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Endothelial Glycocalyx in the Peripheral Capillaries is 
Injured Under Oxaliplatin-Induced Neuropathy
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Abstract: Oxaliplatin, a platinum-based anticancer drug, is associated with peripheral neuropathy 
(oxaliplatin-induced peripheral neuropathy, OIPN), which can lead to worsening of quality of life and 
treatment interruption. The endothelial glycocalyx, a fragile carbohydrate-rich layer covering the 
luminal surface of endothelial cells, acts as an endothelial gatekeeper and has been suggested to 
protect nerves, astrocytes, and other cells from toxins and substances released from the capillary 
vessels. Mechanisms underlying OIPN and the role of the glycocalyx remain unclear. This study aimed 
to define changes in the three-dimensional ultrastructure of capillary endothelial glycocalyx near 
nerve fibers in the hind paws of mice with OIPN. The mouse model of OPIN revealed disruption of the 
endothelial glycocalyx in the peripheral nerve compartment, accompanied by vascular permeability, 
edema, and damage to the peripheral nerves. To investigate the potential treatment interventions, 
nafamostat mesilate, a glycocalyx protective agent was used in tumor-bearing male mice. 
Nafamostat mesilate suppressed mechanical allodynia associated with neuropathy. It also prevented 
intra-epidermal nerve fiber loss and improved vascular permeability in the peripheral paws. The 
disruption of endothelial glycocalyx in the capillaries that lie within peripheral nerve bundles is a 
novel finding in OPIN. Furthermore, these findings point toward the potential of a new treatment 
strategy targeting endothelial glycocalyx to prevent vascular injury as an effective treatment of 
neuropathy as well as of many other diseases. 
Perspective: OIPN damages the endothelial glycocalyx in the peripheral capillaries, increasing 
vascular permeability. In order to prevent OIPN, this work offers a novel therapy approach that 
targets endothelial glycocalyx.
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O xaliplatin, a third-generation platinum analog, 
is used to treat gastrointestinal cancers and 
colorectal cancer.1 Oxaliplatin-induced peripheral 

neuropathy (OIPN) is a cumulative adverse event of ox-
aliplatin, characterized by dose-dependent severity and 
prolonged symptom duration.2-5 OIPN can lead to impaired 
quality-of-life and changes or interruption of anticancer 
treatment. Convincing evidence supporting interventions 
that can prevent OIPN, are lacking, despite several clinical 
trials.6

Peripheral nerves encounter capillaries enveloped 
by the nerve fascicle and form the blood-nerve bar-
rier.7,8 This barrier is exposed to cells and molecules 
circulating in the blood, protecting endoneurial con-
stituents (myelinated axons, resident macrophages, 
and fibroblasts) from toxic factors. In the blood-nerve 
barrier, capillaries or endoneurial blood vessels, are 
< 10 μm and are surrounded by endothelial cells, 
pericytes, and the basement membrane to provide 
oxygen, nutrition, cytokines, drugs, and other com-
pounds to adjacent nerves.7 Recently, the structural 
and functional importance of the blood-nerve barrier 
has been proposed, particularly in diabetic neuro-
pathy and other peripheral nerve injuries.9,8,10 Dis-
ruption of the barrier leading to increased vascular 
permeability and subsequent local inflammation may 
be associated with diabetic-neuropathy onset and 
progression.8 Furthermore, in the peripheral-nerve 
compartment, only microvascular-capillary en-
dothelial cells comprising the blood-nerve barrier are 
in direct contact with the systemic-circulation blood 
flow. Therefore, any barrier disruption due to ox-
aliplatin-induced vascular endothelial damage is hy-
pothesized to be causative of OIPN, and prevention of 
blood-nerve barrier breakdown may be an ideal 
strategy to prevent OIPN.

The endothelial-cell luminal surface is covered in a 
glycocalyx composed of membrane-bound proteogly-
cans, glycoproteins, glycosaminoglycans, and ad-
herent plasma proteins.11 The endothelial glycocalx 
performs several functions necessary for vascular 
homeostasis, including vascular-permeability and mi-
crovascular-tone regulation, microvascular-throm-
bosis inhibition, and leukocyte adhesion and 
migration regulation in the endothelium.12 The en-
dothelial glycocalyx protects nerves, astrocytes, and 
other cells, from toxins and substances released from 
capillary vessels.13-15 However, the mechanism by 
which oxaliplatin enters the vascular endothelium and 
the involvement of endothelial glycocalyx in this 
process are still not understood.

Three-dimensional-scanning electron microscopy images 
clearly visualize the glycocalyx and can define the vessel 
wall ultrastructures and surrounding environment ab-
normalities in normal organs16,17 and cancer.18

This study defined changes in the three-dimensional 
ultrastructure of capillary endothelial glycocalyx near 
nerve fibers in hind paws of mice with OIPN. The effects 
of endothelial glycocalyx injury prevention in the OIPN 
were evaluated.

Methods

Mice
All animal experiments were performed in accordance 

with the guidelines of the Gifu University International 
Animal Care and Use Committee (no. 2020-104). For the in 
vivo study, male C57BL/6NCr Slc mice were obtained at 7 
weeks of age from Japan CLEA, Inc (Hamamatsu, Japan) 
and were allowed to acclimatize for 1 week before the 
start of the experiment. The animals were kept in a normal 
light/dark cycles at 22  ±  1 °C and were fed a normal diet 
(CE-2, Japan CLEA, Inc) and autoclaved tap water. All 
behavioral experiments were conducted in the same 
room and in a randomized order before and after drug 
treatment. Body weight (g) was recorded every 7 or every 
14 days, including the day of treatment and immediately 
before being euthanized. Mice were examined daily for 
abnormal clinical signs, such as piloerection, hindlimb 
weakness, gait disturbance, or gastrointestinal disorders, 
such as diarrhea.

