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ARTICLE INFO ABSTRACT

Keywords: Background: The high incidence and severe clinical manifestations of phlebitis pose a complex and
Phlebitis urgent clinical challenge. The rapid and simple establishment of animal phlebitis models and the
Carbomler ) development of preventive strategies are crucial to resolving this problem.

Si-z(c)iz}l’bciﬁzteme Methods: In this study, we established such models by mixing vinorelbine ditartrate (VNR) and

carbomer to form a sustained-release gel carrier, and then injected it around the veins rather than
inside the vessels. Furthermore, we analyzed the efficacy of the carbomer/VNR gel in inducing
phlebitis by monitoring the morphology of the veins using HE staining, immunohistochemical
and immunofluorescence staining, and western blotting. Reactive oxygen species (ROS) and lipid
peroxidation levels were determined using flow cytometry. Finally, we evaluated the inhibitory
effect of N-acetylcysteine (NAC) on VNR-induced phlebitis in rabbits and rats.

Results: Our findings suggested that the carbomer/VNR gel rapidly and easily induced phlebitis
due to by retention of the gel in situ, wrapping the veins, and the prolonged release of VNR. NAC
alleviated the VNR-induced oxidative stress response and expression of inflammatory cytokines
by attenuating mitochondrial damage in venous endothelial cells, thereby preventing the
occurrence of phlebitis in rabbits and rats.

Conclusion: The in situ carbomer/VNR gel provides a rapid and simple method for establishing an
animal model to study the pathogenesis of phlebitis. Furthermore, the observed therapeutic effect
of NAC highlights its novel and efficacious role in preventing and treating phlebitis.

Sustained-release carrier gel

1. Introduction

Most patients with malignant tumors require chemotherapy [1]. Repeated intravenous injections of chemotherapy drugs lead to an
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increased incidence of phlebitis, with a probability as high as 70 % [2]. Chemotherapeutic drugs circulate throughout the body owing
to their fluidity [3], and their distribution can lead to systemic toxicity [4]. Patients with phlebitis typically do not exhibit systemic
symptoms, but they do present local symptoms such as skin redness, pain, sclerosis, swelling, or venous thrombosis in severe cases [5,
6]. Phlebitis severely affects the quality of life of patients and weakens the effects of subsequent chemotherapy [7]. Therefore,
adequate measures must be developed to prevent and treat phlebitis.

Establishing an animal phlebitis model in vivo might help investigate the mechanism and pathological process of infusion phlebitis
and aid in formulating effective prevention and treatment measures. The primary method of constructing an animal phlebitis model is
the intravenous administration of chemotherapy drugs [6,8,9]. Multiple long-term chemotherapy injections at the infusion site are
required to effectively induce phlebitis [10], which increases the difficulty of the procedure and reduces the probability of successful
phlebitis induction. Furthermore, the venous diameter is reduced in rabbits, mice, and rats, complicating the chemotherapy drug
injection. Notably, expertise is required to successfully construct animal phlebitis models that avoid multiple puncture-induced
vascular damage [11,12]. Therefore, a simple, rapid, and local induction method for animal phlebitis models must be developed to
overcome these limitations.

Vinorelbine (VNR) is a potent antitumor drug that increases the permeability of blood vessels, penetrates subcutaneous tissues, and
accumulates locally, thereby causing local venous irritation or phlebitis during intravenous injection [13-17]. The incidence of local
venous irritation or phlebitis after VNR injection from the peripheral superficial vein can be as high as 30 % [18]. To treat VNR-induced
phlebitis, local treatment and systemic medication are typically used in combination, such as antipyretic and analgesic drugs to relieve
pain, anticoagulant drugs to prevent the spread of the thrombus, and 50 % magnesium sulfate wet compression and external ointment
to reduce symptoms [11,19,20]. Although the aforementioned treatment methods have certain therapeutic effects, the prevention and
radical treatment of chemotherapeutic phlebitis have minimal effects. VNR could also cause mitochondrial function injury, increase
the level of reactive oxygen species (ROS) in endothelial cells, and promote the expression of inflammatory cytokines IL-6, TNF-a, and
IL-1B, and thus causing vascular endothelial injury or infusion phlebitis [8,16,21]. Therefore, the focus of the current study was to
identify effective measures to prevent phlebitis and relieve its clinical symptoms via the reduction of VNR-induced mitochondrial
function injury.

