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Exploring heparin’s protective mechanism
against AGEs induced endothelial injury

Junfeng Shi,"?€ Yudong Guan,*® Hongwei Song,’?¢ Liang Zhu,'? Jingjing Li,* Qinying Li,"-? Ningning Hou,'
Fang Han,"-?> Meng Wang,® Kexin Zhang,"-* Ming Shan,” Xiaodong Sun,”?* and Hongyan Qiu"7*

SUMMARY

Advanced glycation end products (AGEs) in diabetes can cause endothelial damage. Heparin, widely
known as a recognized anticoagulant, is also a multifunctional therapeutic drug. This study investigated
whether heparin could ameliorate AGEs-induced endothelial injury. Remarkably, heparin effectively
attenuated this cellular damage and assumed a reparative role. Furthermore, heparin inhibited the
AGEs-RAGE-NF«kB axis, thereby mitigating endothelial inflammatory injury. Comprehensive proteome
and knockdown experiments suggested that heparin may exert a positive influence on cell growth and
further alleviate pathological damage by upregulating the expression of LYAR (cell growth-regulating
nucleolar protein). Diabetic mouse model was also used to further verify the changes of endothelial tissue
in diabetic state and heparin intervention. In summary, these findings demonstrate that heparin has the
potential to ameliorate AGEs-induced endothelial injury, opening new avenues for exploring the
expanded therapeutic roles of heparin and its potential application in the management of diabetes and
its associated complications.

INTRODUCTION

Diabetes mellitus (DM) is characterized by chronic metabolic disorders and persistently elevated blood glucose levels.' This condition is
accompanied by various complications, among which kidney disease and cardiovascular disease are the most common, leading to an unfa-
vorable prognosis in the majority of patients.” > Thus, there is an urgent need to develop effective prevention and treatment strategies for
diabetes and its associated complications.

The persistent accumulation of glucose in both microvascular and macrovascular environments initiates a series of reactions, involving the
carbonyl groups of glucose that react with amino groups of proteins. These reactions culminate in the irreversible formation of advanced gly-
cation end products (AGEs).>? AGEs play a pivotal role in various pathological changes, primarily through their activation of the receptor for
advanced glycation end products (RAGE) located on cell membranes. The AGEs-RAGE signaling pathway mediates the expression of many mol-
ecules, such as NF-kB, MAPK (mitogen-activated protein kinase)/ERK (extracellular signal-regulated kinase), and PI3K(phosphatidylinositol 3-
kinase) /Akt (protein kinase B), which in turn accelerate the progression of inflammation.’® Subsequently, this cascade of events leads to
decreased endothelial nitric oxide synthase (eNOS)/nitric oxide (NO) levels, increased adhesion molecule and chemokine expression, and
the disruption of vascular function and blood pressure homeostasis.'”"" The loss of homeostasis in blood vessels and tissues precipitates im-
mune dysfunction and apoptosis in vivo.''* RAGE activation in endothelial cells leads to cellular structural disorders and dysfunction, contrib-
uting to the increasing incidence of complications.'"'> Notably, a retrospective cohort study revealed that an elevated AGEs/RAGE ratio was
associated with increased mortality risk in patients with type 2 diabetes.'® Subsequently, numerous studies have explored interventions to pre-
ventand treat AGEs-RAGE-induced damage by blocking the AGEs-RAGE interaction. Finding effective AGEs-RAGE axis inhibitors is a promising
approach to reduce endothelial injury.'’

Heparin is a linear, heterogeneous, highly sulfated, anionic glycosaminoglycan complex.'®'” Despite its wide use in clinical settings as an
anticoagulant, its complex structure and diverse components offer untapped potential for alternative applications.” In addition to its well-
established anticoagulant effects, heparin has been shown to have additional effects specifically with respect to inhibition of angiogenesis
and neovascularization. This mechanism is thought to involve heparin sequestrating angiogenic growth factors (AGF) in the extracellular
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Figure 1. AGEs preparation and analysis
(A) Fluorescence was measured weekly during reactions of HSA with PBS or glucose.
(B) LC-MS spectra of HSA and AGEs and the deconvolution spectrum of HSA. The molecular weight of the deconvolved HSA was 66,436 Da, and the AGEs

molecules could not be deconvolved.

environment and impeding the interaction between AGF and extracellular matrix-proteoglycans.”’ While this may be beneficial in protecting
against tumorigenesis,”” it can have negative effects in certain pediatric conditions (e.g., pulmonary hypoplasia) in which survival depends on
growth and angiogenesis.”

In recent years, interest in the anti-inflammatory properties of heparin has increased.”” For instance, heparin has demonstrated efficacy in
reducing disease progression and necrosis rates in severe pancreatitis through its anti-inflammatory effects.”” Pan et al. reported that the anti-
inflammatory effect of heparin is related to its non-anticoagulant structure.”® This anti-inflammatory activity also extends to sepsis and plays a
crucial role in safeguarding endothelial integrity.”” Additionally, low-molecular-weight heparin (LMWH) has been shown to inhibit the inter-
action between AGEs and RAGE in diabetes-associated kidney failure and diabetic endothelium damage.”*”® This effect is thought to be
related to the fact that RAGE has been reported to act as a receptor for specific sulfated glycosaminoglycans.”” Glycosaminoglycans such
as heparin compete with AGEs for binding with RAGE, thereby blocking the inflammatory response triggered by the AGEs-RAGE axis.
Furthermore, an important consideration is that in in vivo state heparin exerts many of its roles through the interaction of conserved hepa-
rin-binding domain with multiple proteins in the extracellular matrix, including involvement in cell attachment, migration, invasion, inflamma-
tion, and injury responses.’*>" Nevertheless, further studies are needed to fully understand the molecular mechanisms underlying the effects
of heparin on endothelial cells in the diabetic state.