Tumor-Bearing Mouse Model with Drug 
Treatments

To test the correlation between nafamostat mesilate 
and oxaliplatin treatment in a tumor-bearing mouse 
model, 8-week-old male C57BL/6NCr Slc mice (n = 10 per 
group) were used. Each mouse was subcutaneously in-
oculated with MC38 mouse colon cancer cells (1 × 106 

cells/mouse) in the right dorsal flank. Tumors were 
measured with calipers every 1 or 2 weeks, and volumes 
(mm3) were calculated using the following formula: π/ 
6 × length × width × thickness. When subcutaneous 
tumors reached approximately 700 mm3, the mice were 
randomly assigned to 4 groups: control-vehicle (G1), 
oxaliplatin-vehicle (G2), control-nafamostat mesilate 
(G3), and oxaliplatin-nafamostat mesilate (G4). A solu-
tion of 5% dextrose was the vehicle used to prepare 
oxaliplatin and nafamostat mesilate, which are water- 
soluble agents.

Mice in the control (G1) group received 5% dextrose 
during the experiment. The oxaliplatin (G2) group re-
ceived oxaliplatin (5 mg/kg/mouse) dissolved in 5% 
dextrose twice per week for 5 weeks. The nafamostat 
mesilate (G3) group was administered nafamostat me-
silate (30 mg/kg/day) dissolved in 5% dextrose daily. The 
oxaliplatin and nafamostat mesilate (G4) groups were 
administered oxaliplatin (5 mg/kg/mouse), and nafa-
mostat mesilate (30 mg/kg/mouse/day) as indicated. The 
process was repeated weekly until the endpoint.

Assessment of Hypersensitivity 
(Mechanical Allodynia, von Frey Test)

Mechanical hypersensitivity thresholds were determined 
using the Dynamic Plantar Aesthesiometer (37,450, Ugo 
Basile, Italy) equipped with a von Frey-type diameter fila-
ment. In brief, each animal was placed in a Plexiglas 
chamber on an elevated mesh and acclimatized for at least 
30 minutes. Mechanical force was applied in increasing 
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amounts to the ventral surface of the center of hind paw 
until the subject demonstrated a paw withdrawal re-
sponse,19 whereby the force was expressed in grams in 
each mouse at the indicated times.

Assessment of Hypersensitivity (Cold 
Allodynia, Acetone Test)

Cold allodynia was assessed using the acetone test, as 
previously described in ref.20,21 Mice were put on a 
25 × 25 cm plexiglass plate. A drop of acetone (50 μL) 
was administered to the mid-plantar region of the hind 
paw, and the number of nociceptive behaviors (shaking, 
lifting, licking, guarding, and biting) displayed by the 
hind paw were recorded for 1 minute.

Tissue Preparation
After anesthesia, the thorax of each mouse was exposed 

and the inferior vena cava was incised. Perfusion washing 
was performed using a drip infusion system with equal 
volumes of cold .1M PBS and 4% paraformaldehyde solu-
tion. The tissues were dissected, divided into pieces, and 
paraffin-embedded and frozen sections were prepared. 
The frozen and paraffin embedded blocks were cut into 5- 
and 3-μm thick sections, respectively, and subjected to he-
matoxylin and eosin staining as routine procedures.

Histological and Immunohistochemical 
Assays

Frozen sections were used for DyLight488-Tomato lectin 
and FITC-dextran staining. Fifteen minutes after injecting 
DyLight488-Tomato lectin (50 μg/100 μL dH2O, VECTOR) or 
FITC-dextran (40,000 kDa, 200 μg/100 μL dH2O, Sigma) 
through the jugular vein, tissues including mouse hind 
paws and tumors were removed and fixed in 4% paraf-
ormaldehyde overnight at 4 °C, incubated in 30% sucrose 
for cryoprotection (4 °C for 2–3 days), embedded in the 
optimal cutting temperature compound, and frozen with 
liquid nitrogen. Specimens were sectioned coronally at 
5 μm using a cryostat (Leica), and each section was stored 
at −80 °C. For immunofluorescent staining, sections were 
incubated with rat anti-CD31 antibody (dilution 1:50, 
Dianova, Hamburg, Germany) or mouse anti-phosphory-
lated neurofilament heavy subunit (pNF-H) (dilution 1:100, 
Chemicon International, CA) overnight at 4 °C, followed by 
incubation with conjugated anti-rat Alexa594-conjugated 
secondary antibody (dilution 1:250, Abcam, Cambridge, 
UK, ab150084) for 60 minutes at 37 °C. The slides were then 
stained with 4',6-diamidino-2-phenylindole (DAPI) and 
mounted with Vecta fluorescent hard mounts (Vector 
Laboratories) for examination. Images were acquired using 
an Olympus FV10i confocal laser-scanning microscope 
(Olympus, Tokyo, Japan).

For immunohistochemistry, nonspecific antibody 
binding was blocked using 2% normal bovine serum for 
40 minutes. Then, the sections were incubated with 
rabbit anti-S100 (dilution 1:500, Abcam, Cambridge, UK, 
ab34686) and rat anti-CD31 (dilution 1:50, Dianova, 
Cambridge, UK) overnight at 4 °C. The sections were 
then incubated with peroxidase-labeled anti-rabbit 

or anti-rat antibody (Histofine Simplestain Max PO (R); 
Nichirei, Tokyo, Japan) for 60 minutes at 37 °C. 
Immunoreactions were visualized using 3,3-diamino-
benzidine tetrahydrochloride (Sigma), and the sections 
were counterstained with hematoxylin.

Immunohistochemistry and 
Quantification of Intra-epidermal Nerve 
Fibers

Frozen sections of mouse hind paws were subjected to 
immunohistochemistry for PGP9.5. Sections were blocked 
with 2% normal bovine serum. The sections were in-
cubated with rabbit anti-PGP9.5 antibody (dilution 1:200, 
Abcam, ab108986) overnight at 4 °C, followed by incuba-
tion with peroxidase-labeled anti-rabbit antibody 
(Histofine Simplestain Max PO (R); Nichirei, Tokyo, Japan) 
for 60 minutes at 37 °C. The immunoreaction was visua-
lized using 3,3′-diaminobenzidine tetrahydrochloride 
(Sigma). The sections were counterstained with hematox-
ylin. The intra-epidermal nerve fibers of each paw section 
were counted under 40× magnification in a blinded 
fashion, and the density of the fibers was calculated as 
fibers/mm.22,23 The mean fiber density (n = 5 per group) 
was calculated from 5 mice.