Carbomer 940 (carbomer), a crucial rheological regulator and excellent gel substrate at PH 7.0 [22], is stable and safe, and is often
used to synthesize pastes and gels [23]. We speculated that combined with the high induction rate of VNR-induced phlebitis and the
rheological properties of carbomer, VNR and carbomer could be mixed to form a gel that could be injected and retained in situ to
stimulate veins, thus providing an efficient and simple way to induce phlebitis. Therefore, we developed an animal model of phlebitis
with the carbomer/VNR sustained-release gel. The gel was injected around the veins to prolong the release of VNR, continuously
stimulate the veins, and rapidly and locally induce phlebitis. It succeeded in this, thus allowing us to use the gel to explore the
pathogenesis of phlebitis and develop prevention strategies. Along this line, we investigated the effect of NAC in mitigating infusion
phlebitis. N-acetylcysteine (NAC), an antioxidant that penetrates cell membranes [24], can reduce ROS levels and relieve endothelial
cell damage [21,25], but its effect on phlebitis prevention and treatment has not previously been investigated. In this study, NAC
attenuated VNR-induced mitochondrial damage and inhibited phlebitis occurrence, which indicated that NAC could be administered
in advance or simultaneously with chemotherapy drugs to prevent or treat phlebitis in clinical practice. We believe our study identifies
a rapid and simple method to develop an animal phlebitis model for studying the underlying pathological mechanisms, which can
assist in designing strategies to effectively reverse the symptoms and treat phlebitis.

2. Materials and methods
2.1. Reagents and antibodies

Vinorelbine ditartrate (VNR) (cat. No. V57040) was purchased from Acmec Biochemicals (Shanghai, China). N-acetylcysteine
(NAC) amide (cat. No. T5518-2) was provided by TargetMol (Shanghai, China). Collagenase D (cat. No. 11088858001) was purchased
from Sigma-Aldrich (St. Louis, Missouri, USA). Type II collagenase (cat. No. A004174) was obtained from Sangon Biotech (Shanghai,
China). Carbomer 940 (cat. No. C7650), a hematoxylin-eosin (HE) stain kit (cat. No. G1120), and neutral balsams (cat. No. G8590)
were obtained from Solarbio LIFE SCIENCES (Beijing, China). ROS Stain Kit (cat. No. BB-470513-200T) was purchased from BestBio
(Shanghai, China). RIPA (cat. No. P0013B), PMSF (cat. No. ST506), and 5 x SDS-PAGE sample loading buffer (cat. No. PO015) were
purchased from Beyotime Biotechnology (Shanghai, China). Anti-IL-6 antibody (cat. no.21865-1-AP), anti-CD31 antibody (cat.
n0.66065-2-Ig), anti-GPX4 antibody (cat. no.67763-1-1g), anti-PINK1 antibody (cat. no.23274-1-AP) and anti-GAPDH antibody (cat.
1n0.10494-1-AP) were obtained from Proteintech (Wuhan, China). Anti-IL-1f antibody (cat. No.bs-0812R) was obtained from Bioss
(Beijing, China). Anti-TNF-a antibody (cat. No.sc-12744) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Goat anti-
rabbit IgG (Alexa Fluor® 594) (cat. No. ab150080) and goat anti-mouse IgG antibodies (Alexa Fluor® 488) (cat. No. ab150113) were
purchased from Abcam (Cambridge, Massachusetts, USA).

2.2. Isolation of venous endothelial cells (VECs)

Three-week-old rats were anesthetized with 3 % pentobarbital sodium (50 mg/kg) and euthanized by cervical dislocation. After
soaking in 75 % alcohol for 2-5 min, the rats were washed 2-3 times with PBS buffer. The abdominal cavity was opened as long as
possible to expose and sever the inferior vena cava. The endothelium of the inferior vena cava was turned inside-out and digested with
2 % collagenase D and 2 % collagenase type II at 37 °C for 1-2 h. After blowing for 1 min, the inferior vena cava was discarded. The
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remaining cell suspension was collected, and the VEC precipitate was obtained by centrifugation at 300xg for 5 min. VECs were
inoculated at 5 % CO5 and 37 °C and identified after cell fusion to 80-90 %.

2.3. Hematoxylin and eosin (HE) staining

The paraffin-embedded sections were deparaffinized for hydration. The sections were stained with hematoxylin and eosin for 3-5
min and 1-2 min, respectively. They were then washed thrice with PBS for 5 min each. After drying, the sections were sealed with
neutral balsams and visualized using an M8 digital scanning microscopy imaging system (Precipoint/M8, Germany).

2.4. Immunofluorescence and immunohistochemistry

The paraffin-embedded sections were deparaffinized for hydration. The tissue sections and venous endothelial cells were fixed in 4
% paraformaldehyde. After washing with PBS, the samples were incubated with 3 % H304 for 30 min at 20-30 °C. Trypsin antigen
repair solution was used for antigen repair. After washing with PBS, tissue sections or cells were sealed with goat serum at 20-30 °C for
30 min. Diluted first antibody (1:100) was added to the samples and incubated overnight at 4 °C. On the second day, the samples were
washed thrice with PBS for 5 min each. For the immunofluorescence assay, diluted goat anti-rabbit IgG antibody (1:300) and goat anti-
mouse IgG antibody (1:300) were added to the samples and incubated for 1-2 h at 37 °C. After washing with PBS, the samples were
incubated with DAPI staining solution for 5 min and imaged using a fluorescence microscope (OLYMPUS, Japan). For the immuno-
histochemistry assay, the HRP-conjugated secondary antibody was added to the samples and incubated at 37 °C for 10-20 min. After
washing with PBS, the samples were stained with DAB staining reagent and imaged using an M8 digital scanning microscopic imaging
system.