In this study, we explored the protective potential of heparin against AGEs-stimulated endothelial cells. Our investigation included qual-
itative and quantitative analyses of the impact of heparin on AGEs-stimulated endothelial cells through proteomic analysis and cell biology
experiments. In addition, a diabetic mouse model was used to confirm relevant changes in proteomic and biological processes. Our findings
provide compelling evidence that heparin has the capacity to ameliorate AGEs-induced damage in endothelial cells.

RESULTS

Formation of AGEs through glucose and human serum albumin

AGEs was prepared using human serum albumin (HSA) and glucose and a negative control was established using HSA-PBS. The fluorescence
values of AGEs were recorded weekly. Notably, the fluorescence of HSA in glucose and PBS at week 0 was close to zero. As the reaction time
increased, fluorescent AGEs gradually formed in the presence of glucose, with the peak value occurring at week 12. In contrast, the fluores-
cence value of HSA-PBS did not significantly change from week 0 to week 13 (Figure 1A).

2 iScience 27, 111084, November 15, 2024
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Figure 2. Heparin ameliorates the biological and biochemical damage caused by AGEs stimulation

(A) Changes in cell viability in response to 0, 50, 200, 400, and 800 ng/mL AGEs.

(B) Changes in cell number/mL in response to 800 pg/mL AGEs and 800 pg/mL AGEs +200 pg/mL heparin (n = 5).

(C) Changes in NO levels in response to 800 pg/mL AGEs and 800 pg/mL AGEs +200 pg/mL heparin (n = 4).

(D) Changes in eNOS activity in response to 800 pg/mL AGEs and 800 pg/mL AGEs +200 pg/mL heparin (n = 7).

(E-G) Cell apoptosis in each group was analyzed by flow cytometry; E is the CT group, F is the AGEs group, and G is the heparin group. Q1 represents nude cells;
Q2 represents late apoptotic or necrotic cells; Q3 represents early apoptotic cells; and Q4 represents living cells.

(H) Changes in the percentage of apoptotic cells in each group (n = 3). For all experiments, the data are presented as means + SDs (ns, p > 0.05; *, p < 0.05; **,
p < 0.01; ***, p <0.001; ***p < 0.0001, all by ordinary one-way ANOVA [multiple comparisons]).

Liquid chromatography (LC)-mass spectrometry (MS) was used to analyze HSA at week 12. Interestingly, in the absence of glucose, the
monoisotopic peak of HSA was clearly distinguishable, displaying a regular sine wave pattern. The monoisotopic peak was deconvoluted
to calculate exact molecular weight, revealing a 66,436 Da for HSA derived from PBS. However, the molecular weight of HSA derived
from glucose could not be calculated. This discrepancy is likely due to the formation of complex AGE compounds through the glycation
of HSA, making them indistinguishable by deconvolution (Figure 1B). This observation strongly supports the successful preparation of
AGEs and indicates cross-linking between HSA and the secondary and end-product AGEs generated during the glucose reaction.

Heparin mitigates AGEs-induced endothelial cell damage

HUVECs were stimulated with 0, 50, 200, 400, or 800 pg/mL AGEs, resulting in a decrease in cell viability as the AGEs concentration increased.
Specifically, 800 pg/mL AGEs (p = 0.0039) had a significantly greater impact than O ng/mL AGEs (Figure 2A). Consequently, 800 pg/mL AGEs
was chosen to stimulate HUVECs. Changes in cell number, NO level and eNOS activity were assessed (Figures 2B-2D). After AGEs stimula-
tion, all three indicators (cell number: p = 0.0267, NO level: p < 0.0001 and eNOS activity: p = 0.0023) decreased significantly. Following hep-
arin intervention, the cell number (p = 0.0162) and NO concentration (p < 0.0001) increased significantly, while eNOS activity tended to
increase, although the increase was not statistically significant. Additionally, flow cytometry was used to detect early and late apoptotic cells.
The rate of apoptosis increased 2.3-fold after AGEs stimulation compared to that in the CT group (p < 0.0001), but it decreased to a level
similar to that in the CT group after heparin intervention (Figures 2E-2H).

The permeability of endothelial cells was also evaluated by adding FITC-BSA after different treatments and using confocal microscopy to
detect fluorescence localization (Figure S1). Under the stimulation of AGEs, the degree of cell damage increased, with obvious green fluo-
rescence. After heparin treatment, endothelial cell damage and permeability were reduced in the heparin group compared to the AGEs
group, and tended to be consistent with the CT group. These comprehensive findings indicate that AGEs induce pathological changes in
HUVECs but that those changes can be ameliorated by heparin intervention.

Heparin antagonizes the AGEs-RAGE axis, reducing inflammatory factor

Immunofluorescence labeling unveiled a widespread distribution of RAGE on the cell surface. The fluorescence intensity of RAGE was signif-
icantly higher in the AGEs group than in the CT group (p < 0.0001). However, it notably decreased following heparin intervention (p = 0.0108)
(Figures 3A and 3B). This observation supports the activation of RAGE on the cell surface by AGEs and its inhibition by heparin.

To validate these findings, we examined RAGE expression at both the gene and protein levels. RAGE mRNA expression increased after
AGEs stimulation (p = 0.0018) but decreased after heparin intervention (p = 0.0006) (Figure 3C). Western blotting results also demonstrated
that RAGE protein expression was upregulated following AGEs stimulation (p = 0.0119) and downregulated after heparin intervention
(p = 0.0102), with no significant difference compared to the CT group (Figures 3D and 3E). These results collectively indicate that AGEs acti-
vate both intracellular and extracellular RAGE, while heparin inhibits the interaction between AGEs and RAGE.

Furthermore, we investigated changes in the inflammatory factor NF-kB. The results showed that NF-kB expression increased in response
to AGEs (p = 0.0203) and decreased after heparin intervention (p = 0.0041) (Figures 3D and 3F). This finding confirmed that AGEs bind to its
receptor RAGE and activate the downstream NF-«B signaling pathway, further increasing RAGE levels in cells and accelerating cell damage,
while heparin inhibited the AGEs-RAGE-NFkB signaling axis, attenuating inflammatory responses.

