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Abstract
Background  Chemotherapy-induced peripheral neuropathy (CIPN) is a serious adverse reaction to chemotherapy 
with limited treatment options. Research has indicated that neutrophil extracellular traps (NETs) are critical for the 
pathogenesis of CIPN. LPS/HMGB1 serve as important inducers of NETs. Here, we aimed to target the inhibition of NET 
formation (NETosis) to alleviate CIPN.

Methods  Oxaliplatin (L-OHP) was used to establish a CIPN model. The mice were pretreated with fucoidan to 
investigate the therapeutic effect. SR-A1−/− mice were used to examine the role of scavenger receptor A1 (SR-A1) 
in CIPN. Bone marrow-derived macrophages (BMDMs) isolated from SR-A1−/− mice and WT mice were used to 
investigate the mechanism by which macrophage phagocytosis of NETs alleviates CIPN.

Results  Clinically, we found that the contents of LPS, HMGB1 and NETs in the plasma of CIPN patients were 
significantly increased and positively correlated with the VAS score. Fucoidan decreased the LPS/HMGB1/NET 
contents and relieved CIPN in mice. Mechanistically, fucoidan upregulated SR-A1 expression and promoted the 
phagocytosis of LPS/HMGB1 by BMDMs. Fucoidan also facilitated the engulfment of NETs by BMDMs via the 
recognition and localization of SR-A1 and HMGB1. The therapeutic effects of fucoidan were abolished by SR-A1 
knockout. RNA-seq analysis revealed that fucoidan increased sqstm1 (p62) gene expression. Fucoidan promoted 
the competitive binding of sqstm1 and Nrf2 to Keap1, increasing Nrf2 nuclear translocation and SR-A1 transcription. 
Additionally, the sequencing analysis (16 S) of microbial diversity revealed that fucoidan increased the gut microbiota 
diversity and abundance and increased the Bacteroides/Firmicutes ratio.
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Introduction
Current treatment modalities for cancer include sur-
gical interventions, radiotherapy, and chemotherapy 
drug regimens, although they are often accompanied 
by severe adverse effects. These drugs frequently elicit 
sensory receptor stimulation and damage, precipitating 
CIPN and profoundly impacting treatment efficacy and 
patients’ quality of life. The clinical symptoms of CIPN 
include limb numbness, hyposensitivity, abnormal feel-
ings, and pain, with an incidence rate of over 70% [1–3]. 
According to a survey by the American Association of 
Clinical Oncology, the only recommendation for CIPN 
is to suspend or delay chemotherapy [3, 4]. Therefore, an 
exploration of the pathological mechanism of CIPN and 
the development of new treatments are urgently needed.

Neutrophil extracellular traps (NETs) are fibrous net-
works that protrude from the membranes of activated 
neutrophils. NETs are found in a variety of conditions, 
such as infection, malignancy, atherosclerosis, and 
autoimmune diseases [5]. Research has revealed that in 
patients with COVID-19 [6], NETs have the potential to 
trigger immune thrombosis, which is a critical patho-
logical mechanism of ARDS and can lead to pulmonary 
circulation disorders [7]. A previous study revealed that 
neutrophils invade sensory ganglia and confer mechani-
cal hypersensitivity in fibromyalgia mice [8]. Additionally, 
our previous research indicated that NETs play an impor-
tant role in the development of CIPN. They mediate neu-
roinflammatory responses and cause microcirculation 

disorders at nerve endings, leading to pain hypersensi-
tivity. Reducing NET-mediated inflammation could be 
an effective strategy for mitigating CIPN [9]. Promising 
therapeutic effects have also been observed with the use 
of DNase 1 to degrade NETs [10]. However, consider-
ing that the application of DNase in clinical settings may 
produce immunogenic reactions and pose challenges 
for clinical translation, we are exploring other treatment 
strategies. Here, we aimed to investigate whether target-
ing the source of NET production can effectively treat 
CIPN.

Research has shown that the factors that induce NET 
formation include p-selectin, HMGB1, fungi, bacteria, 
and immune complexes [11]. Among them, HMGB1 
and bacterial LPS have attracted our attention. Previ-
ous reports have indicated that NET formation (NETo-
sis) depends on PAMPs (lipopolysaccharide, LPS) and 
DAMPs (HMGB1), which can stimulate neutrophils, 
leading to the release of NETs [12–14]. Studies have 
shown that intestinal flora disorders are closely related 
to neuropathic pain [15]. Jianren Mao et al. confirmed 
LPS release induced by a disordered intestinal micro-
biota could promote mechanical hyperalgesia caused by 
chemotherapy [16]. Additionally, intrathecal treatment 
with the TLR4 antagonist lipopolysaccharide-RS (LPS-
RS) blocked mechanical hypersensitivity in paclitaxel-
treated rats [17]. Previous reports have shown that the 
excessive accumulation of HMGB1 is a crucial cause of 
neuropathic pain [18–21]. Recently, Jon D. Levine et al. 

Conclusions  Altogether, fucoidan promotes the SR-A1-mediated phagocytosis of LPS/HMGB1/NETs and maintains 
gut microbial homeostasis, which may provide a potential therapeutic strategy for CIPN.
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reported that DAMPs are ligands for pattern recognition 
receptors (PRRs) and that PRRs in DRG cells play impor-
tant roles in CIPN [22]. These findings suggest that LPS/
HMGB1, as important factors for triggering NET forma-
tion, may be involved in the process of CIPN.