2.5. Western blotting

After the tissues or cell precipitates were collected, RIPA buffer containing the protease inhibitor PMSF was added, and total
proteins were cleaved and extracted. We added 5 x SDS-PAGE sample loading buffer in proportion to the sample volume. The sample
was then boiled in water for 5 min. Subsequently, gel electrophoresis was performed under conditions of 60 V for 30-50 min and,
subsequently, at 120 V for 60 min. After gel electrophoresis, the proteins were transferred to the PVDF membrane at 300 mA for 60
min. The PVDF membranes were incubated with 5 % milk powder for 1 h and washed thrice with Tris-buffered saline-Tween 20 (TBST)
buffer for 5 min each. Subsequently, the membranes were incubated with diluted first antibody (1:1000) at 4 °C in a shaker overnight.
The following day, the PVDF membrane was washed thrice with TBST buffer for 5 min each and incubated with diluted second
antibody (1:5000) at 25 °C for 60 min with shaking. After washing, a super-sensitivity ECL kit (cat. No. BGO001, BIOGROUND,
Chongqing, China) was used to image the PVDF in the ChemiDocTM Touch Imaging System (Bio-Rad, USA).

2.6. Cell viability assay

Cell viability was analyzed using the Cell Counting Kit (CCK-8) (cat. no. IV08-1000T, Invigentech™, California, USA). An
appropriate number of cells were seeded in 96-well plates and incubated for 24 h. To determine the effect of NAC on cell proliferation,
VECs were incubated again for 24 h at different concentrations of NAC. Then, 10 pl of CCK-8 reagent was added, and the cells were
incubated at 37 °C in the dark for 2-5 h. After the incubation, the proliferation level of the cells was detected at 450 nm and statistically
analyzed.

2.7. Flow cytometry

The VECs were trypsinized and isolated. The cell precipitates were collected by centrifugation at 300 xg for 5 min, resuspended, and
then incubated with diluted CD31 antibody (1:200) for 60 min at 37 °C. They were subsequently incubated with goat anti-mouse IgG
antibody for 60 min at 37 °C, or the cell precipitates were resuspended with 500 pL of JC-1 working solution and incubated at 37 °C for
20 min. After incubation, the cells were collected by centrifugation at 300xg for 5 min. The cell precipitates were resuspended in PBS
buffer or 1 x JC-1 assay buffer and assayed using flow cytometry (Beckman, USA). An apoptosis detection kit (cat. no. PI0100,
Invigentech™, California, USA) was used for the detection of apoptosis rates. VECs were treated with various concentrations of NAC (0,
200, 400, 600 or 1000 pM) for 24 h. After collecting and washing with PBS, the cells were stained with 5 pl of Annexin V-FITC and 10 pl
of PI in the dark for 10-20 min. After washing with PBS, the cells were analyzed by flow cytometry (Beckman, USA).

2.8. Glutathione (GSH) and malondialdehyde (MDA) assay

GSH and MDA levels in the VECs were detected using a GSH Colorimetric Assay Kit (cat. no. E-BC-K030-M), and a MDA Colori-
metric Assay Kit (cat. no. E-BC-K028-M) obtained from Elabscience Biotechnology (Wuhan, China). The VECs were then collected and
washed with PBS. For the GSH assay, after ultrasonication on ice and centrifugation at 1500xg for 10 min, the cell supernatant was
incubated with 100 pL of acid reagent at 20-30 °C and centrifuged at 4500xg for 10 min. The BCA kit (cat. no. P0012S; Beyotime
Biotechnology, Shanghai, China) was used to determine protein concentration. Approximately 100 pL of cell supernatant and 25 pL of
5,5'-dithiobis(2-nitrobenzoic acid) solution were incubated together in a 96-well plate for 5 min at 20-30 °C. The absorbance of each
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Fig. 1. Carbomer/VNR gel rapidly induces phlebitis in rabbit ear veins. (a) Approximately 0.01 g carbomer, 1 ml deionized water, and 1 ml of VNR
(0.6 mg/ml) were mixed to create the carbomer/VNR gel. (b) The viscosity of the carbomer/VNR gel was analyzed at different pH values (4.0, 5.0,
6.0, 7.0, 8.0, 9.0, and 10.0). (c-d) The gel was injected around the veins rather than inside the vessels in rabbits using a syringe. The gel was injected
as the needle was withdrawn. The needle gauge was 26G. (e) The morphology of the veins of the rabbit ears in NC (n = 3), carbomer (n = 3), VNR (n
= 3), and carbomer/VNR (n = 3) groups was observed on days 1 and 3. (f-h) HE staining, the incidence of thrombus and phlebitis were statistically
analyzed. VNR: Vinorelbine ditartrate; © the injection site of the gel; % venous thrombus. NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01;
***p < 0.001.

well was obtained via a microplate reader at 405-414 nm. The amount of GSH in the cells was calculated based on a GSH standard
curve and normalized to the protein concentration.