Proteomic analysis reveals differential protein expression induced by AGEs and heparin

Proteomics was used to analyze the molecular changes induced by AGEs and heparin. A total of 9174 proteins were identified. 268 proteins
differentially expressed between the AGEs group and CT group, of which 129 were upregulated and 139 were downregulated (Figure S2A).
Furthermore, 440 differentially expressed proteins were identified between the heparin group and the AGEs group, including 168 upregu-
lated and 272 downregulated proteins (Figure S2B). Notably, 187 and 359 proteins were unique and 81 proteins were coexpressed in the
AGEs/CT and heparin/AGEs groups, respectively (Figure 4A). To further understand whether the above 81 proteins are related to DM, the
online mendelian inheritance in man (OMIM) and genecards databases were searched. fifty-three proteins associated with diabetes were
identified (Table S1). The results further verified that most of the differential proteins screened by proteomic analysis existed in diabetic pro-
teins. Additionally, some proteins that were only present in one group were also important, as detailed in Table S2. Combined with the 81
coexpressed proteins resulted in a total of 121 differentially proteins.

4 iScience 27, 111084, November 15, 2024
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Figure 3. Heparin inhibits the AGEs-RAGE axis
(A) Immunofluorescence of RAGE in the CT group, 800 ng/mL AGEs group and 800 png/mL AGEs +200 pg/mL heparin group.
(B) MFI (mean fluorescence intensity) of the three groups.
(C) mRNA levels of RAGE in the three groups (n = 3).
(D-F) Immunoblotting analysis and quantification of RAGE and NF-kB (n = 3). The data are presented as means + SDs (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***,
p < 0.001; all by ordinary one-way ANOVA [multiple comparisons]).

Gene ontology (GO) annotation was performed to evaluate the functional significance of the 121 differentially expressed proteins. The top
20 biological processes encompassed proteins involved in nucleic acid and biomacromolecule-mediated reactions, including processes such

"o mon [

as "protein modification”, “regulation of macromolecule biosynthesis”, “macromolecule modification”, “response to stress” and “regulation
of gene expression” (Figure S3A). The top 20 cellular components included “nucleolus”, “organelle membrane”, “plasma membrane-bound
cell projection”, “integral component of membrane” and “protein-containing complex” (Figure S3B), indicating the involvement of these

i

differentially expressed proteins in various intracellular structures. Additionally, the top 20 molecular functions included “carbohydrate
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Figure 4. Changes in the intracellular proteome in response to heparin and AGEs

(A) Venn diagram of enrichment in the AGEs/CT groups and heparin/AGEs groups (red and blue).

(B) KEGG pathways of differentially expressed proteins between the AGEs/CT group and the heparin/AGEs group.

(C) PPIs of the major differentially expressed proteins in the AGEs/CT and heparin/AGEs groups.

(D) Comparison of LYAR in proteomic quantitative results.

(E-H) Immunoblot analysis and quantification of LYAR (n = 3), RAGE (n = 3), and NF-«B (n = 3) in CT, AGEs, Heparin, and siRNA-LYAR groups. (ns, p > 0.05; *,
p <0.05, **, p < 0.01; ****, p < 0.001; all by ordinary one-way ANOVA (multiple comparisons)).

derivative binding”, “catalytic activity, acting on a protein”, “drug binding”, “molecular function regulator” and “enzyme binding” most of
which were related to proteins and carbohydrates and closely associated with AGEs (Figure S3C).

Subsequently, Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis was performed on the 121 identified differentially
expressed proteins to determine their biological functions (Figure 4B). The results revealed enrichment in pathways such as “ribosome”,
"Parkinson’s disease”, "oxidative phosphorylation”, "MAPK signaling”, “PI3K-Akt signaling pathway”, "mTOR (mechanistic target of

6 iScience 27, 111084, November 15, 2024
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Figure 5. Proteins with opposite expression trends in the AGEs/CT and heparin/AGEs groups

Downregulated proteins in the AGEs/CT group are represented in purple, and those in the heparin/AGEs group are represented in pink. The black solid line
represents the tlog (p value) change in protein expression in the AGEs/CT groups, and the blue line represents the +log (p value) change in protein
expression in the heparin/AGEs groups. In the left panel, the y axis is the value of the log-fold change, and in the right panel, y axis is the +log (p value).

"on

rapamycin) signaling pathway”, “autophagy-animal”, “AMPK (AMP-activated protein kinase)pathway”, “TNF (tumor necrosis factor) signaling
pathway”, “NF-kB signaling pathway” and “IL (Interleukin) -17 signaling pathway” which are linked to inflammation and autophagy pathways
(Table S3).

Protein interaction analysis and verification

Oppositely expressed proteins between the AGEs/CT and heparin/AGEs groups and proteins expressed under only one of the treatments
were used for protein interaction analyses. A protein-protein interaction (PPI) network was constructed via the STRING database (Figure 4C).
Notably, the cell growth-regulating nucleolar protein LYAR had the most interactions and was a key node in the PPI network. Combined with
the quantitative results of proteomics, LYAR expression decreased following AGEs stimulation (p = 0.0499) and increased after heparin inter-
vention (p = 0.0206) (Figure 4D). Subsequently, western blotting was used to verify the expression of LYAR and explore its importance. The
results demonstrated decreased LYAR expression following AGEs stimulation (p = 0.0002) and increased LYAR expression after heparin inter-
vention (p = 0.0028) (Figures 4E and 4F). The expression trend of RAGE and NF-«kB was opposite to that of LYAR (Figures 4E, 4G, and 4H). LYAR
is a nucleolar protein that regulates cell growth and inflammation. To further investigate the importance of LYAR, the knockdown experiment
was performed at the cellular level. Compared with the heparin group, the protective effect of heparin was ineffective in the LYAR knockdown
group (Figures 4E-4H). This result demonstrated that LYAR knockdown would affect the AGEs-RAGE- NF-kB axis and further increase the
degree of inflammation.