Therefore, we aimed to reduce the accumulation of 
LPS/HMGB1 and decrease their stimulation of neutro-
phils to inhibit NET production. A decrease in the LPS/
HMGB1 levels in the body is due to the inflammatory 
response caused by binding to corresponding endog-
enous ligands, such as TLR/RAGE, while LPS/HMGB1 
is also taken up and eliminated by phagocytic cells [19, 
23, 24]. We hypothesized that phagocytic receptors can 
be regulated to promote the clearance of LPS/HMGB1 to 
alleviate CIPN. Here, we detected several LPS/HMGB1-
related recognition receptors on macrophage surfaces 
after L-OHP stimulation. The screening results revealed 
that the SR-A1 receptor was significantly downregulated 
in the L-OHP group. SR-A1 is an important pattern rec-
ognition receptor in innate immunity that can recognize 
LPS/HMGB1 [19, 25]. However, whether SR-A1 is related 
to the phagocytosis of LPS/HMGB1 to inhibit NET for-
mation in CIPN is unclear.

In the process of exploring the involvement of SR-A1 
in the pathogenesis of CIPN, we also sought to develop 
an effective method for regulating SR-A1 to alleviate 
CIPN. Fucoidan is the main component of the clinical 
drug Haikunshenxi, which is used to treat chronic renal 
failure and has good anti-inflammatory effects. It is a 
unique water-soluble polysaccharide with a sulfuric acid 
group that has been shown to treat hypertension in obese 
subjects by upregulating SR-A1 [26]. However, its role in 
CIPN has not yet been reported. Studies have shown that 
fucoidan has anticoagulant and antithrombotic effects 
[27, 28] and is protective for the intestine [29]. Therefore, 
we speculate that fucoidan may alleviate CIPN.

Materials and methods
The study was reviewed and approved by the Nanjing 
First Hospital Institutional Review Committee with eth-
ics number KY20171228-KS-01. All the experimental 
methods were conducted in accordance with the relevant 
guidelines and regulations. The experimental plan involv-
ing animals was approved by the Committee of Experi-
mental Animal Ethics of Nanjing Medical University 
through the “Examination of Ethical Welfare of Experi-
mental Animals” and complied with relevant national 
welfare ethics provisions for experimental animals. The 
approval number is IACUC-2,011,040. For each experi-
ment, the number of mice, statistical analyses, and num-
bers of experimental replicates are described in the figure 
legends. All the cells used were cultured and handled 
according to the required protocols. Data processing and 
analysis involve statistical analyses of the results obtained 

from various experiments. The results are presented as 
the means ± SEMs, and p values < 0.05 were considered 
significant. A detailed description of the materials and 
methods is provided in the Supplemental Methods.

The RNA sequencing datasets presented in this study 
have been deposited in the NCBI Gene Expression 
Omnibus database at ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/, ​r​e​f​
e​r​e​n​c​e number GEO GSE249275.

Results
CIPN is accompanied by the excessive accumulation 
of LPS/HMGB1/NETs in the blood and microcirculation 
disorders
The content of histone H3 (H3Cit, a marker for NET for-
mation) in the plasma of cancer patients before and after 
chemotherapy was measured to validate the critical role 
of NETs in CIPN. As shown in Fig.  1A, the accumula-
tion of H3Cit in the blood increased after chemotherapy. 
Further analysis revealed a positive correlation between 
the H3Cit contents and VAS scores of CIPN patients 
(Fig. 1B). Studies have established a role for NET forma-
tion in promoting coagulation, vascular occlusion, and 
thrombosis [30, 31]. We previously reported a signifi-
cant increase in TF expression in CIPN mice, resulting 
in microcirculatory disorders [10]. Here, we further con-
firmed that chemotherapy led to the accumulation of TF 
in the blood of CIPN patients (Fig. 1C), accompanied by 
a decrease in hand blood circulation. As the number of 
chemotherapy cycles increased, ischaemia in the limbs 
intensified (Fig. 1D and E). As is well known, “no obstruc-
tion, no pain.” The evidence suggests that NETs serve as 
scaffolds for DNA with associated cytotoxic proteins and 
proteases, such as matrix metalloproteinase 9 (MMP9) 
[32]. Previous studies revealed that MMP9, an indica-
tor of pain occurring downstream of TF, is involved in 
CIPN development [33]. We detected obvious increase in 
MMP9 activity in the plasma of CIPN patients (Fig. 1F). 
The formation of NETs is an important pathological 
mechanism underlying CIPN. Thus, restraining NET 
formation at the source is highly important. Research 
has shown that HMGB1 and LPS act on Toll-like recep-
tor 4 (TLR4), promoting the formation of NETs [9, 13, 
14]. Previous experimental results indicated that LPS 
derived from the intestine plays a crucial role in trig-
gering NET formation [10], while HMGB1 accumulates 
significantly during the process of tumour dissolution 
during chemotherapy [19]. We believe that LPS/HMGB1, 
critical inducers of NET formation, actively promote the 
progression of CIPN. As depicted in Fig. 1G and H, LPS 
levels in the plasma of cancer patients increased signifi-
cantly after chemotherapy and were positively correlated 
with VAS scores. Furthermore, we verified that chemo-
therapy led to the substantial accumulation of HMGB1 
(Fig.  1I), which was positively correlated with patients’ 

https://www.ncbi.nlm.nih.gov/
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Fig. 1 (See legend on next page.)
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pain ratings (Fig. 1J). These findings suggest that L-OHP 
causes the accumulation of NETs and microcirculatory 
disorders in CIPN patients, aggravates MMP9 activity, 
and that LPS/HMGB1 serve as essential upstream induc-
ers of NET formation, contributing to the onset of CIPN.