For the MDA assay, the extraction solution (0.5 ml) was added to the cell suspension and ultrasonicated on ice. Subsequently, 0.1 ml
of the sample was mixed evenly with 1 ml working solution. After incubation in water at 100 °C for 40 min, the samples were
centrifuged at 1078 xg for 10 min. The BCA kit was used to determine protein concentration. Approximately 250 pL of supernatant was
placed in the 96-well plate, and the absorbance of each well at 532 nm was measured using a microplate reader. The MDA levels in
each sample were normalized to the protein concentration.

2.9. Lipid peroxidation and reactive oxygen species (ROS) assay

Lipid peroxidation levels were detected via C11-BODIPY™ 581/591 (cat. no. D3861, Thermo Fisher Scientific, Massachusetts,
USA). ROS levels were analyzed via CellROX™ Deep Red Flow Cytometry Assay Kit (cat. no. C10491, Thermo Fisher Scientific,
Massachusetts, USA). The VECs were digested and isolated using trypsin. The cell precipitate was resuspended after centrifugation at
300xg for 5 min. For the lipid peroxidation assay, the cells were incubated with C11-BODIPY 581/591 at 37 °C for 30 min. After
washing with PBS, the cells were analyzed using flow cytometry. For ROS assay, the cells were incubated with CellROX™ Deep Red
reagent at 37 °C and 5 % CO; for 1 h. SYTOX Blue Dead cell staining reagent was added during the last 30 min of incubation. The cells
were then washed with PBS and analyzed using flow cytometry.
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Fig. 2. Carbomer/VNR gel induces oxidative stress in rabbit ear veins. The fluorescence staining of reactive oxygen species (ROS) was detected in
the veins of rabbits in the NC, carbomer, VNR, and carbomer/VNR groups. © injection site of the gel; % veins.

2.10. Transmission electron microscopy (TEM)

The tissue samples were fixed with 3 % glutaraldehyde at 4 °C for two days. The samples were then treated with 1 % osmic acid for
30 min. After gradient dehydration with 50-100 % ethanol and immersion in 100 % acetone/Epon 812, ultrathin slices (60 nm) were
prepared. The sections were stained with 5 % uranium acetate for 30-60 min and then with lead citrate for 10 min. After drying, the
sections were observed using TEM (Philips, Amsterdam, Netherlands).

2.11. Preparation of carbomer, carbomer/VNR, and carbomer/VNR/NAC gel

The carbomer (0.02 g) was added to deionized water (2 ml) for full dissolution. The pH of the carbomer gel was adjusted to
approximately 7.0 with 1 mol/L NaOH solution. Vinorelbine ditartrate (VNR, 3 mg) was dissolved in 5 ml PBS using ultrasound to
obtain a 0.6 mg/ml VNR stock solution. Subsequently, 1 ml PBS, 1 ml VNR (0.6 mg/ml), or a mixture of 1 ml of VNR (0.6 mg/ml) and
NAC (1.2 mM) was added to the 1 m1 1 % carbomer gel to obtain a 0.5 % carbomer gel with a final VNR concentration of 0.3 mg/ml and
a NAC concentration of 0.6 mM. The carbomer, carbomer/VNR, and carbomer/VNR/NAC gels were prepared after thoroughly mixing
the components. The viscosity of the carbomer/VNR gel was detected using a digital rotational viscometer (SNB-1A, FANGRUI,
Shanghai, China) with a #29 rotor at 1 rpm.
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Fig. 3. Carbomer/VNR gel injected around the tail veins rapidly and efficiently induces phlebitis in rats. (a—b) Carbomer/VNR gel was injected
around the tail veins, and changes in the tail veins were observed on day 3. (c) The swelling rate of the tails was statistically analyzed at 24, 48, and
72 h after injection. (d—f) HE staining, the incidence of thrombus, and the count of inflammatory cells were statistically analyzed in NC (n = 5) and
carbomer/VNR (n = 5) groups. % venous thrombus; < edema; a inflammatory cells. NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p
< 0.001.

