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Purpose: This study aims to investigate the role of the Rho-associated kinase (ROCK)-1 pathway, with the involvement of heparanase 
(HPA)-1, in histone-induced disruption of the endothelial glycocalyx and the protective effects of unfractionated heparin (UFH).
Methods: Human pulmonary microvascular endothelial cells (HPMECs) were cultured in vitro and divided into 4 groups: control 
group, histone group, histone+UFH group, and histone+ROCK inhibitor (Y27632) group. The control group was treated with 
phosphate buffer solution (PBS). Histone group was treated with histone 50μg/mL for 1 hour. UFH 10 IU/mL and Y27632 10 uM 
were added 30 min before exposure to histones.
Results: UFH attenuated histone-induced permeability changes of HPMECs. UFH reduced histone-induced syndecan-1 shedding and 
the depolymerization of Ace-tubulin and β-tubulin. UFH inhibited histone-induced decrease in syndecan-1 and Ace-tubulin. UFH 
inhibited histone-induced expression, re-distribution and secretion of HPA-1. UFH reduced histone-induced expression of ROCK-1 
and phosphorylated myosin light-chain (p-MLC) in HPMECs.
Conclusion: UFH protects the glycocalyx and endothelial barrier while inhibiting histone induced HPA expression, perinuclear 
distribution, and secretion, with the involvement of the ROCK pathway.
Keywords: histone, unfractionated heparin, glycocalyx, heparanase, Rho-associated kinase

Introduction
Sepsis is life-threatening organ dysfunction due to a dysregulated host response to infection and is an important global health 
problem.1 There are approximately 50 million cases of sepsis per year, resulting in 11 million deaths worldwide and 
accounting for 20% of total mortality.2 The pathophysiology of sepsis involves the systemic inflammatory cascade and 
coagulation activation, which leads to tissue hypoxia, multiple organ dysfunction syndrome (MODS), and even death. 
Therefore, it is essential to explore the underlying pathophysiological pathways and possible therapeutic strategies for sepsis.

Under normal conditions, histones bind stably with DNA.3 However, under pathological conditions, histones are 
released from tissue cells through NETosis, apoptosis, and necrosis, which mediate inflammatory reactions, coagulation 
activation, and organ damage.4–6 Moreover, extracellular histones serve as biomarkers for the progression of sepsis and 
other inflammatory diseases.7 Our previous research demonstrated that histones mediate glycocalyx disruption, coagula
tion activation, and acute lung injury in mice.6,8

The vascular endothelial glycocalyx layer (EGL) is the first barrier separating blood from tissues and organs and plays 
an important role in maintaining cell permeability, inflammatory response, and coagulation function.9,10 The EGL is 
mainly composed of proteoglycans (PG), glycoproteins and glycosaminoglycans (GAG). Syndecan is a type of proteo
glycan, which consists of four syndecan subtypes. Syndecan-2 and -3 exert complex antagonistic effects (both anti- and 
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pro-inflammation), though their mechanisms remain unclear. Syndecan-4 is upregulated by inflammatory mediators and 
exerts beneficial pro-inflammatory effects.11–13 Syndecan-1 expression is downregulated by various inflammatory 
mediators Interleukin (IL)-1β, IL-6, Lipopolysaccharide (LPS), histones,14,15 although upregulation by Transforming 
Growth Factor-β1 (TGF-β1) and Tumor Necrosis Factor-α (TNF-α) has also been reported.16 Importantly, shed syndecan- 
1 fragments have dual effects: they can reduce inflammation (possibly via electrostatic neutralization or indirect 
signaling) or promote inflammation through Toll-like Receptor 4/ Nuclear Factor-κB (TLR4/NF-κB) activation.17–19 

Thus, glycocalyx shedding serves both as a marker of endothelial injury and as a regulatory mechanism, underscoring the 
complexity of glycocalyx homeostasis in sepsis. Circulating syndecan-1 levels predict endothelial injury,20 and septic 
patients display elevated circulating syndecan-1 levels.21

Heparanase (HPA) can specifically degrade endothelial heparan sulfate (HS) chains attached to the glycocalyx.22 

