.245)ng/ml, respectively, with a statistically significant overall difference (F=36.47, P<0.0001).
The HP expression level in the DME group was significantly higher than that in the simple cataract and NPDR groups
(both P<0.05). ROC curve analysis demonstrated that HP had high diagnostic accuracy for DME (AUC=0.986, P<
0.001), with an HP level above 6.5 ng/ml in aqueous humor suggesting the possible development of DME in NPDR
patients. The retinal vascular leakage ratios in the diabetes and diabetes+HP lentivirus groups were significantly
higher than that in the control group, while the leakage ratio in the diabetes+HP lentivirus group was significantly
lower than that in the diabetes group (all P<0.05). The mRNA expression levels of IL-1B, IL-2, IL-6, TNF-a, and
HMGBI1 in the retina of the diabetes group were significantly higher than those in the control group, while those in the
diabetes+HP lentivirus group were significantly lower than those in the diabetes and diabetes+empty vector groups
(all P<0.05). Immunofluorescence staining showed that the number of F4/80-positive cells was significantly increased
in the diabetes group compared with the control group, whereas it was markedly decreased in the diabetes+HP
lentivirus group compared with the diabetes group. Conclusions HP is significantly upregulated in the aqueous
humor of DME patients and the retinas of diabetic rats, potentially participating in retinal inflammatory response and
vascular barrier dysfunction through the HMGB1 signaling pathway. Downregulation of HP ameliorates retinal
vascular leakage and inflammatory response, suggesting that HP may be a potential therapeutic target for DME.

[Key words] Diabetic macular edema; Haptoglobin; High mobility group box 1; Proteomics; Retinal vascular
barrier; Inflammatory response
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Table 1 Comparison of baseline data between patients with NPDR and DME for proteomics analysis

215 (kS PN (TS 14 n)® AR (s, )" TR SR (es)” 25 I LB (&+s , mmol/L)" BEAL I 2128 1 (xs, /L))"
NPDR 7 4/3 68.00+6.58 25.62+3.83 8.49+1.50 6.79+3.17

DME 21 7 3/4 66.57+8.99 28.02+5.63 7.23+£2.07 7.83+1.24

i 8.858 0.339 0.760 1.090 0.809

PAE 0.847 0.740 0.462 0.308 0.434

s (a2 RE G s b Jh S BEA (4G 56

Note: (a: ,\/2 test; b: Independent samples t-test)

NPDR : =l 3 58 Pl B 1 190 5075 72 s DML - i B 18 8 3 K

NPDR: non-proliferative diabetic retinopathy; DME: diabetic macular edema

#2 HATELISAKIEMB4ANESH NPDRAFMDME AEEELZBRILR
Table 2 Comparison of baseline data among the simple cataract, NPDR, and DME groups for ELISA validation

21 51 B (B )t AR (Rxs, %" PR E AR ()" 25 I MR (F+s, mmol/L)" AR I 2T 2 1 (£, g/L)"
Bl [ P R 23 10/13 62.04+5.64 24.08+1.37 6.04=0.76 6.08+0.94

NPDR 4 23 12/11 63.00+3.91 27.08+3.13 9.34+1.46 8.78+1.44

DME #H 23 13/10 62.39+4.75 28.56+2.86 8.95+1.39 9.04+1.66

X/FAE 0.695 0.232 18.070 47.980 32.100

PiA 0.208 0.793 <0.001 0.005 0.037

T Cas P KI5 s b B0 K 3Ry 2250 #7)
Note: (a: x* test; b: One-way ANOVA)

macular edema
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ELISA: enzyme-linked immunosorbent assay; NPDR: non-proliferative diabetic retinopathy; DME: diabetic
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AR HT I B U X, 0 T 43 06 6 BE THAE 620 nm (3%
KA ) F 680 nm (& S A< ) A AE W O B AR 8 AR
P i 2 T B3 O SR B e S CH: 5 0 I LA
1.2.2.3 E i PCRED H 3L HE mRNA X RIKE &
HH6 H KB, R FH TRIzol 3% 7] DA K BRI 19 st 26 21
O3B RNA il FH 330 5 Sl ) & 1 g AL RNA 306 5%
SEM eDNA L VAR AL B Sxai i 5 5% v B S
W% HE = Wi IR 00 B SR RINA 3 ) 55 LA &% BEAIL 5
Y. RNARFEE R 125 CHFF 5 min, 42 “CHEH 60 min,
70 ‘CH%F 5 min, fii J SYBR Green T iR W ¥E 47 & &
PCR Y3 . 519 F 5 W2 3, b1 95 M 4 e A= Wy B 42
AR A A . BAY RN R &R 20 pl, £ 5 SYBR
Green TR 10 pl, 1E 7 514 (10 wmol/L) 0.8 pl, S 1]
14 (10 pmol/L) 0.8 wl, cDNA £ 4z 2 wl, Jo 4% & Bl 7K
#3782 20 pl. PCR Y IGFE)T 9 :95 CHIAE M 10 min;
95 CAEE 15 5,60 “CiR K /AL 60 5,35 . LA B-actin
RS, R 27 A B R R X R A A
1.2.2.4 AL ] A0 95 52 O Gy 4 K T F4/80 1Y & ik
FUayA X B L M R AL B IR 9 + 1P 18 i 7 4 4%
B3 HORB, i & BRI AL A R B, 4 IR 3K, 490 Z2 R
T [& %2 48 h, OCT il 57 4w ¥ AR BRI & +-20 °C, Hil/E
W I VKA DT R, 4% 22 5 F R = R 8 A2 15 min, PBS 7 1
YR, NP, 4 CCIREE 30 min, B 3 kT F4/80 Hi ik
Ak 2L B L, PBS BE 3 WK I N2 —HiEF 1 h,
PBS {# 6 3 ¥k, 6 N & DAPLE 5 3, {8 1] 4t B8 42 9% Ok
o R B I AR