Concentration Evaluation of Platinum
Tumor and dorsal root ganglion (DRG) issues for the 

assessment of platinum concentration were freshly dis-
sected from mice (n = 4 each) and stored at –80 °C until 
analysis. The concentrations of total platinum, a surro-
gate marker for oxaliplatin levels, in dissected tumor 
tissues were homogenized and determined by ICP-MS 
(7,700x, Agilent Technology).

Scanning Electron Microscopy
Scanning electron microscopy was used to detect the 

three-dimensional microstructure of endothelial glyco-
calyx. Mice were anesthetized and perfused with lan-
thanum-containing alkaline solution according to 
previously described procedures.16,24 Before perfusion, 
an incision was made in the right atrial appendage. A 
perfusion pump was used for injection at a steady rate 
of 1 mL/minute. The tissues were removed from the 
mice and fixed. Sample preparation for scanning elec-
tron microscopy was performed as described pre-
viously.16,24

Cell Culture and In Vitro Vascular 
Permeability Assay

Primary human dermal microvascular endothelial cells 
(adult) were purchased from Lonza (Catalog #: CC- 
2543). Cells were cultured in EBM-2 Basal Medium (CC- 
3156) supplemented with EGMTM-2MV Microvascular 
Endothelial Cell Growth Medium SingleQuots (CC-4147) 
(Lonza). All cells were maintained al 37 °C in a humidi-
fied 5% CO2 atmosphere. The vascular permeability 
assay was performed according to the manufacturer’s 
instructions (ECM644, Millipore). Briefly, primary human 
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dermal microvascular endothelial cells were seeded 
onto semi-permeable inserts pre-coated with collagen 
and cultured to confluency. The cells were treated ei-
ther with vesicle, oxaliplatin and/or nafamostat for 
24 hours. After 24 hours, the permeability treatment 
was removed and FITC-dextran was added to the semi- 
permeable insert coated with the human dermal mi-
crovascular endothelial cells for 60 minutes at room 
temperature. Subsequently, 100 μL of medium was 
collected from the receiver tray, transferred to 24-well 
plate, and read in the fluorescent plate reader at 
485 nm and 535 nm for excitation and emission, re-
spectively.

Statistical Analyses
The data presented represent the mean  ±  standard 

error of the mean of the repeat observation made before 
or after normalization to the baseline values. All experi-
ments were performed in multiple replicates unless other-
wise indicated and were repeated at least twice. 
Interaction between time (0, 2, 9, 16, 23, 30 days) and 
treatment groups was assessed using a two-way repeated 
measures analysis of variance (ANOVA). For pairwise com-
parisons between the control group and each treatment 
group, an unpaired two-sided Welch’s t-test with the 
Bonferroni correction was applied. This correction multi-
plies the P-value by the number of treatment groups 
compared to the control. In all analysis, a two-sided P-value 
of < .05 was considered statistically significant. The data 
analyses were carried out using Graphpad Prism 10 and R 
software, version 4.4.2 (www.r-project.org).

Results

Blood-Nerve Barrier was Observed in the 
Subcutaneous Tissue of the Mouse Paw

Peripheral nerves are surrounded by 3 types of con-
nective tissue, that is, the endoneurium, perineurium, 
and epineurium (Supplementary Fig 1A). In the per-
ipheral nerve, individual nerve fascicles consisting of 
unmyelinated and myelinated axons, as well as small 
endoneurial blood vessels, were sheathed by the peri-
neurium, forming the endoneurial microenvironment 
(Supplementary Fig 1A). These structures were observed 
in the peripheral tissues of mice and humans 
(Supplementary Fig 1B). The endothelial capillary vessels 
in the perineum were less than 10 μm in diameter. 
Blood was supplied by a network of capillary-like mi-
crovessels derived from microvascular arteries and veins, 
which are branches of large blood vessels in the ex-
tremities (Supplementary Fig 1C). The blood-nerve bar-
rier is a physiological boundary separating the 
peripheral nerve axons from the bloodstream that 
prevents the transfer of substances from the plasma to 
the nerve fibers. Endothelial cells lining capillary mi-
crovessels are normally non-fenestrated with a layer of 
endothelial glycocalyx (Supplementary Fig 1C). Mono-
nuclear cells and soluble factors, related to the loss of 

endothelial glycocalyx, crossing this microvascular bar-
rier may trigger immune-mediated neuropathies.

Endothelial Glycocalyx was Disrupted in 
the Blood-Nerve Barrier in Oxaliplatin- 
Induced Neuropathy

It has been suggested that the breakdown of blood- 
nerve barrier drives the initial pathogenic events, leading 
to a multitude of inflammatory or immune-mediated 
neuropathies or neurodegenerative diseases.25,26 Thus, it 
was hypothesized that direct exposure to oxaliplatin causes 
disruption of the endothelial glycocalyx, leading to break-
down of the blood-nerve barrier.

To investigate whether the breakdown of the blood- 
nerve barrier by oxaliplatin-induced neuropathy is as-
sociated with the disruption of endothelial glycocalyx, 
an oxaliplatin-induced neuropathology mouse model 
was established. After intraperitoneal administration of 
oxaliplatin (30 mg/kg/mouse) twice weekly for 5 weeks ( 
Fig 1A), a significant interaction between time (0, 2, 9, 
16, 23, 30 days) and treatment (control, oxaliplatin) in 
the paw withdraw threshold was revealed by two-way 
ANOVA (P  <  .05) (Fig 1B). Oxaliplatin-treated mice 
showed a significant hyperalgesic response, specifically 
mechanical allodynia, compared to untreated mice on 
days 2, 16, 23 and 30, as determined by the unpaired 
two-sided Welch’s t-test (P  <  .05). Optical microscopic 
images showed that the subcutaneous nerves sur-
rounding the perineurium in the paws of oxaliplatin- 
treated mice were slightly edematous compared to the 
untreated controls (Fig 1C), suggesting the onset of 
neuropathy. However, the nerves within the peri-
neurium were extremely thin and the endoneurial ca-
pillary vessels were not well defined.