2.12. Animal experiments

The rabbits were anesthetized using 3 % sodium pentobarbital (50 mg/kg). Twenty-one 3-month-old New Zealand rabbits
(approximately 2-2.5 kg) were used to establish VNR-induced phlebitis and to validate the therapeutic effect of NAC. Twelve rabbits
were divided evenly into the normal control (NC), carbomer, VNR, and carbomer/VNR groups to verify the role of carbomer/VNR in
the induction of phlebitis. The remaining nine rabbits were divided evenly into the NC, carbomer/VNR, and carbomer/VNR/NAC
groups to verify the role of NAC in inhibiting the occurrence of phlebitis. Both ears of the rabbit were used for the corresponding
experiments. In the VNR group, VNR (0.3 mg/ml) was injected into the ear vein on day 1. The injection was administered at a rate of 5
ml/kg/h for 30 min. In the carbomer, carbomer/VNR and carbomer/VNR/NAC groups, the rabbits were injected with carbomer,
carbomer/VNR, and carbomer/VNR/NAC gels into the tissue between the veins and skin along the direction of the rabbit ear vein. The
gel was injected as the needle was withdrawn such that it was retained and wrapped in the vein in situ.

Rats were anesthetized with 3 % sodium pentobarbital (50 mg/kg). VECs were extracted from two three-week-old rats. Twenty-five
three-week-old rats (weighing approximately 50-100 g) were used for in vivo experiments. Ten rats were divided evenly into normal
control (NC) and carbomer/VNR groups to validate the effect of the carbomer/VNR sustained-release carrier on phlebitis. Fifteen rats
were divided evenly into the NC, carbomer/VNR, and carbomer/VNR/NAC groups to analyze the inhibitory effects of NAC on VNR-
induced phlebitis. In the carbomer/VNR and carbomer/VNR/NAC groups, the carbomer/VNR and carbomer/VNR/NAC gels were
injected around the tail veins through a syringe on day 1. Tail diameters near the injection site were measured 0, 24, 48, and 72 h after
gel injection. The tail swelling rate was compared with that at 0 h using the formula: Swelling rate (%) = [(diameter of the rat tail at 24,
48, or 72 h — diameter of the rat tail at 0 h)/diameter of the rat tail at 0 h] x 100 %. The incidence of thrombus (%) was measured as
(the number of thrombus-containing veins/the total number of veins) x 100 %. The incidence of phlebitis (%) was measured as (the
number of phlebitis-containing rabbits’ ears/the total number of rabbits’ ears) x 100 %. In a transverse section of the tail, the average
number of inflammatory cells in three randomly selected fields was counted to estimate the number of inflammatory cells. Animal use
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this article.)
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and experimental procedures were approved by the Animal Ethics Committee of the Army Medical University (AMUWEC20230336).

2.13. Statistical analyses

The data are presented as means + standard deviations on at least three measurements. Student’s t-test or one-way analysis of
variance was used to analyze the data using SPSS (version 22.0; IBM Corp., NY, USA) or GraphPad Prism (version 7.0; GraphPad
Software Inc., CA, USA). Graph analysis was performed using GraphPad Prism version 7.0. Statistical significance was set at p < 0.05.

3. Results and discussion
3.1. Carbomer/VNR gel induces phlebitis rapidly and efficiently in rabbits

Phlebitis is caused by the injection of stimulative drugs, such as chemotherapy and hypertonic drugs, through the superficial vein,
which damages VECs and causes inflammation of the vein and surrounding tissues [8,26]. Owing to its high incidence, as well as
clinical symptoms such as pain and swelling, prevention and treatment strategies for phlebitis are urgently required [5,6,27].
Currently, the establishment of phlebitis models is mainly based on intravascular injections in rabbits and mice [6,11]. However,
owing to the difficulty of intravascular injection, phlebitis cannot be induced quickly, simply, or efficiently, thus affecting mechanistic
studies and the formulation of prevention strategies against this condition. In this study, we developed an innovative animal model of
phlebitis to explore its pathogenesis and develop prevention strategies. VNR and the carbomer were mixed to form a gel (Fig. 1a). The
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Fig. 6. VNR promotes oxidative stress in venous endothelial cells (VECs). (a) Cell surface marker CD31 of VECs was detected using flow cytometric
analysis. The right curve represents the fluorescence intensity of VECs stained with the CD31 antibody. (b) Representative immunofluorescence
staining of CD31 (green) in VECs. (c) ROS levels and mean fluorescence intensity (MFI) of VECs treated with different concentrations of VNR (0, 1, 2,
and 3 pM). (d) Lipid peroxidation levels and mean fluorescence intensity (MFI) of VECs treated as stated the above. (e) The MDA levels and GSH
levels in VECs treated with different concentrations of VNR (0, 1, 2, and 3 pM). (f) Representative western blotting and quantitative data of GPX4 in
VECs treated as described earlier. NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