L-OHP causes LPS/HMGB1/NET accumulation and 
microcirculatory disturbances in CIPN mice
A CIPN mouse model was established in B6/C57 mice 
via a continuous injection of the drug L-OHP (3  mg/
kg, i.p.) for five days to further validate the pathological 
mechanisms of LPS/HMGB1/NET involvement in CIPN. 
L-OHP significantly induced mechanical hypersensitiv-
ity in mice (Fig.  2A) and increased the levels of H3Cit 
in the blood (Fig.  2B) and dorsal root ganglia (DRGs) 
(Fig.  2C and D). The formation of NETs caused hyper-
coagulability, the upregulation of tissue factor (Fig.  2E), 
disseminated intravascular coagulation in the body, 
and severe microcirculatory disturbances in the nerve 
endings and intestines (Fig.  2F-H), ultimately activat-
ing MMP9 (Fig.  2I) and promoting the development of 
CIPN. As previously reported, LPS is a critical inducer of 
NET formation. The content of LPS in mouse plasma and 
DRGs was measured. As shown in Fig. 2J, K and L-OHP 
increased the level of LPS accumulation in the plasma 
and DRGs. LPS, a gram-negative endotoxin and PAMP, 
primarily originates from the intestines [34, 35]. After 
chemotherapy, LPS in the blood may arise from damaged 
intestines. Haematoxylin‒eosin staining revealed that 
L-OHP caused thinning of the intestinal wall and glandu-
lar atrophy in mice (Fig. 2L) and increased intestinal per-
meability (Fig.  2M). In addition to LPS, HMGB1 is also 
produced in large amounts during chemotherapy, and it 
participates in NET formation. We measured the levels 
of HMGB1 in mouse plasma and confirmed that L-OHP 
caused a significant increase in HMGB1 release (Fig. 2N). 
Consequently, the combined effects of LPS/HMGB1/
NETs generated after chemotherapy lead to MMP-9 
activation and microcirculatory disturbances, which are 
important pathological mechanisms of CIPN.

Dysfunction of SR-A1-mediated LPS/HMGB1 scavenging by 
macrophages induces CIPN
The decreases in LPS/HMGB1 levels result from an 
inflammatory response caused by their binding to corre-
sponding endogenous ligands such as TLR/RAGE recep-
tors; on the other hand, LPS is taken up and eliminated 
by phagocytic cells [19, 23, 24]. We extracted BMDMs 
from WT mice and stimulated them with L-OHP to 
further explore the mechanisms underlying the exces-
sive accumulation of LPS/HMGB1. Recombinant FITC-
LPS was added to the culture medium to investigate 
the phagocytosis of LPS by macrophages. The results 
shown in Fig.  3A indicate that the uptake of FITC-LPS 
by BMDMs decreased after L-OHP treatment. We also 
found that L-OHP inhibited the phagocytosis of FITC-
HMGB1 (Fig. 3B). The mRNA levels of receptors on the 
macrophage membrane that can bind to LPS/HMGB1 
were measured to investigate the reasons for the reduced 
ability of macrophages to phagocytose LPS/HMGB1. As 
shown in Fig.  3C, the mRNA levels of TLR4/TLR2 and 
other receptors related to the inflammatory signalling 
pathway were increased, whereas the expression of the 
scavenging receptor SR-A1 was decreased. We subse-
quently detected the level of the SR-A1 protein, as shown 
in Fig.  3D, and the expression of SR-A1 in BMDMs 
decreased significantly following L-OHP treatment. 
These results suggested that L-OHP could decrease 
SR-A1 expression and inhibit LPS/HMGB1 clearance 
by macrophages. In vivo, L-OHP also inhibited SR-A1 
receptor expression in the intestinal tract and DRGs of 
the mice (Fig.  3E and F). SR-A1−/− mice were injected 
with a low concentration of L-OHP (1.5 mg kg, i.p.) for 
5 days to establish the CIPN model to further investi-
gate the importance of the SR-A1 receptor in CIPN. The 
results revealed that CIPN occurred more quickly and 
that mechanical pain was more severe in the SR-A1−/− 
mice than in the control mice (Fig. 3G). Furthermore, the 
shortening of the colon in the SR-A1−/− mice was more 
pronounced (Fig.  3H), suggesting that the intestine–
nerve axis was involved in CIPN.

(See figure on previous page.)
Fig. 1  CIPN is accompanied by the excessive accumulation of LPS/HMGB1/NETs in the blood and microcirculation disorders. (A) ELISA was used to detect 
the content of H3Cit in the plasma of patients with tumours before chemotherapy (control) and after chemotherapy (CIPN) (n = 20). (B) After the last 
chemotherapy session, the correlation between the plasma H3Cit concentration and VAS score of CIPN patients was investigated (n = 20). (C) western 
blotting was performed to detect the content of TF in the plasma of patients with tumours before and after chemotherapy (n = 10). (D) (E) Investigation 
of hand blood flow in patients with tumours before chemotherapy and at 7, 21 and 35 days after chemotherapy by laser Doppler imaging (n = 10). (F) 
A gelatine zymogram was used to investigate the activity of MMP9 in the plasma of patients with tumours before and after chemotherapy (n = 10). (G) 
(I) ELISAs were used to detect the contents of LPS and HMGB1 in the plasma of patients with tumours before chemotherapy (control) and after chemo-
therapy (CIPN) (n = 20). (H) (J) After the last chemotherapy session, the correlations between the plasma LPS/HMGB1 concentrations and the VAS scores 
of CIPN patients were investigated (n = 20). Significant differences were determined using unpaired Student’s t tests (A, B, C, F, G and I), one-way ANOVA 
(E) or linear regression analysis (B, H and J) (*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group)
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Fucoidan upregulates SR-A1 expression in macrophages to 
clear LPS/HMGB1 and inhibits NET formation to alleviate 
CIPN
The deletion of the SR-A1 receptor accelerated CIPN 
after chemotherapy, and upregulating the expression 
of SR-A1 has become a key problem. Previous studies 
have shown that fucoidan can upregulate the expres-
sion of SR-A1 to alleviate the increase in obesity-related 
blood pressure [26]. However, the role of fucoidan in 
CIPN remains unexplored. The experimental procedure 
is shown in Fig.  4A. We found that fucoidan upregu-
lated the expression of the SR-A1 receptor (Fig. 4B) and 