*3 PCREI#F7
Table 3 PCR primer sequence

Jis 43 ) 1 9T 25 #5009 F R HP 12 5 E 3y I 1631 4
ﬁ , {f%ﬂ’ 1 EJEEMM?E&Q;B@ R IL-1B 5"-TGGACCTTCCAGGATGAGGACA-3’ 5"-GTTCATCTCGGAGCCTGTAGTG-3’
1L-2 5'-GCGGCATGTTCTGGATTTGACTC-3’ 5'-CCACCACAGTTGCTGACTCATC-3'

1.2.2.2 HWMEIMESZRIZS # .,
PP SC B IR % T A R K B TvRa
1% W, 3 1 BR IS 4 CARAE s % MBI

5'-AGACAGCCACTCACCTCTTCAG-3'
5'-CTCTTCTGCCTGCTGCACTTTG-3’

5'-CCAAGAAGTGCTCAGAGAGGTG-3'

B-actin 5'-CACCATTGGCAATGAGCGGTTC-3’

5'"-TTCTGCCAGTGCCTCTTTGCTG-3’

5"-ATGGGCTACAGGCTTGTCACTC-3’
5"-GTCCTTGAACTTCTTTTTGGTCTC-3"

5'-AGGTCTTTGCGGATGTCCACGT-3'

HRZH W R s 4L LB R + HP 1
BE A A5 B3 KRB, BRI A R K

I AN A 2 TNF : IR SR FE B 7 s HMGB : 5 108 R A B 1 B

Note: IL: interleukin; TNF: tumor necrosis factor; HMGB: high mobility group box B
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1.3 GEit2Eiik

K 1l GraphPad Prism 9.0 X /- F11 SPSS 18.0 4K 1
HEAT S8 4F 4r B FAE B . 3 % B2 Shapiro-Wilk
B 96 0 5245 & IE S A, M xes #on L 24414 f8
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SR L #5 R DR R O 22 43 L AL TR P L R

FH Tukey*ﬁgﬁo T 7
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B % . 7E HP B /K K °F
Xt DME & B 0 # {6 ¥
fli b, 2 ) 2l F T AR
Hf fiIE (receiver operating
characteristic, ROC) fl
2 A= T
(area under curve, AUC) .
95% & {5 X [a] (confidence
interval , CI) J¢ b 3% 1 K
o, BLIE Al HP /R O
e W b YR 2 W
PERE o R XU A 5,
P<0.05 4 22 5 £ 4L it °#

2 H#R

2.1 NPDR fl DME & #
P = N - S T R o
W25 553 B
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i KR A v LA I ) 425
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th R IR K OF A TE S
2SR AL 84 g
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FIRKF T E A 264
(KE1B) . GO & 40t 4k
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DMEZL  B: ¥jkKF2BAAGIFELMERFEAME AMBIEA PMID 379811807 C:2REHM
YA B EESTSER D EREAMNSTHUREESIER 225 E A IEH & 44
S NPDR: 34 B A DR 400 000 I3 725 5 DME < k< i 4 8 B 7K e

Quantitative proteomic results of aqueous humor samples from patients with NPDR and DME
C represented the NPDR group and D represented the DME group B:

Figure 1
A: Heatmap of total quantified proteins
Heatmap of differentially expressed proteins with statistically significant differences Images A and B were adapted
from PMID: 37981180

D: Molecular function enrichment analysis of differentially expressed proteins
NPDR: non-proliferative diabetic retinopathy; DME:

C: Gene Ontology biological process enrichment analysis of differentially expressed
proteins E: Cellular component
enrichment analysis of differentially expressed proteins

diabetic macular edema
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2.2 NPDR I DME {8 35 B /K #E 4 22 5 3R 38 85 H PPL4Y
BT B 8 1 2R 1 i 38

STRING $ s JEAG REE R Wk 84 MR EATH
T3 A A EAE A O, 5 Sk R E RN
GeAE JZ I AT AA A I I P R R R R O M A W 2 )
25 YA 56 i & M J& HP  ITIH4 . APOA2  F2 . PARK7 #l
F12, Hp HP 2 xS 2 sl A kAl E A PR A S
A AR JRRE SN B A AR OC Y D) RE A EE (181 2A) o B4,
A 5 2H A I BT A B 1Y 22 S 2R EAT cluster R
S, &AL 4 HP . F2  APOA1 . APOA2 . FGG Z1E N
(R 26 2 5 AR T AR S VAR DG AF 5 ¢, O B HP A
b F RO AR A M7 (& 2B) o FE T, AR BF 5 3% 5 HP
VE R0 s 1, R AT IS 22 B R RN D BB AR 5T o
2.3 KU HPFRIRKF

+CRYGS

: cavaez @ Inflammatory response

: @ Antioxidant activity
= CRYGC
Gy e : Response to stress

PEBP1

RBP3

pae o KLY TS

Al P N FE 4L NPDR 41 F1 DME 44 B3 7K o HP 3%
K K43 5 K (5.878+0.462) L (6.118+0.215) . (6.769+
0.245) ng/ml, S AL 22 R AT e it 2 & L (F=36.47,
P<0.001) , H: " DME 41 HP 3 ik /K 7 11 & i F 8.4l 1
PR ZH AT NPDR 20, 22 5 3 e it 2% 2 L (3 P<0.05)
B2l P PN B 2H A NPDR 2H HP 3635 K - 22 R B 52
B L(P>0.05) (K 3A). ROCHIZ BoR, Y4 3 5ok
HP %3k K FFH 8 & 6.5 ng/ml L4 b, 4275 NPDR % 1]
it &4 DME; K HP K F Rk H F X4 L B A
A NPDR(E3B)., {@EEX IR ANV-FVM 4] nANV-FVM
ZH HP 23k K535 -0.193+0.152,0.054+0.059.0.128 +
0.110, B 42 22 %A Gi it 2 3 L (F=5.26,P<0.05) ,
H ANV-FVM 20 .nANV-FVM 41 HP % 35 K 2 8 T
fa FE X R A, 25 S ¥ A e it 2 7 SL(F P<0.05) (K1 3C)

@ Acute inlffammatory response

(BJ

El2 ETFSTRING#{EEHNPDRIIDME BEFKHAEZRREIZANEA-EEBEEMAST A ZREANMTAEMN SR BIREK
25 H L LA 2 A Z WA TE AR B A B AN [ 060 0 SIS 3 T e 2 B9 00 T2 DO RE L LA S AT R S RN L AL B
PR AR BEE B A T ARAE N B 22 S B AR OGS T T B RE B ) O A B A B R T NPDR < AR5 SR PR g 4 )
Ja A% s DME i DR 1k B B /K Jie

Figure 2 Protein-protein interaction analysis of differentially expressed proteins in aqueous humor samples from NPDR and DME patients
based on STRING database A: Interaction network of differentially expressed proteins  Each circle represented a differentially expressed protein, and
the connecting lines indicated potential interactions between two proteins. Different colors represented the molecular functions enriched for each protein,
including acute inflammatory response, inflammatory response, antioxidant activity, and stimulus response  B: Correlation analysis of differentially
expressed proteins enriched in inflammatory response The proteins circled in green represented the hub proteins (target proteins) NPDR:

non-proliferative diabetic retinopathy; DME: diabetic macular edema
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2.4 5 2H KRR I R T 1 100 LE A

P10 JE5 145 92 T S 0 45 2R S, ko BR2H R B R
IR It 457 2 TN AR 5 48 0 A, O B I LA B U A RS 41
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0.265, & 1A b 2% S A 4t it 5 B L (F=30.56, P<
0.05) , oAl s 21 W PR i +HP 18 9 B 41 1l 8 2 T
LU (B 55 0T A B S T v, O PR s + HLP 1 55 7 4 1l 4
U LE A B PR W] R, 2 R A Gt 8 X
(3 P<0.05) (K 4B) .
2.5 2R BRI IR E R - 2R iR KO AR