Changes in the molecular regulation induced by AGEs and heparin

To understand the specific regulatory changes associated with the differentially expressed proteins, the upregulation and downregulation of
81 differentially expressed proteins in the AGEs/CT and heparin/AGEs groups were compared, as detailed in Table S4. Notably, 74 proteins
exhibited opposite expression trends (Figure 5). The expression of some proteins, including “complement C3”, “complement C4-A", “clus-
terin-associated protein 1", “40S ribosomal protein S10” and “apolipoprotein C-II", was upregulated in response to AGEs but downregulated
following heparin intervention. AGEs activate complement to mediate the development of stress, whereas heparin inhibits the activation of
related proteins. Proteins for which the expression was downregulated by AGEs and upregulated by heparin intervention included “cell
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Figure 6. Pathological changes in mouse blood vessels under different interventions
In the H&E-stained sections, the nucleus is blue, and the cytoplasm is red. In the Masson'’s trichrome-stained sections, collagen fibers are blue, and muscle fibers
are purplish red. In the Sirius red-stained sections, collagen fibers are red with a yellow background, and type | collagen fibers are orange or bright red thick fibers.

growth-regulating nucleolar protein”, “Myb-binding protein 1A”, “ATP-dependent RNA helicase DDX18", “serine/threonine-protein kinase
RIO1”, “ribosome production factor 2 homolog”, and “TGF-beta-activated kinase 1 and MAP3K7-binding protein 2". These proteins are
involved in cell growth, immunity, and energy metabolism, further indicating that the normal physiology of cells was inhibited by AGEs
and that the inhibition of AGEs was ameliorated by heparin.

Vascular endothelial fibrosis and related molecular validation in mice

The results of the cell experiments confirmed that heparin improved AGEs-induced endothelial cell damage. On this basis, C57BL/6J mice
were subjected to further intervention to observe the changes in vascular tissue. Some diabetic mice experienced side effects (subcutaneous
hemorrhage at the injection site, ecchymosis diameter less than 1 cm) after heparin injection. HE (hematoxylin-eosin) staining revealed irreg-
ular thickening of the basement membrane and arterial media in DM mice. After heparin intervention, the state of vascular thickening normal-
ized (Figure 6). In addition, compared with that in the CT group, vascular fibrosis in the DM group was aggravated, with evidence of severe
hyperplasia of fibers in the membranes of arteries after Masson staining (Figure 6). Sirius red staining revealed that the proliferative fibers were
mainly type | collagen fibers with disordered structures. In contrast, the degree of fibrosis decreased after heparin intervention (Figure 6).

The relationship between heparin and the core protein LYAR was further analyzed, and changes in the expression of the vascular marker
CD31 and the inflammatory factor NF-kB were also observed (Figure 7). The immunohistochemistry results for the vascular endothelium
showed that CD31 and LYAR staining was weak in DM mice but increased in intensity after heparin administration (Figure 7A). The proportion
of these positive cells was significantly lower in DM than that of CT group (CD31, p = 0.0332; LYAR, p = 0.0282) (Figure 7B). Both of these
parameters normalized after heparin intervention (CD31, p = 0.0299; LYAR, p = 0.0161), but there was no significant difference compared
with those in the CT group (CD31, p = 0.9957; LYAR, p =0.8793) (Figure 7B). In contrast, NF-kB content increased in the whole vascular endo-
thelial cell layer in the DM group, and the proportion of positive cells was greater than that in the CT group (p = 0.0123) (Figure 7B). Heparin
reversed NF-kB activation (p = 0.0251) (Figure 7B). Western blotting was also used to further verify the changes in LYAR and NF-kB protein
expression in mouse vascular tissues. LYAR protein expression was downregulated in the DM group (p = 0.0298) and upregulated in the hep-
arin group (p = 0.0206) (Figures 7C and 7E). Moreover, the protein expression of NF-kB was increased in the DM group (p = 0.0156), an effect
that was inhibited by heparin treatment (p = 0.0237) (Figures 7D and 7F).

DISCUSSION

This study explored the potential protective effects of heparin against AGEs-induced endothelial damage, primarily through its anti-inflam-
matory properties. AGEs, the products of glycation, are known to trigger inflammatory responses, disrupt vascular endothelial homeostasis,
and contribute to microvascular and macrovascular complications in diabetes.'®'® In this investigation, AGEs were generated by reacting
glucose and HSA, and the complex structural changes were subsequently revealed by LC-MS analysis. By week 12, the fluorescence value
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Figure 7. Molecular mechanisms for ameliorating vascular injury

(A) Immunohistochemical results for CD31, LYAR, and NF-kB.

(B) Area ratio of positive cells to endothelial cells (n = 3).

(C-F) Immunoblot analysis and quantification of LYAR and NF-kB content (n = 4). (ns, p > 0.05; *, p < 0.05, all by ordinary one-way ANOVA [multiple comparisons]).

reached 26 au, and the MS data could not be deconvolved to determine the exact molecular mass. This complexity likely arises from the dehy-
dration, rearrangement, and cross-linking of glycation products, which alter their structure and function.®” In contrast, non-glycated HSA re-
tained an exact molecular weight of 66,436 Da, indicating that AGEs were successfully generated through nonenzymatic glycation.