promoted the phagocytosis of FITC-LPS and FITC-
HMGB1 by BMDMs (Fig.  4C and D). Furthermore, the 
phagocytic activity of BMDMs was assessed using fluo-
rescent latex beads. As shown in Figure S2, L-OHP treat-
ment impaired the phagocytic function of BMDMs, as 
evidenced by a marked reduction in the uptake of fluores-
cent latex beads compared with that in the control group. 
In contrast, fucoidan treatment effectively improved the 
phagocytic capacity of BMDMs. We performed an exper-
iment in which LPS was used as a stimulus, either alone 
or in combination with fucoidan, to validate whether 
fucoidan affected phagocytosis in the context of LPS 

Fig. 2  L-OHP caused LPS/HMGB1/NET accumulation and microcirculatory disturbances in CIPN mice. (A) A CIPN model was established via the adminis-
tration of L-OHP (3 mg/kg, i.p.) for 5 days. The mechanical pain threshold was detected in mice using the Von Frey test (n = 6). (B) (C) The plasma and DRGs 
of the mice were collected on the 10th day after the first injection of L-OHP. The H3Cit content was detected by ELISA (n = 4). (D) Immunofluorescence 
staining was performed to evaluate the expression of H3Cit in DRGs (n = 3). Scale bar: 20 μm. (E) The TF levels in plasma were detected by western blotting 
(n = 3). (F) (G) (H) The plantar microcirculatory condition and intestinal microcirculatory condition of the mice were investigated by laser Doppler imaging 
(n = 4). (I) The activity of MMP9 in mouse plasma was detected by gelatine zymography (n = 3). (J) (K) The content of LPS in the plasma and DRGs was 
detected via ELISA (n = 6). (L) The intestinal tracts of the mice were fixed with 4% paraformaldehyde and subjected to HE staining (n = 3). (M) On the 10th 
day after the first injection of L-OHP, FITC-dextran (600 mg/kg, i.g.) was administered to the mice. Four hours later, the serum of the mice was collected, 
and the concentration of FITC-dextran in the serum was detected using an enzyme labelling instrument (n = 6). (N) HMGB1 expression in the plasma of 
the mice was detected by western blotting (n = 3). Significant differences were determined using unpaired Student’s t tests (B, C, E, G, H-K, M and N) or 
two-way ANOVA (A). (*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group)
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Fig. 3 (See legend on next page.)
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exposure and to further investigate the impacts of LPS 
accumulation on macrophage phagocytic function and 
the potential ameliorative effects of fucoidan. As shown 
in Figure S3, LPS stimulation impaired BMDM phagocy-
tosis of fluorescent latex beads, and this impairment was 
alleviated by fucoidan treatment. In vivo, fucoidan alle-
viated the mechanical hyperalgesia induced by L-OHP 
(Fig.  4E). The effects of fucoidan on the expression of 
SR-A1 in the mouse intestine and DRGs were further 
detected. Fucoidan upregulated SR-A1 receptor expres-
sion in the intestine and DRGs (Fig. 4F and G). Moreover, 
fucoidan reduced the accumulation of LPS in the plasma 
and DRGs of CIPN mice (Fig.  4H and I) and decreased 
the content of HMGB1 (Fig.  4J and Figure S7), thereby 
inhibiting the formation of NETs and reducing H3Cit 
levels in the blood and DRGs (Fig. 4K and L). To further 
investigate the role of NETs, we performed immunohis-
tochemical staining of DRG tissue sections using MPO 
(a marker for NETs) and Ly6g (a marker for neutrophils). 
Our results showed that L-OHP treatment significantly 
increased MPO-positive staining in DRG tissues, with 
notable co-localization with Ly6g (Figure S5), indicating 
enhanced NET formation. To gain further insights into 
NET formation, we also examined the co-localization of 
CitH3 and MPO in DRG tissues. Consistently, L-OHP 
treatment resulted in elevated levels of both CitH3 and 
MPO, with substantial co-localization, reinforcing the 
evidence of increased NET formation following L-OHP 
exposure (Figure S6). Notably, fucoidan treatment effec-
tively reduced the accumulation of MPO and CitH3 
in the DRG and suppressed neutrophil recruitment to 
this region, suggesting that fucoidan may mitigate NET 
accumulation and exert a potential therapeutic effect. 
Fucoidan also decreased the expression of TF (Fig. 4M), 
alleviated the disturbance of circulation in nerve end-
ings and the intestinal tract in mice (Fig. 4N-Q), and ulti-
mately decreased MMP9 activity (Fig. 4R). These results 
suggest that fucoidan might promote the clearance of 
LPS/HMGB1 by increasing the level of SR-A1 in phago-
cytic cells in the intestine and DRGs, inhibit NET forma-
tion to alleviate disturbances in circulation, and alleviate 
CIPN. Additionally, fucoidan prevented the increase in 
intestinal permeability induced by L-OHP (Fig.  4S and 
T). After chemotherapy, the intestinal barrier of mice was 