Increased expression of HPA in sepsis results in HS degradation and disruption of the glycocalyx, leading to capillary 
leakage.23 Furthermore, it has been demonstrated that cellular kinetic regulation plays an important role in inducing HPA 
secretion under high glucose conditions.24 Similarly, LPS can mediate the small GTP-binding protein (RhoA)/Rho- 
associated kinase (ROCK) pathway and induce phosphorylation of myosin phosphatase target subunit-1 (MYPT-1), 
leading to cytoskeleton disruption and increased vascular permeability.25 Our previous studies have also shown that 
histones can disrupt the endothelial glycocalyx through the HPA pathway and aggravate endothelial permeability, thereby 
exacerbating inflammation and edema in mouse lung tissues.8 However, it remains unclear whether the cytoskeleton is 
involved in histone-induced HPA secretion and glycocalyx destruction.

Heparin, as a commonly used anticoagulant in the clinic,26 has gradually become the focus of research regarding its 
non-anticoagulant protective effects.27,28 In recent years, low-dose unfractionated heparin (UFH) has been found to 
possess important anti-inflammatory and anti-apoptotic effects.29,30 For instance, Fu et al8 demonstrated that UFH 
attenuated histone-induced glycocalyx injury and protected the vascular endothelium by inhibiting HPA. However, the 
exact mechanism remains unclear. Therefore, in this study, we aimed to investigate the mechanism by which histones 
induce glycocalyx damage via the ROCK pathway, with the involvement of HPA, as well as the protective effects of 
UFH in this process.

Method
Reagents
Human pulmonary microvascular endothelial cell (HPMEC) was obtained from Tongpai Biotechnology Co., Ltd 
(Shanghai, China). Histone (H9250) was from Sigma-Aldrich (St. Louis, MO, USA). Y-27632 (HY-10071) was from 
MedChem Express (Monmouth Junction, NJ, USA). UFH (H32022088) was obtained from Changzhou Qianhong 
Biopharma Co., Ltd. (Changzhou, China). Heparanase1 antibody (polyclonal rabbit anti-human, GTX32650) was from 
GeneTex (Texas, USA). Acetylated-α-tubulin antibody (monoclonal mouse anti-human, ab24610) was obtained from 
Abcam (Cambridge, MA, USA). β-tubulin antibody (monoclonal rabbit anti-human, CST 2128), p-MLC (monoclonal 
rabbit anti-human, CST 3674), and ROCK1 (monoclonal rabbit anti-human, CST 4035) antibodies were purchased from 
Cell Signaling Technology (CST, Boston, USA). GAPDH antibody (monoclonal rabbit anti-human, 10494-1-AP) was 
from Proteintech (Hubei, China). CD138/Syndecan-1 (rabbit pAb, A1235) was from Abclonal Biotechnology Co., Ltd. 
(Hubei, China). Anti-Syndecan-1/CD138 (polyclonal rabbit anti-human, GB115052), HRP-conjugated goat anti-rabbit 
IgG (H+L, GB23303), HRP-conjugated goat anti-mouse IgG (H+L, GB23301), goat anti-rabbit IgG Alexa488 
(GB25303), goat anti-mouse IgG Alexa488 (GB25301), bovine serum albumin (BSA, GC305010) and Prestained 
Protein Marker II (10–200 kDa, G2058) were obtained from Servicebio Biotechnology Co., Ltd. (Hubei, China). 
Enzyme-linked immunosorbent assay (ELISA) kit for HPA (ML817310) was purchased from Shanghai Enzyme-linked 
Biotechnology Co., Ltd. (Shanghai, China). Enhanced BCA Protein Assay Kit (P0010) and FITC-labeled Dextran (MW 
40,000, ST2940) were from Shanghai Beyotime Biotechnology Co., Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s 
medium (DMEM, high glucose, PM150210) was obtained from Procell Biotechnology Co., Ltd. (Hubei, China). 
Enhanced chemiluminescence Plus kit (ECL, 180–501) was from Tanon Life Science Co., Ltd. (Shanghai, China).
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Cell Culture and Treatments
HPMECs were incubated in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin solution. The cells were grown at 37°C in a 5% CO2 atmosphere. The medium was 
replaced every 1–2 days. After 2 hours of serum-free culture (HPMECs were grown in DMEM without FBS), the cells 
were treated with histone alone (50 μg/mL) for 1 hour. UFH (10 IU/mL) and Y27632 (10 μM) were added to cells 30 min 
prior to histone stimulation. The control cells received an equal volume of phosphate-buffered saline (PBS). The doses 
and time points of histone, UFH and Y27632 were selected based on previous studies and preliminary 
experiments.25,31–34