viscosity of the carbomer/VNR gel was analyzed at different pH values (4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0). It was known that the
viscosity of the carbomer/VNR gel was the highest (about 60,000 mPa.s) at a pH of 7.0 (Fig. 1b). Then the gel was then injected around
the veins in situ. The schematic representation of the experimental workflow is shown as Fig. 1c-d. Rabbit ear veins were observed on
days 1 and 3 after treatment with the carbomer gel, VNR, or carbomer/VNR gel. The rabbits in the carbomer and VNR groups did not
exhibit significant redness and thickening in the ear veins compared with those in the NC group, whereas the carbomer/VNR gel
sustained-release carrier significantly caused redness and thickening of the veins on days 1 and 3 (Fig. 1e). HE staining revealed no
significant change in veins in the NC and carbomer groups. Although the venous wall was vacuolated and stratified in the VNR group,
several clots were observed in the veins of the carbomer/VNR group (Fig. 1f). Moreover, the incidence of thrombus formation and
phlebitis was the highest in the carbomer/VNR group (Fig. 1g-h). ROS levels and oxidative stress were detected, and we observed that
the ROS levels in the veins increased significantly in the VNR and carbomer/VNR groups, especially in the carbomer/VNR group
(Fig. 2). Collectively, our results suggest that the gel sustained-release carrier loaded with VNR could be retained in situ, wrap around
the veins, and facilitate the prolonged release of VNR, acting as an efficient and simple method to induce phlebitis. Considering that
severe extravasation and diffusion of chemotherapy agents in the tissues can lead to necrosis of surrounding tissues and skin ulcer [28],
we speculate that the sustained-release gel loaded with VNR injected around veins is harmful to the surrounding tissues. Therefore, it
may be urgent to prepare the carbomer/VNR sustained-release carrier gel with local retention but degradation quickly to reduce the
damage to the surrounding healthy tissues.

3.2. Carbomer/VNR gel rapidly and efficiently induces phlebitis in rats

We also injected the carbomer/VNR gel around the tail vein in rats to analyze the effect of the gel sustained-release carrier on
inducing phlebitis (Fig. 3a). The tail veins of rats treated with the carbomer/VNR gel were evidently red and thickened (Fig. 3b). The
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Fig. 7. NAC reduces mitochondrial damage-induced ROS levels and inhibits inflammatory cytokine expression in VECs. (a-b) The apoptosis rate of
VECs treated with different concentrations of NAC (0, 200, 400, 600, and 1000 uM) was detected by flow cytometry and then statistically analyzed.
(c) Cell viability of VECs treated with different concentrations of NAC (0, 200, 400, 600, and 1000 pM) was detected using CCK-8. (d—e) Mito-
chondrial membrane potential (MMP) and data analysis of VECs treated with NC, VNR, NAC, and VNR/NAC. In the VNR/NAC group, NAC (600 pM)
was pre-treated for 2 h before being added to VNR (2 puM); the detection of MMP and statistical analysis were performed one day later. (f)
Representative western blotting and quantitative data of PINK1, TNF-«, and IL-6 in VECs treated as described earlier. (g—j) ROS levels and MFI

Heliyon 9 (2023) e21235

@,

0.038%

PI

i J—

NAC oM s
Annexin V-FITC
(b) « © 2 —
e bl ns
% 4 E 104 T ==
S —
g 2 2 o0s
3 3
< 0 0.0
NAC 0 200 400 600 1000 (»M) NAC 0 200 400 600 1000(nM)
d
( )3“,0» 1.26% <11.52% 79 < 10.80% (e) 5 .
| el w2 =
=} —
3. 2 og 20 I
2| # 25 -
5|1 o 1 Eg 16 L
E ; T ==
o' ' w'd O
E +10.48% 46.2%| » 0.20% 34.4%| .10.48% ""é‘%-s
BTAMee s Pl Sl e Rt SRS P M Al i B M P Booo
Y NC VNR NAC VNRNAC & VNR- + -
< > NAC- - +
= JC-1 Green Fluorescence
S—
(f) '§ (g) I MFL4118
33KD B 3 i T MFI:2353
TNF-0| 5% — ]
<1-’\310 I U\ MFI:6584
= w :
1o W 0 £ 2 * A
S20s == i
r CRA '\ MFI:2725
GAPDH _hund & éu.ﬁ . : . !
VNR - + VNR- + = + S T v v v
NAC - - ONAC- - + + T - MR A