destroyed, resulting in increased leakage of LPS into the 
blood and increased HMGB1 production, which further 
damaged the intestinal barrier and resulted in positive 
feedback damage. Fucoidan inhibited the accumulation 
of LPS/HMGB1, played an indirect protective role in 
the intestinal tract of mice, and blocked the malignant 
injury cycle of the intestine–nerve axis. Additionally, the 
DRGs contain thousands of sensory neurons that trans-
mit information regarding the internal and external envi-
ronments to the central nervous system [36, 37]. CIPN 
involves neuronal apoptosis as a critical pathological 
mechanism [38, 39]. Platinum-based chemotherapeutics 
induce apoptosis by inhibiting DNA replication and tran-
scription, while paclitaxel disrupts microtubule function 
and cell division, leading to apoptosis in both cancerous 
and healthy cells and contributing to CIPN pathogen-
esis [40, 41]. Building upon our previous research on the 
effects of fucoidan on macrophages, we investigated the 
effects of fucoidan on SH-SY5Y cell apoptosis in vitro. 
As shown in Figure S4, L-OHP increased SH-SY5Y cell 
apoptosis, as evidenced by increased cleaved caspase-3 
expression. However, FUC had no direct therapeutic 
effect.

SR-A1 plays a key role in the protective effects of fucoidan 
via the gut–blood–DRG axis
SR-A1−/− mice were used to evaluate the therapeutic 
effect and associated parameters and to further inves-
tigate the vital role of SR-A1 in the anti-CIPN effects of 
fucoidan. Notably, we observed that the effects of fucoi-
dan on LPS/HMGB1, MMP-9, and TF levels were nulli-
fied following SR-A1 knockout compared with those in 
the treatment group. The in vitro results confirmed that 
fucoidan promoted the phagocytosis of FITC-LPS and 
FITC-HMGB1 by BMDMs, but this effect was negated by 
SR-A1 knockout (Fig.  5A and B). We substituted FITC-
HMGB1 with His tag-HMGB1 and analysed the expres-
sion of His tag protein via western blotting to explore the 
phagocytosis of His tag-HMGB1 by BMDMs. The results 
indicated that fucoidan increased the phagocytosis of 
His tag-HMGB1 by BMDMs, which was also abrogated 
by SR-A1 knockout (Fig. 5C). Furthermore, we observed 
a significant decrease in the pain threshold of the mice 
(Fig.  5D) in vivo, the worsening of related indices after 

(See figure on previous page.)
Fig. 3  Dysfunction of SR-A1-mediated LPS/HMGB1 scavenging by macrophages induced CIPN. (A) BMDMs were collected from WT mice and stimulated 
with L-OHP (5 µM) for 12 h. FITC-LPS (100 µg/ml) was added. The phagocytosis of FITC-LPS by BMDMs was observed under a confocal microscope (n = 3). 
Scale bar = 20 μm. The above conditions were repeated, and FITC-HMGB1 (10 nM) was added to observe its phagocytosis by BMDMs (B) (n = 3). Scale 
bar: 20 μm. (C) After BMDMs were obtained from WT mice and stimulated with L-OHP (5 µM) for 18 h, total RNA was extracted, and the mRNA levels of 
SR-A1, Scara3, Marco, LRP1, CD36, TLR4, TLR2, and RAGE were detected by qPCR (n = 3). (D) BMDMs were obtained from WT mice and stimulated with 
L-OHP (5 µM) for 18 h. The cells were collected, and the expression of SR-A1 was detected by western blotting (n = 3). The intestinal tract (E) and DRGs (F) 
of the mice were collected to investigate the expression level of SR-A1 (n = 3). (G) WT mice and SR-A1−/− mice were administered L-OHP (1.5 mg/kg, i.p.) 
for 5 days to establish a CIPN model. The Von Frey test was performed to detect the mechanical pain threshold of the mice (n = 6). (H) The intact colons of 
the mice were collected, and the colon lengths of the different treatment groups were compared (n = 6). Significant differences were determined using 
unpaired Student’s t test (C-F) or two-way ANOVA (G). (*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group)
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Fig. 4 (See legend on next page.)
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SR-A1 knockout, and increased accumulation of LPS and 
H3Cit in the DRGs (Fig. 5E-G). Additionally, TF expres-
sion and MMP-9 activity in the DRGs were also increased 
(Fig. 5H and J). We detected HIF-1α levels to assess the 
ischaemic status and observed that fucoidan reduced 
HIF-1α expression in the DRGs of CIPN mice. How-
ever, after SR-A1 knockout, the hypoxia induced by high 
expression of HIF-1α reappeared (Fig. 5I). Demyelination 
of the sciatic nerve is a significant pathological mani-
festation of CIPN. We observed evident increase in the 
demyelination of sciatic nerve in CIPN mice after chemo-
therapy; however, fucoidan reduced this change. Notably, 
this change was also nullified in SR-A1−/− mice (Fig. 5K). 
These findings revealed the critical role of SR-A1 in the 
process of inhibiting LPS/HMGB1/NET accumulation 
and decreasing MMP-9/TF/HIF-1α levels in the DRGs of 
CIPN mice.