Subsequently, cell viability was assessed to determine the degree of damage to HUVECs induced by different concentrations of AGEs.
Notably, the lowest cell viability was observed at a concentration of 800 pg/mL. The apparent changes in cell biology further confirmed
that the cellular damage caused by AGEs stimulation can manifest through multiple pathways. On the one hand, cell number and NO
and eNOS activities are decreased; NO formation caused by eNOS is the core process regulating vascular homeostasis.** The impairment
of NO production, a key regulator of vascular function, further highlights the detrimental effects of AGEs.***" However, eNOS activity was less
affected, possibly due to the complex enzymatic mechanisms involved. On the other hand, the flow cytometry data and cell permeability
experiment showed elevated apoptotic cells and cell permeability after stimulation with AGEs. Intriguingly, in the presence of heparin,
cell numbers, NO levels and eNOS activity increased, while the apoptosis and permeability decreased. This collective evidence underscores
the ameliorative effect of heparin on AGEs-induced cellular damage.
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AGEs exert their effects intracellularly by binding to the receptor RAGE, which is widely expressed on various cell types.'” Scanning elec-
tron microscopy showed that RAGE fluorescence increased after AGEs stimulation and that was mitigated after heparin intervention. This
observation was also validated at the gene and protein levels, i.e., AGEs increased the expression of RAGE and NF-«kB, enabling the sustained
maintenance of inflammatory events. This finding is consistent with the findings of Wu et al. that AGEs binding to RAGE induces the activation
of chronic oxidative stress-related inflammatory molecules such as NF-kB, PI3K/AKT, and MAPK/ERK.'® In contrast, with the intervention of
heparin, inflammation-induced cell damage was alleviated, as shown by the decrease in RAGE and NF-«kB protein expression, which was
similar to that in normal cells.

To further understand how heparin protects HUVECs, we employed nanoLC-MS/MS to analyze the cellular proteome, identifying 9,174
proteins across the three experimental groups. Among them, there were proteins with upregulated and downregulated expression be-
tween the AGEs-treated group and the CT group. In the comparison between heparin and AGEs group, there were also proteins with
upregulated and downregulated expression. Ensemble analysis revealed that 81 proteins were coexpressed between the AGEs/CT groups
and heparin/AGE groups. These 81 proteins combined with proteins that were only present in one group were subjected to GO and KEGG
enrichment analysis. GO analysis revealed that AGEs and heparin affected the expression of macromolecules such as proteins and nucleic
acids and the biological functions related to the stress response; the structure of the cell membrane, cytoplasm, organelle and nucleus;
and molecular functions such as the binding of proteins, carbohydrates and drugs etc. In addition, KEGG enrichment analysis showed that
these differentially expressed proteins were enriched in signaling pathways involving inflammatory factors, chemokines and autophagy fac-
tors, which are related to the inflammatory process. The specific pathways and molecules included oxidative phosphorylation, NF-«B,
MAPK, PI3K-Akt, mTOR, AMPK, and TNF. These molecules are enriched as downstream activators of RAGE that participate in intracellular
activities.>” Guglielmo et al. confirmed that RAGE stimulates Akt, MAPK, and JNK in endothelial cells, chondrocytes, macrophages/mono-
cytes/microglia, astrocytes, and vascular smooth muscle cells, leading to cellular activation and/or proliferation in atherosclerosis and/or
inflammation and arthritis."”

Further analysis revealed that 28 proteins, such as complement-related proteins, apolipoproteins and clusterin-associated proteins,
increased after AGEs stimulation but decreased after heparin intervention. These results further suggest that AGEs and heparin may
mediate complement activation and inhibition. The expression of 45 proteins, such as ribosomes, Myb-binding proteins and growth-
related proteins, decreased in response to AGEs stimulation but increased in response to heparin intervention. The changes in protein
levels indicated that AGEs and heparin may affect ribosome assembly and cell growth. Regarding the interactions between proteins, there
were 14 nodes in the PPl network. The molecule LYAR, located at the center of the network and involved in ribosome biosynthesis, is a
nucleolar protein with a zinc finger DNA binding sequence and plays a vital role in cell growth and proliferation.>* Naoki et al. found that
LYAR functions by acting on 32S, 475/45S, 30S, and 21S preribosomes and that LYAR overexpression increases cell proliferation and occurs
in some rapidly growing cells.” Western blotting analysis verified that LYAR expression decreased after AGEs stimulation and normalized
after heparin treatment. LYAR knockdown experiments showed that the protective effect of heparin was ineffective in the LYAR knockdown
state, which was manifested in the increase of RAGE and NF-kB, indicating that LYAR was involved in the regulation of AGEs-RAGE- NF-
kB. However, whether LYAR lowers NF-kB by inhibiting RAGE or reduces RAGE by inhibiting NF-kB requires further research to determine
the underlying mechanism.

HE, Masson'’s trichrome and Sirius red staining showed that diabetes caused vascular basement membrane thickening, vascular fibrosis,
and increased type | collagen, that are consistent with previous studies.***° However, these changes improved after heparin injection.
Vascular immunohistochemistry showed that CD31 and LYAR levels were significantly decreased in the DM group but normalized in the hep-
arin group. However, the inflammatory factor NF-kB showed the opposite trend to that of CD31 and LYAR in the DM group, and this effect was
reversed by the administration of heparin. Western blotting analysis further verified the changes in LYAR and NF-kB at vascular tissues.

The immunohistochemistry and western blot results confirmed that heparin upregulated LYAR and downregulated NF-kB to alleviate
inflammation and injury to vascular tissue in DM mice. Combined with the LYAR knockdown experiment, our results are consistent with
the Cha Yang's study, which confirmed that LYAR inhibits NFkB-mediated expression of pro-inflammatory cytokines.*’ Therefore, another
reason why heparin reduces NF-kB may be that heparin increases LYAR expression and thus inhibits NF-kB damage.

In summary, these findings highlight the potential of heparin to promote the recovery of damaged endothelium while mitigating AGEs-
induced injury at deep levels. As shown in Figure 8, with increasing glucose concentration in the blood, the amino groups of proteins react
with glucose to generate AGEs. AGEs bind to the receptor RAGE on the surface of vascular endothelial cells to activate the NADPH ox-
idase ROS, which in turn activates ERK, MAPK, and AKT. Finally, NF-kB is activated, leading to decreased NO and eNOS levels, increased
autophagy, apoptosis, immune disorders, and ultimately vascular endothelial tissue damage. However, in the presence of heparin, endo-
thelial cell damage is less severe. Heparin was used as traditional anticoagulants, has been reported to interact with many biologically
related proteins in recent years, leading to the discovery of many additional anti-viral, anti-tumor, anti-inflammatory, and anti-angiogenesis
activities.'® Heparin inhibits the AGEs-RAGE axis mainly through the following three targets: firstly, it has been reported that RAGE can
serve as a receptor for specific sulfated glycosaminoglycans,”” while heparin, as a class of glycosaminoglycans, can competitively bind
to RAGE, thereby inhibiting the interaction between AGEs and RAGE.?* Secondly, multiple literature reports suggest that heparin exerts
its effects through conserved binding domains and interactions with various inflammatory proteins in the extracellular matrix.***' Thirdly, it
has been broadly reported that heparin interacts with HMGB-1 to interface with RAGE associated signaling pathway.*? Heparin interferes
with AGEs-RAGE-NFkB axis through previous various mechanisms, including upregulated LYAR, thereby offering a protective role against
AGEs-induced damage.
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Figure 8. Heparin enhances recovery after AGEs-stimulated endothelial injury