CellROX™ Deep Red

-
+ &
- +

(i) ROS/DAPI

w
100pm

" 100um 100pm

S, 100pm

VNR -
NAC - - - H

10



H. Zhang et al. Heliyon 9 (2023) e21235

analysis, ROS fluorescence staining, and immunofluorescence staining of TNF-a (green) and IL-6 (red) in VECs treated as described earlier. NAC: N-
acetylcysteine amide; NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. NAC effectively attenuates carbomer/VNR gel-induced phlebitis in rats. (a) The morphology of the veins on the third day in the NC (n = 5),
carbomer/VNR (n = 5), and carbomer/VNR/NAC (n = 5) groups. (b-d) HE staining, the incidence of thrombus, and the count of inflammatory cells
were statistically analyzed in the NC, carbomer/VNR, and carbomer/VNR/NAC groups. © the injection site of gel; % venous thrombus; A in-
flammatory cells. NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

swelling rate of the tail increased with time and reached approximately 7 % at 72 h (Fig. 3c). HE staining of the transverse sections of
the tail indicated that thrombus formation, the incidence of thrombus, and the number of inflammatory cells in the tail vein were
significantly increased in rats treated with the carbomer/VNR gel (Fig. 3d-f). Western blotting analysis revealed increased levels of
inflammatory cytokines TNF-a, IL-1f, and IL-6 in the veins and surrounding tissues of rats in the experimental group (Fig. 4a-b).
Immunofluorescence staining indicated increased expressions of inflammatory cytokines IL-6 and TNF-a in the veins of rats in the
experimental group (Fig. 4c). Inmunohistochemical analysis displayed an increased expression of IL-6, IL-1p, and TNF-a in the veins of
rats in the carbomer/VNR group compared with that in the NC group (Fig. 5a—c). We continuously stimulated the veins by injecting
carbomer/VNR sustained-release carrier gels around them to rapidly and locally induce phlebitis in rats.

3.3. VNR increases the production of reactive oxygen species in VECs

Vinorelbine (VNR), a potent antitumor drug that causes venous irritation, plays a crucial role in inducing phlebitis. VNR can also
increase the expression of pro-inflammatory cytokines by increasing ROS levels in endothelial cells [6,29]. To analyze the mechanism
by which VNR promotes the expression of inflammatory cytokines in VECs, VECs were extracted and identified by flow cytometry and
immunofluorescence staining, which also indicated that most of the extracted cells expressed the marker protein CD31 (Fig. 6a-b). The
ROS levels and lipid peroxidation levels of VECs treated with different concentrations of VNR (0, 1, 2, and 3 pM) were detected, and
quantitative analysis was conducted. With an increase in the VNR concentration, the levels of ROS and lipid peroxidation also
increased significantly (Fig. 6¢—d). Moreover, compared with VECs treated without VNR, MDA levels increased, and GSH levels
decreased significantly in VECs treated with increasing concentrations of VNR (Fig. 6e). Western blotting and quantitative analysis also
indicated that VNR reduced the expression of glutathione peroxidase 4 (GPX4), which was associated with the promotion of oxidative
stress with increasing VNR concentrations (Fig. 6f). Thus, VNR could increase ROS levels in VECs.

3.4. NAC reduces mitochondrial damage-induced ROS levels and inhibits the inflammatory response in VECs

Research has shown that N-acetylcysteine (NAC) amide reduces ROS levels caused by mitochondrial dysfunction [30]. Therefore,
the ability of NAC to decrease the levels of pro-inflammatory cytokines by reducing ROS production was monitored. To determine the
cytotoxicity of NAC on VECs, the apoptosis rate and cell viability were analyzed. It was observed that NAC was basically non-toxic to
cells when its concentration was less than 600 uM. However, when the concentration exceeded 1000 pM, it significantly promoted cell
apoptosis and weakened cell viability (Fig. 7a—c). Thus, low concentrations of NAC are needed when using NAC for phlebitis pre-
vention and treatment. By examining mitochondrial membrane potential and statistical analysis of the ratio of aggregates/monomers,
we observed that VNR could cause mitochondrial dysfunction, which could be alleviated by NAC (Fig. 7d—e). The results of western
blotting and quantitative analysis suggested that VNR could promote the production of PINK1 related to mitochondrial oxidative stress
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Fig. 9. NAC reduces the incidence of phlebitis by inhibiting the mitochondrial oxidative stress-induced inflammatory responses in rats. (a) ROS
fluorescence staining in veins in the NC, carbomer/VNR, and carbomer/VNR/NAC groups. (b) Morphological characteristics of mitochondria in
VECs treated as described earlier. (c-d) Representative immunohistochemical staining, western blotting, and quantitative data of IL-6 and TNF-a
were monitored in veins and surrounding tissues. — Mitochondria; % veins. NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

and increase the expression of inflammatory cytokines, IL-6 and TNF-a, which could also be inhibited by NAC (Fig. 7f). Then, ROS
levels and fluorescence intensity were detected using flow cytometry, and the expression of inflammatory cytokines was analyzed
using immunofluorescence staining (Fig. 7g—j). Collectively, our findings suggested that VNR could promote the expression of
TNF-aand IL-6 by enhancing intracellular oxidative stress and increasing ROS levels, however, NAC could effectively reverse these
changes.