Additionally, our results showed that fucoidan inhib-
ited the excessive accumulation of LPS/HMGB1/NETs in 
the blood induced by L-OHP and reduced the plasma TF 
content and MMP-9 activity, changes that were mediated 
by the SR-A1 receptor (Fig.  6A-E). Fucoidan decreased 
the expression of TF/MMP-9 in the soles of CIPN mice 
after treatment, but this effect was reversed by SR-A1 
knockout (Fig.  6F). We also found that the therapeu-
tic effect of fucoidan on foot microcirculation in CINP 
mice relied on SR-A1, and the intestinal microcircula-
tion results were similar (Fig. 6G). Furthermore, fucoidan 
indirectly protected the intestinal tract of mice by inhib-
iting the accumulation of PAMPs/DAMPs. As shown in 
Fig.  6H and I, fucoidan relieved intestinal leakage and 
inhibited the infiltration of macromolecular substances 
into the blood. The intestinal HE staining revealed 
that fucoidan alleviated intestinal injury in CIPN mice 
(Fig. 6J). Fucoidan also restored the intestinal tight junc-
tion function of CIPN mice by increasing the expres-
sion of Claudin-1 and Occludin proteins in the intestine, 
whereas this protective effect was abolished in SR-A1−/− 
mice (Fig. 6K and L). Overall, our findings suggested that 
fucoidan could reduce the accumulation of LPS/HMGB1/
NETs in the blood and reduce the nerve injury induced 
by intestinal injury by increasing the level of SR-A1.

Fucoidan promotes the phagocytic clearance of NETs by 
BMDMs in an SR-A1 receptor-dependent manner
Fucoidan can inhibit the formation of NETs by promot-
ing the phagocytic clearance of LPS/HMGB1 to allevi-
ate CIPN. Surprisingly, we found that fucoidan could 
also rely on SR-A1 to phagocytose already generated 
NETs. As shown in Fig.  7A, compared with that in the 
control group, the positive rate of NET phagocytosis in 
the L-OHP treatment group was decreased, while fucoi-
dan reversed this effect through the SR-A1 receptor. We 
further observed the dynamic process by which BMDMs 
phagocytose NETs using a live cell workstation, and the 
results revealed that BMDMs without L-OHP treatment 
had the ability to phagocytose NETs floating in the cul-
ture medium (Additional file 1, Movie S1). However, after 
L-OHP treatment, the ability of BMDMs to phagocytose 
NETs was reduced (Additional file 2, Movie S2). Fucoi-
dan pretreatment improved the macrophage phago-
cytic function and reversed the macrophage phagocytic 
dysfunction caused by L-OHP (Additional file 3, Movie 
S3). SR-A1−/− mouse cells were used to further verify 
the relationship between fucoidan-mediated promo-
tion of BMDM phagocytic clearance of NETs and the 
SR-A1 receptor. As shown in Additional file 4, Movie 
S4, SR-A1 knockout abolished the effect of fucoidan. 
Similar results were obtained when L-OHP was used 
to stimulate BMDMs from SR-A1−/− mice (Additional 
file 5, Movie S5). The deficiency of the SR-A1 recep-
tor severely affected macrophage phagocytic function 
even without treatment (Additional file 6, Movie S6). 
These results indicated that fucoidan promoted macro-
phage phagocytosis and the clearance of NETs through 
the SR-A1 receptor. The mechanism of SR-A1-mediated 
NET-phagocytosis was further explored. Consider-
ing that SR-A1 can recognize HMGB1, an important 
component of NETs (Additional file 8, Figure S1), we 
hypothesized that the ability of SR-A1 to mediate the 
phagocytosis of NETs by macrophages is related to its 
recognition of HMGB1. We blocked the HMGB1 binding 
site on NETs, and Additional file 7, Movie S7 shows that 
the phagocytic effect of fucoidan was abolished. Hence, 
HMGB1 attached to NETs may serve as a recognition site 

(See figure on previous page.)
Fig. 4  Fucoidan upregulated macrophage SR-A1 expression to alleviate CIPN. (A) (B) The cells were collected, and the expression of SR-A1 was detected 
by western blotting (n = 3). (C) (D) The phagocytosis of FITC-LPS and FITC-HMGB1 by BMDMs was observed under a confocal microscope (n = 3). Scale bar: 
20 μm. (E) A mouse CIPN model was established, and the mechanical pain threshold (n = 6) was detected via the Von Frey test. (F) On the 10th day after 
the first injection of L-OHP, the intestinal tracts of the mice were collected to investigate the expression level of SR-A1 in the intestinal tissue by western 
blotting (n = 4). (G) DRGs were collected from the mice to investigate the expression level of SR-A1 (n = 4). (H) (I) The content of LPS in the serum and DRGs 
was detected by ELISA (n = 6). (J) Mouse plasma was collected to detect HMGB1 levels (n = 4). (K) (L) The H3Cit contents in the plasma and DRGs were 
detected by ELISA (n = 4). (M) The levels of TF in the plasma of the mice was detected by western blotting (n = 4). The plantar and intestinal microcircula-
tion of the mice was measured by laser Doppler imaging (n = 4). The differences in plantar blood flow (N) (O) and intestinal blood flow (P) (Q) between the 
different groups were determined (n = 4). (R) The activity of MMP9 in the plasma of mice was detected by gelatine zymography (n = 4). (S) FITC-dextran 
(600 mg/kg, i.g.) was administered on the 10th day after the first injection of L-OHP into the mice. Four hours later, the intestinal leakage of the mice was 
investigated by illumination with visible light in vivo. (T) The serum of the mice was collected, and the concentration of FITC-dextran in the serum was 
detected using an enzyme-labelling instrument (n = 6). Significant differences were determined using one-way ANOVA (B‒M, O, Q, R and T) or two-way 
ANOVA (E). (*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the L-OHP group)
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for SR-A1, which helps fucoidan promote the phagocytic 
clearance of NETs by macrophages for the treatment of 
CIPN.