Thus, to clarify the microenvironment of the peri-
neurium, including endothelial cells and endothelial gly-
cocalyx, scanning electron microscopy with Lanthanum 
staining was used. The three-dimensional image showed 
peripheral nerves and capillaries adhering and running 
together in the paws of non-treated control mice. 
However, oxaliplatin-treated mice showed edema around 
the capillary vessels, and the peripheral nerves were 
frayed and disjointed (Fig 2A). In the endothelial glyco-
calyx in the lumen of the endoneurial capillary vessel, the 
untreated mice had more glycocalyx, while endothelial 
glycocalyx was almost lost in the mice treated with ox-
aliplatin (Fig 2A). These results indicate that the break-
down of endoneurial capillary vessels with the disruption 
of endothelial glycocalyx in the blood-nerve barrier may 
be the initial step in oxaliplatin-induced peripheral neu-
ropathy (Fig 2B).

Nafamostat Mesilate Suppressed 
Mechanical and Cold Allodynia in 
Oxaliplatin-Induced Neuropathy

Nafamostat mesilate suppresses inflammation-in-
duced degradation of endothelial glycocalyx and can 
have a beneficial effect on endothelial glycocalyx.27
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Therefore, nafamostat mesilate acts as a protective 
agent for endothelial glycocalyx.

To investigate the effects of different doses of nafa-
mostat mesilate, mechanical allodynia was induced 
using the von Frey test as a preliminary short-term ex-
periment. Different doses of nafamostat mesilate (0, 3, 
10, and 30 mg/kg/day) were administered to the mice, 
together with a definite amount of oxaliplatin 
(Supplementary Fig 2). High doses of nafamostat mesi-
late (30 mg/kg) significantly inhibited the hyperalgesic 
response compared to the no-treatment group (0 mg) 
(P  <  .05) (Supplementary Fig 2). In this experiment, no 
mice with a nafamostat mesilate dose of 30 mg/kg 
showed no bleeding tendency or mortality. A nafamo-
stat mesilate dose of 30 mg/kg was selected for sub-
sequent experiments.

To determine whether drug treatments affected body 
weight, mice were weighed every 1 or every 2 weeks 
(Fig 3A). There was no significant interaction between 
time (0, 1, 3, 5, 7, 9 weeks) and treatment (control, ox-
aliplatin, nafamostat mesilate, oxaliplatin+nafamostat 
mesilate) in the body weight, as revealed by two-way 
ANOVA (Fig 3B). Only the oxaliplatin (G2) group had a 
lower final body weight than the initial body weight. 
The final body weights of mice in the control (G1), na-
famostat mesilate (G3), and oxaliplatin+nafamostat 
mesylate (G4) treatment groups were higher than those 
of their initial body weights.

To investigate the effects of oxaliplatin and/or nafamo-
stat mesilate on tumor progression, the tumor volume was 
measured at the indicated time points (Fig 3A). There was 
significant interaction between time (0, 1, 3, 5, 7, 9 weeks) 
and treatment (control, oxaliplatin, nafamostat mesilate, 
oxaliplatin+nafamostat mesilate) in tumor volume, as re-
vealed by two-way ANOVA (Fig 3C). The colon tumors of 
control (G1) and the nafamostat mesilate (G3) treatment 
groups grew approximately 9 times larger than that at the 
beginning of treatment. Oxaliplatin (G2) and oxaliplatin 
+nafamostat mesilate (G4) treated groups had tumors that 
grew approximately 4 times larger compared to that at the 
start of treatment. Although the difference was not sig-
nificant, tumor growth was lower at the endpoint in the 
oxaliplatin (G2) and oxaliplatin+nafamostat mesilate (G4) 
groups than in the control (G1) groups (Fig 3C).

To determine the effects of nafamostat mesilate on 
mechanical allodynia under tumor-bearing conditions in 
the right dorsal flank of the body, the variation of the 
paw withdrawal threshold was investigated using the von 
Frey test in all groups (Fig 3A). There was significant in-
teraction between time (0, 1, 3, 5, 7, 9 weeks) and treat-
ment (control, oxaliplatin, nafamostat mesilate, 
oxaliplatin+nafamostat mesilate) in paw withdraw 
threshold, as revealed by two-way ANOVA (Fig 3D). The 
oxaliplatin (G2) group showed a hyperalgesic response 

over time and, at the endpoint, was approximately 1.5 
times higher compared to the beginning of oxaliplatin 
treatment (Fig 3D). At the endpoint, the oxaliplatin+ na-
famostat mesilate (G4) group showed a level of hyper-
algesic response similar to that in the control (G1) and 
nafamostat mesilate (G3) groups. The hyperalgesic re-
sponse was significantly repressed in the oxaliplatin (G2) 
group compared to that in the control (G1) group on 1, 3, 
5, 7 and 9 weeks, as revealed by the unpaired two-sided 
Welch’s t-test (P  <  .05, Fig 3D). In contrast, there were no 
significant differences between the oxaliplatin+nafamo-
stat mesilate (G4) group and the control (G1) group.

Next, to assess the effects of nafamostat mesilate on cold 
allodynia in OIPN, we conducted the acetone test. There 
was a tendency of interaction between time (0, 5, 11, 17, 
23, 26 days) and treatment (control, oxaliplatin, oxaliplatin 
+ nafamostat mesilate) in the paw withdraw threshold to 
oxaliplatin-induced cold hypersensitivity measured in the 
acetone test, as revealed by a two-way repeated measures 
ANOVA (P = .090) (Supplementary Fig 3). The cold hy-
persensitivity was significantly more pronounced in the 
oxaliplatin group than in the control group on days 17, 23, 
and 26, as determined by the unpaired two-sided Welch’s t- 
test (P  <  .05). In contrast, no significant differences were 
observed between the oxaliplatin+nafamostat mesilate 
group and the control group (Supplementary Fig 3).