Measurement of Endothelial Permeability
After adding 100 μL of complete culture medium to the upper chamber and 600 μL to the lower chamber, the transwell inserts 
(6.5 mm diameter for 24-well plate, 0.4 μm pore size, polycarbonate membrane, without additional matrix coating) were 
placed in the incubator for 30 minutes to allow stabilization of the culture environment. HPMECs (1–5 × 105 cells/well) were 
then seeded into the upper chamber and cultured under static conditions in the incubator for at least 6 hours to allow initial cell 
attachment. The medium was changed daily, and cells were cultured for 5 days until reaching 90–100% confluence. The 
medium was replaced with serum-free medium for 2 h before administration. FITC-dextran (40 kDa) at a concentration of 
1 mg/mL was added into the upper chamber for 1 h. Then the medium in the bottom transwell chamber was collected and 
transferred to a 96-well black plate. The FITC fluorescence intensity was measured using a fluorescence plate reader (Thermo 
Fisher, USA) at an excitation wavelength of 492 nm and emission wavelength of 520 nm.

Immunofluorescence
HPMECs were cultured on coverslips. HPMECs of passage 5 were utilized upon reaching 60–70% confluence. All cells 
were fixed with 4% paraformaldehyde or ice-cold methanol. For Ace-tubulin, β-tubulin and HPA, cells were permeabi
lized with 0.5% Triton X-100. The cells were blocked with 5% bovine serum albumin (BSA) and incubated with primary 
antibodies at 4°C overnight. Antibody dilution ratios were as follows: rabbit anti-β-tubulin (1:100), rabbit anti-HPA 
(1:250), rabbit anti-syndecan-1 (1:100), mouse anti-acetylated-α-tubulin (1:400). Then the cells were treated with 
secondary antibodies respectively: goat anti-rabbit IgG Alexa488 (1:200), goat anti-mouse IgG Alexa488 (1:200). 
Microscopy was used for image acquisition (ECHO Revolve, California, USA). The fluorescence intensity of Ace- 
tubulin, β-tubulin, HPA and syndecan-1 was quantitatively analyzed by ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

Western Blot
HPMECs of passage 5 were utilized upon reaching 80–90% confluence. The cell protein was extracted using a mixture of 
RIPA + protease inhibitor cocktail (2:100, Beyotime Biotechnology) + phosphatase inhibitor cocktail (4:100, Beyotime 
Biotechnology) + EDTA (1:100, Beyotime Biotechnology). The concentration of protein extracts was measured by BCA 
assay kit. Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
electrotransferred to polyvinylidene fluoride (PVDF) membranes, blocked by quick blocking buffer (Beyotime 
Biotechnology), and treated with primary antibodies at 4°C overnight. Antibody dilution ratios were as follows: rabbit 
anti-CD138/Syndecan-1 (1:1000), mouse anti-acetylated-α-tubulin (1:1000), rabbit anti-HPA-1 (1:500), rabbit anti- 
ROCK1 (1:500), rabbit anti-p-MLC (1:1000), rabbit anti-GAPDH (1:10,000). Then the membranes were incubated 
with HRP-conjugated goat anti-rabbit IgG or HRP-conjugated goat anti-mouse IgG. GAPDH was used as a loading 
control. The protein bands were visualized with an enhanced chemiluminescence Plus kit (ECL) using a Tanon Gel 
imaging system. ImageJ software (NIH) was used to quantify the intensity values of the bands. The relative content of 
target protein was calculated by the ratio of target protein band density to GAPDH band density. Each experiment was 
repeated three times.