Fucoidan upregulates SR-A1 expression through the p62/
Keap1/Nrf2 signaling pathway
BMDMs were collected from two groups (L-OHP and 
L-OHP + FUC) for RNA-seq analysis in vitro to explore 
the molecular mechanism by which fucoidan regu-
lates the SR-A1 receptor. The GSVA enrichment analy-
sis revealed a total of 41 signalling pathways related to 
SR-A1. Considering that LPS/HMGB1 is involved mainly 

in inflammation-related signals during CIPN, we anal-
ysed these SR-A1-related pathways from the point of view 
of inflammatory signals and selected inflammatory sig-
nalling pathways for analysis (Fig.  7B). The “NEMETH_
INFLAMMATORY_RESPONSE_LPS_UP” signalling 
pathway involves 87 genes, among which 9 were signifi-
cantly differentially expressed (Fig. 7C), and the names of 
these genes are shown in Fig. 7D. Among these 9 genes, 
the Sqstm1 (p62) gene is located on chromosome 5 and 
is a multifunctional protein that regulates the NF-κB 
signalling pathway [42, 43]. Furthermore, Sqstm1 can 
regulate the expression of SR-A1 [44]. Therefore, sqstm1 

Fig. 5  SR-A1 plays a key role in the treatment of CIPN with fucoidan. (A) (B) BMDMs were obtained from SR-A1−/− mice and WT mice. The phagocytosis 
of FITC-LPS and FITC-HMGB1 by BMDMs was observed under a confocal microscope (n = 3). (FITC-LPS: scale bar: 20 μm; FITC-HMGB1: scale bar: 40 μm). (C) 
Cellular proteins were collected, and western blotting was used to investigate the phagocytosis of His tag-HMGB1 (10 nM) by BMDMs in different groups 
(n = 3). (D) WT mice and SR-A1−/− mice were administered fucoidan (200 mg/kg, I.G.) 7 days in advance, and then L-OHP (3 mg/kg, i.p.) was administered 
to the mice for 5 days to establish the CIPN model. The mechanical pain threshold in mice was detected using the Von Frey test (n = 6). (E) (F) The DRGs 
of the mice were collected, and the contents of LPS (n = 6) and H3Cit (n = 4) were detected by ELISAs. (G) Immunofluorescence staining was performed 
to evaluate the expression of H3Cit in DRGs (n = 3, scale bar: 20 μm). TF expression levels (H), HIF-1α protein expression levels (I) and MMP9 protein ex-
pression levels (J) in the mouse DRGs were detected by western blotting (n = 4). (K) Demyelination of the sciatic nerve in response to different treatment 
components was investigated by transmission electron microscopy (n = 3). Significant differences were determined using one-way ANOVA (C, E, F, H, I 
and J) or two-way ANOVA (D). (*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with 
the L-OHP group; &p < 0.05, &&p < 0.01 and &&&p < 0.001 compared with the L-OHP + fucoidan group)
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was used to explore the target by which fucoidan regu-
lates SR-A1 (Fig. 7D). Studies have shown that p62 helps 
Nrf2 escape into the nucleus through competitive bind-
ing to Keap1 and ultimately regulates the expression of 
the SR-A1 receptor [44]. We confirmed that the expres-
sion of p62 in BMDMs decreased after L-OHP stimula-
tion and that p62 expression increased after treatment 
with fucoidan (Fig.  7E). We further detected the Nrf2 
protein level in the nucleus. As shown in Fig.  7F, the 
expression of Nrf2 in the nucleus of BMDMs decreased 
after L-OHP stimulation. Fucoidan increased the Nrf2 
protein level. The co-IP results revealed that the binding 
of p62 to Keap1 decreased and that the binding of Nrf2 

to Keap1 increased after L-OHP stimulation, whereas 
after treatment with fucoidan, p62 competed to bind 
Keap1, which significantly increased Nrf2 nuclear trans-
location (Fig.  7G). These results suggest that fucoidan 
promotes p62 to compete with Keap1 for binding to 
Nrf2, releases Nrf2 into the nucleus, and then regulates 
SR-A1 transcription. ML385, an inhibitor of Nrf2, was 
used to confirm the upregulation of SR-A1 by fucoidan 
at the transcriptional level, and the translation of SR-A1 
was reversed (Fig. 7H and I). These results revealed that 
fucoidan acted on the SR-A1 receptor through the p62/
Keap1/Nrf2 signalling pathway.