To determine the uptake of oxaliplatin in tumor tissues, 
the concentration of total platinum was measured as a 
surrogate marker for oxaliplatin levels in the control (G1), 
oxaliplatin (G2), and oxaliplatin+nafamostat mesilate (G4) 
groups. The concentration of oxaliplatin in tumor tissues 
was not inhibited in the oxaliplatin+nafamostat mesilate 
(G4) group compared to that in the oxaliplatin (G2) group 
(Fig 3E), suggesting that nafamostat mesilate does not 
suppress the drug delivery of oxaliplatin to tumor tissues. 
There was an increase in the concentration of oxaliplatin in 
the oxaliplatin+nafamostat mesilate (G4) treatment group 
compared to oxaliplatin (G2) group, albeit the difference 
between the groups was not significant.

Dorsal Root Ganglion is not Affected by 
Oxaliplatin and Nafamostat Treatment

The mechanism of OIPN involves both DRG and per-
ipheral nerves. To determine whether oxaliplatin ro-
bustly accumulates in the DRGs, we measured the total 
platinum concentration in the DRGs of the control (G1), 
oxaliplatin (G2), and oxaliplatin+nafamostat mesilate 
(G4) groups. The concentration of oxaliplatin in the 
DRGs was not lower in the oxaliplatin+nafamostat me-
silate (G4) group than that in the oxaliplatin (G2) group 
(Supplementary Fig 4), suggesting that nafamostat 
mesilate does not suppress the platinum accumulation, 
a surrogate marker of oxaliplatin, to DRGs in this model. 

Figure 1. Endothelial glycocalyx injury in the blood-nerve barrier of the peripheral nerve in oxaliplatin-induced neuropathy 
(OIPN). (A) Experimental schedule of oxaliplatin (OXL) administration in mice. (B) The evaluation of paw withdrawal thresholds to 
mechanical stimulation (von Frey filament) between the no-treatment control and OXL-treated cohort (n = 5 each). Data are ex-
pressed as the means  ±  SEM. Interaction between time and treatment groups was assessed using a two-way repeated measures 
ANOVA. An unpaired two-sided Welch’s t-test was applied for pairwise comparisons between the no-treatment control and OXL- 
treated cohort. *P  <  .05. (C) Hematoxylin and eosin staining and S100, a neuronal marker, images of the perineurium in the 
peripheral nerve. Arrows indicate the perineurium. Scale bars = 100 μm.
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Figure 2. Three-dimensional images showing the disruption of the blood-nerve barrier in OIPN. (A) Representative scanning 
electron microscopy images of the blood-nerve barrier in subcutaneous nerves of the paw in no-treatment control (CON) and 
oxaliplatin (OXL)-treated mice. Lanthanum nitrate staining visualizes the endothelial glycocalyx. Blue and red dotted lines surround 
the nerves and capillary vessels, respectively. Green arrowheads indicate endothelial glycocalyx showing a moss-like shape. (B) 
Illustration of the endothelial glycocalyx in the blood-nerve barrier.
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Unexpectedly, there was an increase in the concentra-
tion of oxaliplatin in the oxaliplatin+nafamostat mesi-
late (G4) treatment group compared to oxaliplatin (G2) 
group, albeit the difference between the groups was 
not significant (P = .057 by Mann-Whitney U test).

Next, to assess the neuronal toxicity of oxaliplatin in 
the sensory neurons of the DRG tissues, we performed 
immunohistochemistry using the phosphorylated neurofi-
lament heavy subunit (pNF-H) antibody. The loss of 
pNF-H immunoreactivity in DRG tissues corresponds to the 
relative neurotoxicity of oxaliplatin.28 The results showed 

that the sensory neuron diameter and the loss of pNF-H 
immunoreactivity were not significantly different in the 
control (G1), oxaliplatin (G2), and oxaliplatin+nafamostat 
mesilate (G4) groups (Supplementary Fig 5).

Nafamostat Mesilate Prevented Intra- 
epidermal Nerve Fber Loss Related to 
Vascular Permeability

Mechanical allodynia induced by oxaliplatin is closely 
associated with loss of intra-epidermal nerve fiber (IENF) 