The combination of glucose and proteins in the blood generates AGEs, which bind to RAGE on the membrane of vascular endothelial cells to activate NADPH
and ROS, inducing downstream signaling pathways, such as the Ras-MEK-ERK/JAK-MAPK/PI3K-AKT pathways, to mediate inflammation. AKT activates the
nuclear expression of NF-kB, which exacerbates inflammation and injures vascular endothelial cells. However, heparin antagonizes the AGEs-RAGE
interaction by competitively binding RAGE, and interaction with extracellular matrix proteins or HMGB-1 to block RAGE signaling pathway. Additionally,
heparin promotes the expression of LYAR, ultimately alleviating vascular endothelial injury.

Conclusion

This study demonstrates the protective effects of heparin against AGEs-induced endothelial cell dysfunction. Heparin significantly antago-
nized AGEs-induced decreases in eNOS activity and NO levels, increased cell proliferation, and attenuated cell apoptosis. It interrupts
the cascade initiated by the AGEs-RAGE axis, reducing the expression of downstream inflammatory signaling molecules. Furthermore, alter-
ations in cellular proteins serve as a direct response to AGEs-induced damage and the ameliorative effects of heparin. This encompasses
processes such as DNA binding, RNA modification, protein posttranslational modifications, ribosome assembly and perturbations in key
signaling pathways, such as the NF-«B, PI3K, and MAPK pathways. In particular, heparin modulated the expression of nucleolar growth reg-
ulatory proteins-LYAR in DM state, ultimately governing the recovery of impaired endothelial cells through decrease of RAGE and NF-«B. This
comprehensive elucidation not only deepens our understanding of the pathogenesis underlying microvascular and macrovascular complica-
tions in diabetes but also extends our knowledge of cellular biology and molecular mechanisms under AGEs stimulation. An innovative
concept explored herein involves the subdivision of the complex structure of heparin to selectively eliminate its anticoagulant components
while retaining its anti-inflammatory properties. This strategy could pave the way for developing new therapeutic approaches and drug for-
mulations to combat diabetes and its complications.

Limitations of the study

This study has some limitations. First, because heparin has a complex structure, it is essential to subdivide the complex structure of heparin to
further investigate the role of each component in the protection of diabetic endothelium. Second, an important consideration is that heparin
exerts many of its roles in vivo through its interaction with extracellular matrix, and the extracellular matrix component was not involved in this
study, inclusion of the extracellular matrix component in future studies is necessary. In addition, the mechanism by which heparin restores
LYAR expression in diabetes and whether LYAR lowers NF-kB by inhibiting RAGE or reduces RAGE by inhibiting NF-«kB requires further
research to determine the underlying mechanism.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

RAGE antibody Abcam ab216329; RRID:AB_2884897
Donkey anti-rabbit IgG H&L (Alexa Fluor® 488) Abcam ab150073; RRID: AB_2636877
NF-kB antibody CST 8242; RRID: AB_10859369
LYAR antibody Abcam ab233082; RRID: AB_3662637

GAPDH antibody

Proteintech

10494-1-AP; RRID: AB_2263076

Goat anti-rabbit IgG (H + L) Beyotime A0208; RRID: AB_2892644
CD31 ServiceBio GB11063-2; RRID: AB_2922436
Chemicals, peptides, and recombinant proteins

Human serum albumin (HSA) Sigma A3782

PBS Solarbio P1020
Glucose Sigma 158968
Sodium azide Sigma $8032
Heparin BBI Life Sciences Biochemical grade, 6-20 kD
BCA kit Solarbio PC0020
Enhanced CCK8 kit Spark Jade CT0001-A
Annexin V-FITC/PI apoptosis kit Multi Sciences AP101-100-Kit
NO concentration assay kit Beyotime S0021s

eNOS activity assay kit Beyotime S0025

RPMI 1640 Gibco 11875093
FBS ExCell Bio FSP500

EDTA trypsin digestion solution Solarbio T1300
Penicillin-streptomycin mixture Solarbio P1400
FITC-BSA Solarbio SF063

4% paraformaldehyde solution Biosharp BL539A
Triton X-100 Solarbio T8200

Bovine serum albumin Solarbio A8020

DAPI Solarbio C0065

SDC (Sodium deoxycholate) Sigma D6750-10G
Urea Sigma U5128-100G
ECL chemiluminescence kit EASEN 36208Y

TRIzol reagent Ambion 340312
PrimeScript™ RT reagent Kit with gDNA Eraser TaKaRa RRO47A

TB Green® Premix Ex Tag™ |l TaKaRa RR820A

DTT (Dithiothreitol) Sigma D9779

IAA (lodoacetamide) Sigma 11149

TCA (Trichloroacetic acid) Sigma T0699

Trypsin Gold, Mass Spectrometry Grade Promega V5280
Streptozotocin Sigma V900890
Acetonitrile (Mass spectrometry grade) Thermo Scientific A955-4
Formic acid (Mass spectrometry grade) Thermo Scientific A1170-50
H>O (Mass spectrometry grade) Thermo Scientific Wé-4
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

RAGE primer: OBIO N/A
For: 5-AGTGTGGCTCGTGTCCTTCC-3,

Rev: 5TCTCCTTTCCATTCCTGTTCATTGC-3'

GAPDH primer: OBIO N/A
For: 5-ACCCACTCCTCCACCTTTGAC-3/,

REV: 5-TCCACCACCCTGTTGCTGTAG-3".

siRNA LYAR: OBIO N/A
For: GGAUGAAGAACAGUUUAAATT;

Rev: UWUAAACUGUUCUUCAUCCTT.