3.5. NAC attenuates carbomer/VNR gel-induced phlebitis in rabbits and rats

It was known that VNR could induce mitochondrial dysfunction in VECs, resulting in increased ROS levels, which consequently
leads to increased levels of the pro-inflammatory cytokines IL-6, TNF-a, and IL-1p. However, prevention of phlebitis after its occur-
rence owing to the increased ROS levels has not been reported. Growing evidence suggest that mitochondria are the main source of
ROS in cells [31,32]. The overproduction of ROS after mitochondrial function injury promotes the expression and release of in-
flammatory cytokines [32,33]. To validate the inhibitory effect of NAC on the occurrence and development of phlebitis in vivo, the rats
were divided into NC, carbomer/VNR, and carbomer/VNR/NAC groups. Compared with the NC group, the tail vein in rats in the
carbomer/VNR group exhibited redness and thickening. In contrast, these symptoms were significantly relieved in the carbo-
mer/VNR/NAC group compared with that in the carbomer/VNR group (Fig. 8a). HE staining of the transverse sections of the tail
indicated that thrombus formation, the incidence of thrombus, and number of inflammatory cells in the tail vein were significantly
increased in rats treated with the carbomer/VNR gel, which could be reversed by NAC (Fig. 8b-d). Moreover, ROS levels in the tail vein
of the carbomer/VNR group increased. In contrast, ROS levels in the tail vein were significantly lower in the carbomer/VNR/NAC
group than in the carbomer/VNR group (Fig. 9a). Mitochondrial morphology in VECs indicated that carbomer/VNR caused mito-
chondrial swelling and cristae reduction, whereas NAC alleviated these effects (Fig. 9b). The results of immunohistochemical staining,
western blotting, and quantitative analysis in rats suggested that carbomer/VNR could increase the expression of the inflammatory
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Fig. 10. NAC effectively reverses carbomer/VNR gel-induced phlebitis in rabbits. (a) The morphology of the veins on the third day in the NC (n =
3), carbomer/VNR (n = 3), and carbomer/VNR/NAC (n = 3) groups. (b—c) HE staining and the incidence of thrombus were statistically analyzed in
the NC, carbomer/VNR, and carbomer/VNR/NAC groups. (d) ROS fluorescence staining in veins treated as described earlier. (e) Illustration of
postulated mechanism by which NAC reduced ROS levels to inhibit the phlebitis induced by the gel sustained-release carrier loaded with VNR. © the
injection site of gel; % venous thrombus; % veins. NC: normal control. ns: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

cytokines IL-6 and TNF-a, which could also be inhibited by NAC in vivo (Fig. 9c-d).

The ear vein of rabbits in the carbomer/VNR group revealed increased redness and thickening compared with that observed in
rabbits in the NC group. In contrast, these symptoms were significantly relieved in the carbomer/VNR/NAC group compared with that
in the carbomer/VNR group (Fig. 10a). HE staining and statistical analysis of thrombus incidence suggested that carbomer/VNR
increased the rate of venous thrombosis, which was reduced by NAC (Fig. 10b—c). Fluorescence analysis also suggested that NAC
reversed the VNR-induced increase in ROS levels in vivo (Fig. 10d). This indicated that NAC could be administered in advance or
simultaneously with chemotherapy drugs to prevent or treat phlebitis in clinical practice. Thus, as shown in Fig. 10e, this study aimed
to develop an animal model of phlebitis by constructing a sustained-release carrier gel loaded with VNR and to evaluate the preventive
and therapeutic effects of NAC on phlebitis via attenuating mitochondrial damage to reduce reactive oxide species levels and the
expression of IL-6, TNF-a, and IL-1§.

4. Conclusions

In this study, VNR and carbomers were mixed to form a carbomer/VNR gel-sustained release carrier loaded with VNR. By simu-
lating the pathological process in which VNR accumulates around venous vessels and stimulates the veins and surrounding tissues to
cause phlebitis, a gel-sustained carrier was injected around the venous vessels rather than inside the vessels. Next, we successfully
established an animal model of phlebitis by injecting the carbomer/VNR sustained-release carrier gel and demonstrated that NAC
could inhibit the occurrence of phlebitis by reducing ROS production in vitro and in vivo through the alleviation of mitochondrial
damage. Our findings provide a rapid and simple method to establish an animal phlebitis model, which would facilitate further
investigation into the pathological mechanisms of phlebitis, and also serve as a novel and efficacious method to prevent and treat
phlebitis. However, there are also limitations of the study. The degradation rate of the gel in tissues is unclear. And long-term retention
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of sustained-release carrier gel may have harmful effects on surrounding tissues. Therefore, in the following study, we need to further
prepare sustained-release carrier gel with degradation quickly and less damage to the surrounding tissues.
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