Figure 3. Nafamostat mesilate protection of OIPN without tumor progression. (A) Schematic diagram of the experimental pro-
tocol. CON, Control; OXL, oxaliplatin; NAF, Nafamostat. G1, Group 1; G2, Group 2; G3, Group 3; G4, Group 4. All the mice were 
euthanized at the study endpoint day. (B) Body weight (g), (C) tumor weight (g), and (D) paw withdrawal thresholds to mechanical 
stimulation (von Frey filament) were evaluated at the indicated time points. Data are expressed as the means  ±  SEM (Data of A–C in 
CON (G1) group, n = 10; OXL (G2) group, n = 10; NAF (G3) group, n = 10; OXL+NAF (G4) group, n = 10). Interaction between time and 
treatment groups was assessed using a two-way repeated measures ANOVA. An unpaired two-sided Welch’s t-test with the 
Bonferroni correction was applied for pairwise comparisons between the control group and each treatment group. *P  <  .05, 
***P  <  .0001. (E) Quantification of platinum concentrations in tumor tissues in the CON (G1), OXL (G2), and OXL+NAF (G4) groups 
(n = 4 in each cohort). Data are expressed as means  ±  SEM. NS, not significant by Mann-Whitney U test.
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Figure 4. Nafamostat mesilate prevented dermal nerve fiber density and decreased vascular permeability in mice and human 
dermal endothelial cells. (A) Representative images of immunohistochemistry of PGP9.5 expression in subcutaneous tissue sections 
of paw specimens in control (CON) (G1), oxaliplatin (OXL) (G2), and OXL+nafamostat mesilate (NAF) (G4) groups. Arrowheads 
indicate nerve fibers entering into the epidermis. Scale bars = 50 μm. (B) Quantification of IENF density in each cohort (n = 4 each). 
Data are expressed as the means  ±  SEM. *P  <  .05; **P  <  .01; ***P  <  .001 by Mann-Whitney U test. (C) Subcutaneous tissue sections 
of the paw specimens in CON (G1), OXL (G2), and OXL + NAF (G4) groups. Sections in the mice with FITC-dextran (green) injected 
intravenously were stained for CD31 (red). Nuclei were stained with DAPI (blue). Arrows indicate the leakage of FITC-dextran from 
capillary vessel walls. Scale bars = 100 μm. (D) Leakage area (μm2) of FITC-Dextran fluorescence in each cohort (on 2–3 images per 
mouse) was calculated using ImageJ software. Data represent values  ±  SEM. *P  <  .05; **P  <  .01 by Mann-Whitney U test. (E) 
Oxaliplatin induced-vascular hyperpermeability was inhibited by nafamostat in the human dermal microvascular endothelial-cell 
culture. The extravasation of FITC-Dextran in transwells with oxaliplatin and/or nafamostat-administrated monolayers of en-
dothelial cells was measured at 24 hours and compared to those with monolayers of basal (unstimulated) endothelial cells. Data 
represent values  ±  SEM. *P  <  .05; **P  <  .01 by Mann-Whitney U test. 1 second.
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loss.22,23 To clarify the status of IENF in all groups, im-
munohistochemistry was performed to detect PGP9.5, a 
neural marker, and the IENF density was evaluated in hind 
paw samples dissected at the endpoint (35 days, Fig 3A). 
Conversely, the control (G1) group showed an even and 
abundant distribution of IENFs, which were almost absent 
in the oxaliplatin (G2) group (Fig 4A). The oxaliplatin (G2) 
group had significantly lower IENF density than the control 
(G1) and oxaliplatin+nafamostat mesilate (G4) groups (Fig 
4B). Although there was a significant difference between 
the oxaliplatin (G2) and oxaliplatin+nafamostat mesilate 
(G4) groups, the latter group had a significantly higher 
IENF density than the oxaliplatin (G2) group (Fig 4B). These 
results indicate that nafamostat mesilate suppressed ox-
aliplatin-induced fiber loss in the skin.

Based on these results, it was hypothesized that na-
famostat mesilate protects against and inhibits ox-
aliplatin-induced vascular injury in the peripheral paw 
based on the structure of the blood-nerve barrier, as 
shown in Supplementary Fig 1. To investigate the vas-
cular permeability of the peripheral paws in the control 
(G1), oxaliplatin (G2), and oxaliplatin+nafamostat me-
silate (G4) groups, FITC–dextran was injected in-
travenously and the capillary vessels were observed 
using immunofluorescent staining for CD31, an en-
dothelial-cell marker. The permeability and leakage of 
FITC–dextran from the capillary vessels increased in the 
oxaliplatin (G2) group compared to those in the un-
treated control (G1) group (Fig 4C). Although the ca-
pillary vessels in the control (G1) group were 
characterized by well defined borders, the vessel bor-
ders in the oxaliplatin (G2) group were blurred and in-
distinct (Fig 4C), suggesting that oxaliplatin injured the 
capillary endothelial cells causing high permeability and 
extravascular leakage. Extravascular leakage of FITC–-
dextran was significantly inhibited in the paws of mice 
in the oxaliplatin+nafamostat mesilate (G4) group 
compared with G1 and G2 groups (P  <  .001) (Fig 4D).

To evaluate the direct effects of nafamostat treat-
ment against oxaliplatin-induced endothelial-cell dis-
ruption, we performed the vascular permeability assay 
in human dermal microvascular endothelial-cell culture. 
The results showed nafamostat suppressed the hy-
perpermeability induced by oxaliplatin in vitro (Fig 4E). 
Our data suggests that, at least, nafamostat directly 
suppress the oxaliplatin-induced vascular permeability 
in the human dermal endothelial-cell culture.

Nafamostat Mesilate Inhibited 
(Oxaliplatin)-Induced Endothelial 
Glycocalyx Disruption

To investigate the damage to endothelial glycocalyx, 
which is closely associated with vascular hyperpermeability, 
in the capillary vessels of the paws of the control (G1), 
oxaliplatin (G2), and oxaliplatin+nafamostat mesilate (G4) 
groups, DyLight 488-labeled Lycopersicon esculentum 
(Tomato) lectin was intravenously injected and the fluor-
escent intensity of the capillary vessels was evaluated by 
immunofluorescent staining of CD31 (Fig 5A). The expres-
sion of DyLight 488-labeled Tomato lectin on the surface of 

endothelial cells in the capillary vessels of the paws of the 
oxaliplatin (G2) group was lower than that in the control 
(G1) and oxaliplatin+nafamostat mesilate (G4) groups (Fig 
5A). Furthermore, the quantitative analyses showed that 
the fluorescent intensity and thickness of the endothelial 
glycocalyx was significantly reduced in the oxaliplatin (G2) 
group compared with the control (G1) and oxaliplatin 
+nafamostat mesilate (G4) groups (P  <  .05) (Fig 5B).

To confirm the protective effects of nafamostat me-
silate against endothelial glycocalyx in oxaliplatin-in-
duced vascular injury, the three-dimensional scanning 
electron microscopy images of the capillary vessels of 
the control (G1), oxaliplatin (G2), and oxaliplatin+na-
famostat mesilate (G4) paws were obtained. Peripheral 
nerves and capillaries showed adhering and merging in 
the control (G1) and oxaliplatin+nafamostat mesilate 
(G4) groups (Figure 6A). Conversely, the oxaliplatin (G2) 
group presented evidence of edema around the capil-
lary vessels and the peripheral nerves were frayed and 
disjointed (Figure 6A). Endothelial glycocalyx was 
identified as neatly covering the entire surface of the 
capillary lumen in the control (G1) and oxaliplatin+na-
famostat mesilate (G4) groups, but not in the oxaliplatin 
(G2) group. Furthermore, the shape of the endothelial 
glycocalyx in the oxaliplatin+nafamostat mesilate (G4) 
group was different from that in the control (G1) group 
(Figure 6A), which may indicate a difference between 
the original and repaired glycocalyx.