Journal of Inflammation Research 2026:19                                                                                          https://doi.org/10.2147/JIR.S573499                                                                                                                                                                                                                                                                                                                                                                                                       3

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Enzyme-Linked Immunosorbent Assay
HPMECs of passage 5 were utilized upon reaching 80–90% confluence. The cell culture medium was collected and 
centrifuged at 1000g at 4 °C for 20 min, and the supernatants were collected. Then, the protein secretion levels of HPA in 
the culture medium of HPMECs were quantified. The process was implemented according to the manufacturer’s 
protocols and repeated three times.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism v8. All values were expressed as mean ± standard 
deviation (mean ± SD). Multiple group comparisons were performed by one-way analysis of variance (ANOVA) and 
Tukey’s post hoc test. P < 0.05 indicated a statistical significance.

Results
UFH Alleviated Histone-Induced Hyperpermeability of HPMECs
The permeability of HPMEC monolayers cultured on Transwell chambers was measured by FITC-dextran penetration 
across cells. Histone increased endothelial cell permeability (5.41±0.14 μg/mL vs 10.77±0.22 μg/mL, P < 0.05), whereas 
pretreatment with Y27632 (10 μM) for 30 min alleviated the histone-induced hyperpermeability in HPMECs (7.70 
±0.20 μg/mL vs 10.77±0.22 μg/mL, P < 0.05). Pretreatment with UFH (10 IU/mL) for 30 min reduced the histone- 
induced permeability changes in HPMECs (6.49±0.28 μg/mL vs 10.77±0.22 μg/mL, P < 0.05) (Figure 1).

UFH Ameliorated Histone-Induced Glycocalyx Shedding and Microtubule Disassembly
Syndecan-1 is the main component of the glycocalyx. Syndecan-1 is degraded from the cell surface into the bloodstream 
during endothelial injury. As shown in Figure 2A and B, immunofluorescence staining of syndecan-1 showed that the 
expression of syndecan-1 in endothelial cells decreased significantly in the histone group compared with that in normal 
cells, whereas Y27632 or UFH restored histone-induced syndecan-1 shedding. Furthermore, we detected syndecan-1 

Figure 1 The FITC-dextran penetration method was used to determine the protective effect of UFH or Y27632 on histone-induced increase in permeability of HPMECs. 
Mean ± SD. n = 3. ***P < 0.001, compared with control group; ###P < 0.001, compared with histone group.
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levels by quantitative Western blotting. As shown in Figure 2C and D, Y27632 or UFH pretreatment inhibited the 
histone-induced decrease in syndecan-1 levels.

Microtubules, composed of α-tubulin and β-tubulin, play an essential role in maintaining cell structure and regulating 
endothelial barrier function. Immunofluorescence staining of β-tubulin (Figure 3A and B) showed that microtubules were 
stained green and uniformly distributed in normal cells. Compared with the control group, the expression of β-tubulin in 
HPMECs was significantly reduced after stimulation with histone, especially that close to the cell membrane. These 
findings suggest that histone induced microtubule disassembly, whereas pretreatment with UFH or Y27632 attenuated the 
depolymerization of microtubules in HPMECs.

Figure 2 Effect of UFH or Y27632 pretreatment on histone-induced syndecan-1 shedding in HPMECs. (A) Syndecan-1 was examined by immunofluorescence staining with 
Alexa Fluor® 488. (B) The mean fluorescence intensity of syndecan-1 in each group (400×). Scale bar = 50 μm. Mean ± SD. n = 3. (C) Western blot analysis was used to 
evaluate the levels of syndecan-1. (D) The relative protein expression of syndecan-1 in each group. Mean ± SD. n = 3. ***P < 0.001, compared with control group; #P < 0.05, 
compared with histone group; ###P < 0.001, compared with histone group.
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Acetylated tubulin is the stable form of microtubules. Similar changes were observed in immunofluorescence staining 
of acetylated tubulin. As shown in Figure 4A and B, the acetylated microtubule structures in the control group were 
stained green and uniformly distributed in cells. Compared with normal cells, histone stimulation caused a decrease in the 
level of tubulin acetylation, especially in regions close to the cell membrane periphery. UFH and Y27632 pretreatment 
inhibited the histone-induced reduction in acetylated tubulin expression. Furthermore, acetylated tubulin levels were 
detected by quantitative Western blotting. As shown in Figure 4C and D, Y27632 or UFH pretreatment inhibited the 
histone-induced decrease in acetylated tubulin levels.