Deposited data
Raw and analyzed data This paper IProX: IPX0009808000

Experimental models: Organisms/strains

Mouse: C57BL/6J Pengyue Co., Ltd. SCXK20190003

Experimental models: Cell lines

HUVECs ATCC CRL-1730

Software and algorithms

Prism 9.0 GraphPad Software N/A

Proteome Discoverer Thermo Scientific Version 1.4

Sanger box platform Hangzhou Mugu Technology Co., Ltd http://sangerbox.com/
Cytoscape https://cytoscape.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cells

HUVECs (ATCC, passage number, p+10) were cultured in roswell park memorial institute (RPMI) medium 1640 (Gibco) supplemented with
10% fetal bovine serum (FBS) (ExCell Bio) and 1% penicillin-streptomycin mixture (Solarbio). Cells were professionally certified and tested
for mycoplasma contamination.

Mice

Male C57BL/6J mice (Pengyue Laboratory, Jinan, China) were used to establish the diabetic mouse model. Streptozotocin (Sigma) 50 mg/kg
was injected for five consecutive days. One week later, blood glucose >11.1 mmol/L was used as the standard to determine whether the
model was established. All the procedures performed in this study were approved by the Animal Ethics Committee of Shandong Second
Medical University (2022SDL095). All procedures were performed with relevant guidelines and laws.

METHOD DETAILS

AGEs preparation and analysis

To prepare AGEs, 1 g of human serum albumin (HSA, Sigma) was dissolved in PBS containing 0.5 M glucose (Sigma) and 0.05% sodium azide,
resulting in a final concentration of 50 mg/mL. Then, the mixture was incubated at 37°C for 90 days to enable glycation. After the reaction,
fluorescence characteristics of HSA were detected using a fluorescence chromatography system with an excitation wavelength Aex = 355 nm
and an emission wavelength Aem = 460 nm over a period of 0-13 weeks.

Protein desalting was performed by 30 kDa centrifugal filters. The protein concentration was determined with BCA kit (PC0020, Solarbio).
Next, 10 mg aliquots were lyophilized and then reconstituted in water at the final concentration of 1 ug/uL. The proteins were separated using
an HPLC Cyg pre-column (1 mm X 8 mm, 5.0 pL) and subjected to direct analysis by Q Exactive Plus mass spectrometer (Thermo Scientific). MS
data were processed using MagTran software to calculate the molecular weights of the proteins.

Measurement of cell viability in response to AGEs stimulation

Cells were detached using a EDTA trypsin digestion solution (Solarbio) at the density of 80%-90%. The AGEs at the concentration of 0, 50, 200,
400 and 800 ng/mL were prepared in RPMI medium 1640 with 2.5% FBS and 1% penicillin-streptomycin mixture. Subsequently, 5000 cells per
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well were inoculated in 96-well plates and cultured in a CO, incubator (Thermo Scientific) for 24 h. 10 pL of CCK8 (Spark Jade) was then added
to each well for an additional 2 h. Cell viability was determined by measuring the optical density value at 450 nm using a Multiskan FC enzyme
standard instrument (Thermo Scientific).

Cell biological and biochemical assays
HUVECs were divided into CT group, 800 ung/mL AGEs group and 200 png/mL heparin (BBI Life Sciences Corporation, Biochemical grade, 6-20
kD) + 800 pg/mL AGEs group. NO concentration and eNOS activity were measured with corresponding assay kits (Beyotime). Cells were
cultured in 10 cm dishes (Servicebio) for 24 h, and subsequently digested with EDTA trypsin. The number of cells was counted by countstar
instrument. Annexin V-FITC/PI apoptosis kit (Multi Sciences) and DxFLEX flow cytometry (Beckman Coulter) were utilized for apoptosis
detection.

For endothelial cell permeability, 2% 10° cells were seeded into 12-well plate and treated for 24 h under the corresponding conditions.
Then the 100 pg/mL FITC-BSA was incubated with cells for 1h and detected by laser confocal scanning microscopy.

Immunofluorescence

To visualize the expression pattern of RAGE, cells were cultured on slides and subjected to AGEs and heparin stimulation for 24 h. The slides
were prepared by cleaning with 75% ethanol and PBS, followed by incubation with 80,000 cells. After stimulation, cells were fixed with a 4%
paraformaldehyde solution (Biosharp) for 10 min. Subsequently, cells were permeabilized with 0.025% Triton X-100 (Solarbio) for 5 min and
blocked with 5% bovine serum albumin (Solarbio) for an additional 30 min. Next, cells were incubated overnight with RAGE antibody (1:500;
Abcam Cat# ab216329, RRID: AB_2884897) and subsequently with donkey anti-rabbit IgG H&L (Alexa Fluor 488) (1:500; Abcam Cat#
ab150073, RRID: AB_2636877) for 1 h at room temperature. Expression patterns of RAGE were captured using a scanning electron microscope
(Zeiss) after DAPI (4,6-Diamidino-2-phenylindole) incubation for 10 min.

Western blotting

Cells were lysed with SDC (Sodium deoxycholate, Sigma) urea lysis buffer for 10 min and centrifuged at 12000 rom at 4°C for 10 min. The BCA
kit was used to measure the protein concentration in supernatant. Proteins were loaded and separated by electrophoresis on 10%—12% so-
dium dodecyl sulphate-polyacrylamide gel (SDS-PAGE). Then, they were transferred to the polyvinylidene fluoride (PVDF) membrane, block
with 5% skimmed milk powder for 1 h. Primary antibodies RAGE (Abcam Cat# ab216329, RRID: AB_2884897), NF-kB (#8242, CST), LYAR (Cell
growth-regulating nucleolar protein, ab233082, Abcam) and GAPDH (Proteintech Cat# 10494-1-AP, RRID: AB_2263076) were incubated over-
night at 4°C. They were also incubated with horseradish peroxidase conjugated goat anti-rabbit IgG (H + L) (Beyotime Cat# A0208, RRID:
AB_2892644) for 1.5 h. Finally, the ECL chemiluminescence kit (36208Y, EASEN) was used for exposure.