In addition, the quantitative analysis by using im-
munostaining for S100 antibody showed that the area 
of extravascular edema in control (G1) and oxaliplatin 
+ nafamostat group (G4) significantly smaller than that 
in the oxaliplatin alone (G2) group (P  <  .05) (Fig 6B).

Discussion
The present study revealed that oxaliplatin induced 

endothelial glycocalyx injury in the hind paw and in-
creased vascular permeability. In addition, protection 
of endothelial glycocalyx by nafamostat mesilate re-
duced symptoms of OIPN and was clearly visualized by 
three-dimensional scanning electron microscopy ima-
ging. These findings suggest that oxaliplatin-induced 
endothelial glycocalyx injury may be involved in the 
progression of OIPN symptoms (Fig 7). This study in-
troduces a novel strategy to prevent OIPN by pro-
tecting the endothelial glycocalyx and vascular 
endothelial cells, a concept not widely discussed in 
current literature.29-31 It highlights the role of en-
dothelial glycocalyx in maintaining capillary structure 
and function and its vulnerability to damage from 
oxaliplatin treatment.

The ultrastructure of the endothelial glycocalyx has been 
visualized in various normal organs16,17 and diseases, in-
cluding sepsis,24,32 COVID-19,33,34 cancer,18 diabetes mel-
litus,34 and other diseases35,36 using three-dimensional 
images obtained using scanning electron microscopy with 
standing lanthanum. Under oxaliplatin injury, the ultra-
structure of the endothelial glycocalyx were clearly visua-
lized in this study.

10 The Journal of Pain Disruption of Endothelial Glycocalyx in Oxaliplatin-Induced Neuropathy



Several studies using animal models have shown that 
endothelial injury occurs during the process of organ dys-
function, in which endothelial injury leads to micro-
circulatory dysfunction with subsequent organ ischemia 
and damage, including the brain, heart, lungs, liver, and 
kidneys; endothelial glycocalyx damage is thought to be 
the initial stage in endothelial injury.16,32,24,37 This theory is 

also supported by several clinical studies.38-41 In the re-
lationship between sensory nerves and the endothelium, 
these closely interact starting from organogenesis and 
during development leading to the expression of their 
functions to maintain homeostasis. In addition, it is known 
that the endothelium and nerve networks anatomically 
present a branching pattern in which they are closely 

Figure 5. Nafamostat mesilate suppresses disruption of endothelial glycocalyx (glycocalyx) in the paw of oxaliplatin-treated mice. 
(A) Representative images illustrate the immunofluorescence staining findings of DyLight 488-Tomato lectin (green), which was 
injected intravenously, and CD31 (an endothelial-cell marker, antibody; red) in subcutaneous tissue sections of the paw in control 
(CON) (G1), oxaliplatin (OXL) (G2), and OXL+nafamostat mesylate (NAF) (G4) groups. The white line on the photo indicates where 
the intensity was measured. Scale bars = 50 μm. (lower panels) Shown is the distribution of the Dylight 488-Tomato lectin (green) in 
the vessel wall that is marked by CD31 (red). The intensity graphs of the capillary lumen and wall for each organ are also presented. 
Each graph indicates the intensity profile of the linear line in the corresponding image above it. (B) The intensity and thickness of 
the 488-lectin fluorescence in each cohort (on 2–3 images per mouse) was calculated using ImageJ software. Data represent 
values  ±  SEM. *P  <  .05; **P  <  .01 by Mann-Whitney U test.
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aligned and run parallel.42 In this study, using scanning 
electron microscopy imaging, the vascular endothelium 
and nerve fiber bundle in the hind paw of mice were 
shown to be anatomically in close proximity to each other, 
and based on the lectin staining findings, the endothelium 
with glycocalyx mediated the vascular permeability.

Mechanisms underlying OIPN have been extensively in-
vestigated in animal models but remain poorly understood. 
Acute-phase mechanisms involve alterations in neuronal 
voltage-gated Na+,43,44 K+ (Kagiava et al, 2008), Ca2+45

channels, and transient receptor potential channels.46 The 
chronic OIPN phase is attributed to DNA damage,47 mi-
tochondrial damage,48,49 oxidative stress,50,51 and platinum 

accumulation in neurons. Cellular uptake of platinum- 
based chemotherapeutics, including oxaliplatin, occurs via 
a facilitated transport mechanism.52 Oxaliplatin effects are 
limited to organs capable of transporting it from the blood 
to cells.53,54

Similar to previous studies,55-58 oxaliplatin adminis-
tration in mice caused OIPN, as determined by the 
threshold of paw withdrawal following mechanical sti-
mulation (von Frey filament) and nerve fiber damage in 
the hind paw, as evaluated by the IENFD assay. Fur-
thermore, the present study clarified that endothelial 
glycocalyx in the hind paw was damaged by oxaliplatin 
administration, and the increased permeability of the 

Figure 7. Proposed new strategy for preventing OIPN and summary in this study. 

Figure 6. Nafamostat mesilate suppresses glycocalyx disruption and extravascular edema in the paw of oxaliplatin-treated mice. 
(A) Scanning electron microscopy images of the ultrastructure of the continuous capillaries in subcutaneous tissue sections of the 
paw in CON (G1), OXL (G2), and OXL+NAM (G4) groups. Lanthanum nitrate staining is used to visualize the endothelial glycocalyx. 
Blue and red dotted lines surrounding the nerves and capillary vessels, respectively. The rectangular area surrounded by yellow 
indicates the extent of the enlargement below. Yellow arrowheads indicate endothelial glycocalyx showing a moss-like shape. A 
red asterisk indicates a red blood cell in the endoneurial capillary. (B) Immunostaining for S100 antibody, a neuronal marker, 
images of the perineurium in the edema area of the perineurium in each cohort. The edema area (%) per a perineurium (on 2–3 
images per mouse) was calculated using ImageJ software. Data represent values  ±  SEM. Data represent values  ±  SEM. *P  <  .05 by 
Mann-Whitney U test. Arrows indicate the perineurium.
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endothelium in the hind paw was evidenced by fluor-
escently labeled dextran. Edema was observed between 
the endothelium with injury to the glycocalyx and nerve 
fibers on scanning electron microscopy imaging.