These findings suggest that UFH protects against histone-induced hyperpermeability of HPMECs by attenuating 
glycocalyx shedding and microtubule disassembly.

Effects of UFH on Histone-Induced HPA-1 Expression, Distribution and Secretion
HPA can destroy the structure of the glycocalyx by cleaving HS chains. Immunofluorescence was used to detect the 
translocation of HPA-1. As shown in Figure 5A and B, in the resting state, HPA-1 was distributed close to the nucleus. 
Histone stimulation resulted in enhanced expression of HPA-1 and its translocation from the perinuclear region to the 
membrane of HPMECs. The levels of HPA-1 expression and translocation were decreased in UFH- and Y27632- 
pretreated cells.

Furthermore, ELISA was applied to measure HPA-1 levels in the culture supernatants of HPMECs (Figure 5C). 
Compared with the control group, histone stimulation increased the level of HPA-1 in the supernatant (19.42±2.03 ng/mL 
vs 46.97±1.28 ng/mL, P < 0.05). Combined with the immunofluorescence results, these findings suggest that histone 
stimulation leads to increased production and membrane-oriented translocation of HPA-1, which in turn result in sub
sequent enhanced secretion. Y27632 pretreatment reduced the above changes in HPA-1 secretion from endothelial cells 

Figure 3 Effect of UFH or Y27632 pretreatment on histone-induced microtubule disassembly in HPMECs. (A) β-tubulin was examined by immunofluorescence staining with 
Alexa Fluor® 488. (B) The mean fluorescence intensity of β-tubulin in each group (400×). Scale bar = 50 μm. Mean ± SD. n = 3. ***P < 0.001, compared with control group; 
##P < 0.01, compared with histone group; ###P < 0.001, compared with histone group.
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(36.37±1.53 ng/mL vs 46.97±1.28 ng/mL, P < 0.05). UFH pretreatment also decreased the histone-induced increase in 
HPA-1 levels in HPMECs (35.03±3.39 ng/mL vs 46.97±1.28 ng/mL, P < 0.05).

Western blotting was also performed to detect HPA-1 protein expression in HPMECs of each group (Figure 5D and E). 
Compared with vehicle-treated cells, HPA-1 expression increased after one hour of exposure to histone, whereas UFH and 
Y27632 inhibited histone-induced HPA-1 expression. This was consistent with the immunofluorescence results.

Figure 4 Effect of UFH or Y27632 pretreatment on histone-induced microtubule instability in HPMECs. (A) Ace-tubulin was examined by immunofluorescence staining with 
Alexa Fluor® 488. (B) The mean fluorescence intensity of ace-tubulin in each group (400×). Scale bar = 50 μm. Mean ± SD. n = 3. (C) Western blot analysis was used to 
evaluate the levels of Ace-tubulin. (D) The relative protein expression of Ace-tubulin in each group. Mean ± SD. n = 3. ***P < 0.001, compared with control group; #P < 0.05, 
compared with histone group; ##P < 0.01, compared with histone group; ###P < 0.001, compared with histone group.
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UFH Alleviates Histone-Induced Endothelial Barrier Dysfunction and Suppresses 
HPA-1 Through ROCK Signaling
To further investigate the role of histone in ROCK activation and regulation of cellular dynamics, Western blot was 
applied to detect the expression of ROCK-1 and p-MLC in HPMECs. The results suggested that ROCK-1 and p-MLC 