2% 20 K B I TL-18 \TL-2 \ TL-6 i 8 34 46 X 1
o (tumor necrosis factor-o, TNF-o0) Fl 5y 1T 2 & % 5
B1(high mobility group box B1, HMGB1)mRNA 4 X} &
KRR R 25 R G2 B L (F=50.59.62.98
14.11,32.43.19.53, 34 P<0.01) , H: vk FR 95 41 40 19 i
IL-18 ,1L-2 1L-6 \TNF-a Fl HMGB1 mRNA Hf Xf £ ik
BRI T R, 2 RIA G B X (3 P<0.05) 5
Wi PR 5 +HP 12 %% 5 4 IL-1B. IL-2, IL-6, TNF-a #l
HMGB1 mRNA A X 3% 35 5 55008 IR 2 Ol o + 25 38
Jo 1 20 W] B R AR, 25 5 3R G i A B L (3 P<0.05)
(FR4) o LR A 92 5 5l e €8 25 3L 10 s W D i 4 F4/80
Yoy BH P 41 M 50 A ) B AL RN s DR + HP 18 0 1 41
W Tt (E5) .

ab

3 itig

BBEK 2 DR A (5, 38 A8 P ik 265 FRE A0 o
TR AR A T A P ) BB 5 ik OEL S R ik 4% S 4 i R
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VEGF 24 ¥y Je 3% 35 7Kk U) B R 55 4 97 F Bl 3 o ol 3 12
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Figure 3 Comparison of HP expression levels among groups
NPDR, and DME groups
ANOVA, Tukey test; n=23)
expression levels among the healthy control, nANV-FVM, and ANV-FVM groups
(One-way ANOVA, Tukey test; n=3)

operating characteristic; AUC: area under the curve; CI: confidence interval; nANV: inactive neovascularization; FVM: fibrovascular membrane; ANV:

A: Comparison of aqueous humor HP expression levels among the simple cataract,
F=36.47, P<0.001. Compared with the simple cataract group, “P<0.05; compared with the NPDR group, "P<0.05 (One-way

B: ROC curves of aqueous humor HP for distinguishing the simple cataract, NPDR, and DME groups C: Comparison of HP
F=5.26, P<0.05. Compared with the healthy control group, “P<0.05

HP: haptoglobin; NPDR: non-proliferative diabetic retinopathy; DME: diabetic macular edema; ROC: receiver

active neovascularization
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Fi%;n=3) HP:fhZkHEA
Figure 4 Comparison of rats retinal leakage among different groups A: Representative images of Evans
blue staining in each group (X200, scale bar=100 wm) B: Comparison of vascular leakage ratios among groups
F=30.56, P<0.05. Compared with the control group, *P<0.05; compared with the diabetes group, "P<0.05

(One-way ANOVA, Tukey test; n=3) HP: haptoglobin

R4 FHHKRMEKEEF mRNA RikKF LB (Xs)
Table 4 Comparison of the mRNA expression level of inflammatory factors in rats retina
among different groups (x=s)

21 51 FEAS 5 IL-18 IL-2 IL-6 TNF-« HMGB1
xif i 41 6 1.0420.10 1.03+0.10 1.12+0.22 1.07+0.14 1.05+0.12
T PR 9 20 6 2.05+0.13" 2.05+0.16" 2.27+0.46" 1.84+0.19" 3.24x0.75"
T PRI +75 2800 7 241 6 2.03+0.09 2.010.18 2.28+0.48 1.92+0.07 3.1420.58
B DRI+ HP 12 955 75 41 6 1.45+0.28" 1.75+0.12" 1.74+0.17"  1.54+0.18"  2.12+0.39"
FAH 50.59 62.98 14.11 32.43 19.53
PIH <0.001 <0.001 <0.001 <0.01 <0.001

T 2 5 00 W2 P2, "P<0.05 5 5 IR 20 L 2, PP<0.05 3 55 M DR +2% B0 45 2 L2, “P<0.05 ([ 32 05 22
SIHT, Tukey K55 )  IL: FIA0MEA 2 TNF : R IR AE 4 s HMGB : i 32 88 R 6 7R 11 B HP: i PR AR 11

Note: Compared with the control group, “P<0.05; compared with the diabetes group, "P<0.05; compared with the
diabetes+empty vector group, ‘P<0.05 (One-way ANOVA, Tukey test) IL: interleukin; TNF: tumor necrosis

factor; HMGB: high mobility group box B; HP: haptoglobin
Xof HE4L

SE TR o+ HP 12 21
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RS W > TR AL HP il BRER 11 RGC 4L 100 IS0 2 15 4 JfL s INL: A% 2 ; ONL: AMZ 2

Figure 5 F4/80 immunofluorescence staining results of retina in control group, diabetes group and
diabetes+HP lentivirus group (DAPI X200; scale bar=20 wm)
significantly increased in the diabetes group compared with the control group, whereas it was markedly
HP: haptoglobin; RGL:

The number of F4/80-positive cells was

decreased in the diabetes+HP lentivirus group compared with the diabetes group

retinal ganglion cell; INL: inner nuclear layer; ONL: outer nuclear layer
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