There is now a general consensus that soluble small 
molecules such as chemotherapeutics move passively 
across the barrier via the paracellular route (Aird, 2007). 
Furthermore, in response to inflammation, postcapillary 
venules present increased permeability and inducible 
transfer of small molecules between endothelial cells 
(paracellular route) and endothelial cells (transcellular 
route).59 Conversely, endothelial degradation of glyco-
calyx exposes underlying cell adhesion molecules, thus 
promoting adhesion of white blood cells, including 
leukocytes and platelet adhesion, and induces in-
flammatory responses.60

The effects of oxaliplatin-induced endothelial glyco-
calyx injury were also evaluated. The present study 
showed that nafamostat mesilate significantly reduced 
OIPN and evaluated paw withdrawal thresholds in re-
sponse to mechanical stimulation (von Frey filament) 
without affecting antitumor effects. In particular, na-
famostat mesilate suppressed glycocalyx injury and re-
duced nerve fiber damage and vascular permeability in 
the hind paw. Edema between the endothelium and 
injured glycocalyx and the nerve fibers were also sup-
pressed. The protective effects of nafamostat mesilate 
were dose-dependent and were confirmed at con-
centrations greater than 5 mg/kg nafamostat mesilate.

Nafamostat mesilate, a synthetic serine protease in-
hibitor, is used for the treatment of disseminated in-
travascular coagulation, hemorrhagic lesions, acute 
pancreatitis, and the prevention of blood clot formation 
during extracorporeal circulation.61-64 Nafamostat mesilate 
has been previously reported to inhibit the kallikrein-kinin 
system, which promotes vascular permeability through 
bradykinin.65-67 Kusuzawa et al27 described a retrospective 
observational study of 145 patients who underwent he-
modialysis in which treatment with nafamostat mesilate 
inhibited the hemodialysis-induced increase in serum syn-
decan-1, which is a component of endothelial glycocalyx.

Therefore, these results may indicate that nafamostat 
mesilate suppressed endothelial glycocalyx injury by ox-
aliplatin in the hind paw, which led to reduced vascular 
permeability and subsequent reduction in oxaliplatin ex-
posure to the nerve fibers. Reports focusing on micro-
circulatory disorders are limited. The present findings 
suggest a novel strategy targeting endothelial glycocalyx 
for the treatment or prevention of diseases and adverse 
events. Nafamostat mesilate, the glycocalyx protective 
agent used in this study, is currently in clinical use and its 
validity has been confirmed through drug repositioning; 
that is, its safety and pharmacokinetic profile in humans 
have already been confirmed. Many other candidate gly-
cocalyx-protecting drugs, including anticoagulants, are 
currently used for the treatment of shock and severe in-
flammation. These drugs can be rapidly made available to 
humans via drug repositioning. Taken together, this study 
shows that nafamostat mesilate has extremely high po-
tential as a safe and inexpensive glycocalyx-protective 
agent in some conditions.

The mechanism of OIPN involves both DRG and per-
ipheral nerves. Historically, the predominant site of in-
jury appeared to be the DRG, and a lot of experiments 
have been performed using DRG neurons in vitro. 
However, Martinez et al68 recently reported no detect-
able DRG abnormalities after oxaliplatin treatment in a 
rat model, contrary to models of nerve injury. Im-
munohistochemistry analysis of sensory neuron damage 
in their study revealed that sensory neurons in the DRG 
are not affected by oxaliplatin treatment. Furthermore, 
Warncke et al23 reported no significant differences in 
DRGs between oxaliplatin-treated C57BL6 mice and 
their naïve controls. These reports support our results 
that sensory neurons in the DRG are not affected by 
oxaliplatin treatment in our C57B6/J strain model. To-
gether, the impairment of neurophysiological mor-
phology and functions by oxaliplatin is distinctive 
among different strains of mice and careful considera-
tion and selection of experimental models are ne-
cessary.

Regarding oxaliplatin effects, there is little sex dif-
ference in the tests used in this study on C57B6L/J 
mice.23 This study was conducted solely in C57BL/J male 
mice to confirm the effects of nafamostat mesilate on 
the skin and other organs, excluding effects related to 
sex (given that female hormones are known to affect 
vascular endothelial glycocalyx). More detailed studies 
should be conducted in the future to demonstrate dif-
ferences between the sexes.

Other limitation of the current study is that although 
changes in dextran leakage due to glycocalyx injury 
could be evaluated, the changes in oxaliplatin leakage 
could not be determined. In addition, the direct me-
chanisms underlying the oxaliplatin-induced glycocalyx 
injury or the preventive effect of nafamostat mesylate 
on the glycocalyx injury remain known. The mechanisms 
of oxalioplatin-induced injury and regeneration of en-
dothelial glycocalyx require further study.

Conclusions
Oxaliplatin causes endothelial glycocalyx injury in the 

hind paw and increases vascular permeability, leading to 
the progression of OIPN symptoms. Additionally, nafamo-
stat mesilate-induced endothelial glycocalyx protection in-
hibits the disruption of the microenvironment surrounding 
the blood-nerve barrier and reduces the symptoms of OIPN. 
These findings support a novel prophylactic strategy for 
OIPN treatment. Furthermore, these results demonstrate 
the effectiveness of drug repositioning as a promising 
treatment strategy that reduces the side effects of antic-
ancer drugs. Cancer drug maximization therapy reduces 
side effects and allows the use of higher doses of antic-
ancer drugs. This new perspective may change the ap-
proach to anticancer therapies and may help prevent the 
onset of side effects.
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