Figure 5 Effects of UFH or Y27632 pretreatment on histone-induced increased expression, translocation and secretion of HPA-1 in HPMECs. (A) HPA-1 was examined by 
immunofluorescence staining with Alexa Fluor® 488. (B) The mean fluorescence intensity of HPA-1 in each group (400×). Scale bar = 50 μm. (C) The protein levels of HPA- 
1 in the culture supernatants of HPMECs were examined by ELISA. (D) Western blot analysis was used to evaluate the protein levels of HPA-1 in HPMECs. (E) The relative 
protein expression of HPA-1 in HPMECs in each group. Mean ± SD. n = 3. ***P < 0.001, compared with control group; #P < 0.05, compared with histone group; ##P < 0.01, 
compared with histone group; ###P < 0.001, compared with histone group.
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expression were enhanced after histone stimulation (Figure 6A–C). ROCK inhibitor pretreatment reduced histone- 
induced MLC phosphorylation. UFH pretreatment decreased histone-induced ROCK-1 expression and MLC phosphor
ylation in HPMECs. These results suggested that UFH alleviated the effects of histone on the cellular dynamics of 
HPMECs through the ROCK pathway.

Taken together, these results indicate that UFH attenuates histone-induced glycocalyx shedding and endothelial 
barrier dysfunction, accompanied by the suppression of histone-induced HPA-1 expression, perinuclear-to-membrane 
translocation, and secretion, with the involvement of the ROCK pathway.

Discussion
In this study, we showed that histones might induce glycocalyx shedding and endothelial barrier dysfunction via the 
ROCK pathway, with associated HPA upregulation. Furthermore, UFH might protect the glycocalyx by inhibiting ROCK 
signaling and HPA expression. To our knowledge, this is the first study to suggest that the ROCK pathway mediates 
histone-induced glycocalyx degradation, which is associated with HPA upregulation.

Sepsis is a life-threatening clinical syndrome characterized by activation of systemic inflammatory cascade, and 
potential progression to MODS or death.35 Previous studies have shown that elevated circulating glycocalyx degradation 
products correlate with inflammatory mediators, organ damage, and disease severity in septic shock, suggesting the 
glycocalyx as a molecular target in sepsis.36 Recent findings in bacterial and viral sepsis further link glycocalyx integrity 

Figure 6 Effects of UFH or Y27632 pretreatment on histone-induced increased expression of ROCK-1 and p-MLC in HPMECs. (A) Western blot analysis was used to 
evaluate the levels of ROCK-1 and p-MLC. (B) The relative protein expression of ROCK-1 in each group. (C) The relative protein expression of p-MLC in each group. Mean 
± SD. n = 3. **P < 0.01, compared with control group; ***P < 0.001, compared with control group; #P < 0.05, compared with histone group; ##P < 0.01, compared with 
histone group; ###P < 0.001, compared with histone group.
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to systemic inflammatory response severity, underscoring its diagnostic and therapeutic importance.37 Protecting the 
endothelial barrier is therefore crucial in sepsis.

Histones are important mediators in sepsis pathogenesis.38 They activate multiple signaling pathways, promote 
inflammation and coagulation/fibrinolysis imbalance, and cause endothelial damage,39 including toxicity to intestinal 
microvascular endothelium40 and disruption of the endothelial glycocalyx, which can lead to pulmonary edema.8 In the 
present in vitro study, we confirmed that histones caused destabilization and disruption of microtubules, disrupted the 
glycocalyx, and impaired endothelial barrier function, consistent with our previous in vivo findings.8

HPA degrades heparan sulfate side chains of the glycocalyx41 and is highly expressed in sepsis, tumors, and 
diabetes.42,43 Our previous work demonstrated that histones upregulate HPA mRNA and protein, leading to glycocalyx 
disruption in mouse pulmonary endothelium.8 However, how histones regulate HPA function remains unclear. Here we 
found that histones increased HPA protein expression in HPMECs, and immunofluorescence revealed that histones 
induce HPA translocation from the nucleus to the cell membrane. Moreover, ELISA showed elevated HPA levels in the 
culture supernatant of histone-treated HPMECs, indicating that histones promote HPA expression, translocation, and 
release, thereby damaging the glycocalyx. Wang et al reported that high glucose alters cell dynamics and promotes stress 
fiber reorganization, facilitating HPA translocation from the nucleus to the cell membrane.24 Whether cell dynamics 
regulate HPA in sepsis, particularly under histone stimulation, has not been reported. Therefore, we used a ROCK 
inhibitor to explore this pathway.