Reverse transcription polymerase chain reaction analysis

Total RNA was extracted from the cells using TRIzol reagent (Ambion) and reverse transcribed with the PrimeScript RT reagent Kit with gDNA
Eraser (RRO47A, TaKaRa). Amplification was performed using TB Green Premix Ex Taqg Il (RR820A, TaKaRa), and quantitative polymerase chain
reaction (qQPCR) analysis was conducted. Cycle threshold (Ct) and 27AACt \vere calculated to determine gene expression levels. The RAGE
forward primer was 5-AGTGTGGCTCGTGTCCTTCC-3, and the reverse primer was 5-TCTCCTTTCCATTCCTGTTCATTGC-3". For
GAPDH, the forward primer was 5-ACCCACTCCTCCACCTTTGAC-3, and the reverse primer was 5-TCCACCACCCTGTTGCTGTAG-3'.
Relative RAGE gene expression levels were normalized to GAPDH expression.

LC-MS/MS analysis
Cells were lysed by SDC-urea buffer and sonicated at 250 W for 1 min (3 s on, 7 s off). Protein concentration was determined after centrifu-
gation. 100 pg proteins were reduced by 20 mM DTT (Dithiothreitol, Sigma) at 56°C for 30 min, and alkylated with a 40 mM IAA (lodoaceta-
mide, Sigma) solution at room temperature in the dark for 30 min. The proteins were precipitated by 10% TCA (Trichloroacetic acid, Sigma)
and incubated at —20°C for 2 h. Samples were thawed, centrifuged, and the supernatant was discarded. Cold acetone (0.5 mL) was added,
followed by another centrifugation and drying using a vacuum concentrator (Jiaimu). Proteins were digested with Trypsin Gold (Mass Spec-
trometry Grade, Promega 1:25, w/w) and incubated at 37°C overnight.

nanoLC-MS/MS analysis was performed on the Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific). Solvent A was 0.1% formic
acid (FA) in water, and Solvent B was 0.1% FA in 80% acetonitrile (ACN). Peptides were re-dissolved and loaded onto the Cyg trap column
(Thermo Scientific Acclaim PepMap, 75 pm x 20 mm, 3 um, 100 A) and separated by the Cyg analytical column (Thermo Scientific Acclaim
PepMap RSLC, 75 pm X 25 cm, 2 um, 100 A). The gradient was set as follows: 0-54 min, 5%-35% B; 54-59 min, 35%-50% B; 59-67 min,
50%-95% B; 67-75 min, 95% B with a flow rate of 300 nL/min. Mass spectrometry operated in the positive ion mode with specific parameters.

Cell transfection experiments

Small interfering RNA (siRNA) oligonucleotides and untargeted interfering control siRNA for human LYAR (For: GGAUGAA
GAACAGUUUAAATT; Rev: UUUAAACUGUUCUUCAUCCTT) were purchased from OBIO (Shanghai, China). HUVECs were seeded in
10 cm dish and transfected with 100 nM siRNA-LYAR using Lipofectamine 3000 (Invitrogen) in Opti-MEM (Thermo Scientific), as described
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in the manufacturer’s protocol (siRNA negative control was added to other groups). After 24 h, the fresh cell culture medium was replaced and
cultured for another 24 h under different simulations.

Animals experimental

Eight-week-old male C57BL/6J mice were adaptive feeding with normal diet for one week, the mice were randomly divided into control (CT)
group, DM group and heparin group, with 10 mice in each group. Streptozotocin (Sigma) 50 mg/kg was injected for five consecutive days in
DM and heparin groups. One week later, blood glucose > 11.1 mmol/L was used as the standard to determine whether the model was es-
tablished. In consideration of the weight of diabetic mice (23.2 + 1.8 g), 50 IU heparin (dissolved in saline) was injected subcutaneously daily in
heparin group,”® and those in the DM and CT groups were injected with normal saline as control. The dosage of heparin was approximately 12
times higher than the human equivalent dose per unit body weight.** After 35 days of continuous injection, mice were anesthetized with so-
dium pentobarbital and the mid-thoracic aorta was harvested.

Histopathological and immunohistochemical analysis

Vascular specimens were immediately fixed in 4% paraformaldehyde after sampling, embedded in paraffin, and sectioned at 5 um thickness.
Histopathological analysis was performed using hematoxylin-eosin (H&E), masson and sirius red staining. In immunohistochemical (IHC) anal-
ysis, CD31 (ServiceBio Cat# GB11063-2, RRID: AB_2922436), LYAR and NF-kB were used as primary antibodies, respectively, combined with
homologous secondary antibodies. The cells were stained with 3,3'-diaminobenzidine (DAB) and the nuclei were counterstained with hema-
toxylin. Photographs were obtained using motic digital pathology solution (Motic).

QUANTIFICATION AND STATISTICAL ANALYSIS

At least 3 experimental data were used for statistical evaluation in each group. Data were analyzed using GraphPad Prism, ordinary one-way
ANOVA (multiple comparisons) was used for group comparisons. p < 0.05 was considered to indicate statistical significance. Proteome
Discoverer software (Thermo Fisher Scientific, Version 1.4) was used for peptide search and ratio calculation from raw data. Significantly
changed peptides had a fold change cutoff of 1.3, adjusted g-value < 0.05, and FDR < 0.01. Bioinformatics analyses, including volcano plots,
Venn diagrams, and gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) function enrichment of differential proteins,
were conducted using the Sanger box platform. Protein interaction networks were analyzed using the String website, and proteins with a high
confidence score (0.7) were selected for functional interpretation through Cytoscape visualization.
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