The RhoA/ROCK pathway promotes MLC phosphorylation, myosin remodeling, and stress fiber generation, altering 
cell dynamics.44 Microtubules, composed of α- and β-tubulin, depolymerize under pathological conditions, leading to 
cytoskeleton disruption.45 Microtubule depolymerization releases GEF-H1, which activates Rho/ROCK and cross-talks 
with actin, causing cell contraction and increased permeability.46 Various stimuli such as LPS and HMGB1 activate Rho/ 
ROCK and downstream p-MLC, inducing myosin stress fiber formation, microtubule disruption, and increased endothe
lial permeability.25,33 These studies indicate that RhoA/ROCK is involved in regulating endothelial barrier function. In 
this study, histones induced cytoskeleton destruction via the ROCK pathway and increased HPMEC permeability. Of 
note, syndecan-1 participates in acute mechanosensing in endothelial cells in response to shear stress, as its deficiency 
impairs Protein Kinase B (Akt) and RhoA activation.47 Moreover, syndecan-1 has been reported to ameliorate acute lung 
injury via the RhoA/ROCK pathway.48 These findings support the notion that ROCK serves as a key signaling hub 
linking histones to syndecan-1 regulation.

Actin remodeling into stress fibers can serve as tracks for vesicular transport from the nucleus to the plasma 
membrane,49 and microtubule instability synergistically promotes this polar transport and secretion.50 We found that 
histones disrupted the glycocalyx through the ROCK pathway, but how this process regulates HPA was unclear. Wang 
et al24 linked high glucose-induced cell dynamics changes (stress fiber formation) to HPA secretion, suggesting that cell 
dynamics regulate HPA. Our results showed that histones caused microtubule cytoskeleton destruction, which was 
associated with increased HPA expression, displacement, and release. ROCK inhibition attenuated these changes, 
reduced glycocalyx damage, improved endothelial permeability, and protected the barrier. Taken together, these findings 
provide preliminary evidence suggesting that histones may induce HPA-mediated glycocalyx damage via the ROCK 
pathway in HPMECs.

UFH is widely used clinically as an anticoagulant.51 Its non-anticoagulant effects in sepsis, including inhibition of 
inflammatory responses, have attracted increasing attention.30 We previously found that UFH ameliorates histone- 
induced glycocalyx shedding and pulmonary edema in mice.8 Others reported that UFH reduces LPS-induced ROCK- 
1 expression and protects the lung endothelial barrier.52 Consistently, our present study shows that UFH attenuates 
histone-mediated glycocalyx and microtubule damage and reduces endothelial leakage in HPMECs, thereby protecting 
the endothelial barrier. This protective effect is closely related to the regulation of HPA. Indeed, our previous work 
demonstrated that UFH not only inhibits inflammation and stabilizes coagulation but also protects the glycocalyx by 
inhibiting the histone-mediated HPA pathway.8 Structurally similar to HS, UFH can compete with HPA for binding on 
the cell membrane, thus protecting the HS chain and the glycocalyx.53 In addition to this direct competition, we also 
found that UFH down-regulates histone-mediated HPA mRNA and protein expression in mice, suggesting that UFH also 
regulates HPA through intracellular signaling pathways.8

https://doi.org/10.2147/JIR.S573499                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2026:19 10

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



This study has several limitations. First, UFH pretreatment (aiming to mitigate histone toxicity) does not fully 
replicate the clinical scenario. Second, as an in vitro cell model, it cannot recapitulate the complex multi-factor 
interactions in animals or humans. Third, only a single time point was examined; dynamic changes of the indicators 
were not assessed. Fourth, we used unfractionated total histone preparations (Sigma H9250), a mixture, rather than 
purified individual isotypes. Future studies using recombinant individual histones are needed to identify which isotype(s) 
mediate the observed effects. Nevertheless, since sepsis involves simultaneous release of multiple histone subtypes, the 
mixed preparation retains pathophysiological relevance.

Conclusion
In summary, our study indicates that UFH protects the glycocalyx and endothelial barrier while inhibiting histone- 
induced HPA expression, perinuclear distribution, and secretion, with the involvement of the ROCK pathway. These 
findings may provide a new therapeutic strategy for sepsis.
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