Fig. 6  SR-A1 plays a key role in the treatment of CIPN with fucoidan. (A) The serum of the mice was collected to detect the LPS content via ELISA (n = 6). 
(B) (C) Plasma was collected to detect the levels of HMGB1 (n = 4) and H3Cit (n = 4). (D) TF expression and MMP9 activity (E) were investigated (n = 4). 
(F) The TF/MMP9 ratio in the feet of the mice was qualitatively investigated by immunofluorescence staining (n = 3). Scale bar: 50 μm. (G) Laser Doppler 
imaging was used to investigate the microcirculatory status of the plantar surface and intestinal tracts in mice (n = 4). (H) FITC-dextran was administered 
to the mice for four hours, and intestinal leakage was investigated by illumination with visible light. (I) The serum of the mice was collected, and the 
concentration of FITC-dextran was detected using an enzyme labelling instrument (n = 6). (J) The intestines of the mice were collected, fixed with 4% 
paraformaldehyde, and stained with HE (n = 3). Claudin-1 protein (K) and Occludin protein (L) levels in the intestinal tract of the mice were detected via 
western blotting (n = 4). Significant differences were determined using one-way ANOVA (A-C, E, F, J, L and M). (*p < 0.05, **p < 0.01 and ***p < 0.001 com-
pared with the control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the L-OHP group; &p < 0.05, &&p < 0.01 and &&&p < 0.001 compared with 
the L-OHP + fucoidan group)
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Fig. 7 (See legend on next page.)
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Fucoidan regulates the gut microbiota and attenuates the 
progression of CIPN
Fucoidan affects the p62/Keap1/Nrf2 signalling axis to 
promote macrophage phagocytosis and the clearance of 
LPS. LPS is derived from gut bacteria and is a key com-
ponent of the outer membrane of gram-negative bacteria 
[45]. Mouse faeces were collected for a sequencing anal-
ysis (16  S) of microbial diversity to explore the possible 
source of LPS. The results shown in Fig. 8A indicate that, 
compared with L-OHP, fucoidan increased the abun-
dance and diversity of the gut microbiota in mice. PLS-
DA was performed to explore the beta diversity of the 
gut microbiota across different treatment groups, reveal-
ing a marked separation in the overall species composi-
tion between the L-OHP group and the fucoidan group 
(Fig. 8B). The results of the rank abundance curve analy-
sis revealed that L-OHP strongly decreased the abun-
dance of the gut microbiota, whereas fucoidan increased 
the species abundance (Fig.  8C), suggesting that fucoi-
dan has a protective effect on the abundance of the gut 
microbiota. At the phylum level, the plot of the taxo-
nomic classification of the top 20 ranked phyla revealed 
that, compared with those in the control group, the rela-
tive abundance of Bacteroidetes decreased and that of 
Firmicutes increased in the L-OHP group, resulting in a 
decreased Bacteroidetes/Firmicutes ratio. The abundance 
of Verrucomicrobia also decreased. Fucoidan increased 
the abundances of Bacteroidetes and Verrucomicro-
bia and decreased the abundance of Firmicutes, lead-
ing to an increase in the Bacteroidetes/Firmicutes ratio 
(Fig.  8D). The results of the star analysis indicated that 
the predominant microbial groups in the top 10 ranked 
phyla of the L-OHP group were Actinobacteria and Fir-
micutes. In the fucoidan treatment group, the dominant 
microbial groups were Bacteroidetes and Verrucomicro-
bia, whereas the abundance of Actinobacteria was sig-
nificantly decreased (Fig.  8E), indicating that fucoidan 
could exert neuroprotective effects by regulating the gut 
microbiota.

Furthermore, linear discriminant analysis effect 
size (LEfSe) revealed that the abundances of the c_
Bacilli, f_Bacteroidacea and g_Bacteroides taxa in the 

control group (blue) were different from those in the 
other groups. As shown in Fig.  8K, the L-OHP group 
(red) was significantly different from the other groups 
in terms of p_Firmicutes and f_Lactobacillaceae abun-
dances. The fucoidan treatment group (green) presented 
notable increases in g_Muribaculaceae and f_Murib-
aculaceae abundances, whereas the group treated with 
fucoidan alone (grey) presented significant increases 
in o_Bacteroidales, p_Bacteroidota, and c_Bacteroidia 
abundances (Fig. 8F and G). We created a clustering heat-
map of the top 20 genera in the four groups to further 
elucidate the changes in the gut microbiota composition 
(Fig. 8H). Compared with L-OHP, fucoidan increased the 
abundances of Muribaculaceae, Alistipes, and Akker-
mansia but decreased the abundances of Turicibacter, 
Clostridium, Lactobacillus, and Parabacteroides in 
mouse faeces. Interestingly, as shown by the results of 
the bugBase analysis, L-OHP caused a decrease in the 
abundance of gram-negative bacteria and an increase in 
the abundance of gram-positive bacteria (Fig.  8I and J). 
Further analysis revealed that after L-OHP stimulation, 
the abundance of Bacteroidetes was decreased among 
gram-negative bacteria, whereas the relative abundance 
of Verrucomicrobia was slightly decreased. Among the 
gram-positive bacteria, the abundance of Firmicutes 
increased. Conversely, in the fucoidan group, the relative 
abundance of Bacteroidetes was increased, whereas the 
abundance of Firmicutes decreased (Fig. 8K and L). Stud-
ies have shown that Bacteroidetes can migrate through 
a unique gliding motility and type IX secretion system 
(T9SS) [46], and gram-negative bacteria incubated with 
plasma can release a significant amount of LPS. This 
result suggested that after the L-OHP-induced disruption 
of the intestinal mucosal barrier, large numbers of Bacte-
roidetes might migrate into the bloodstream and release 
LPS, which could be a critical factor contributing to the 
excessive accumulation of LPS in the bloodstream and 
DRGs. Therefore, we suggest that fucoidan protects the 
intestinal mucosal barrier, maintains gut microbiota sta-
bility, suppresses the massive migration of Bacteroidetes 
into the bloodstream, reduces the accumulation of LPS in 

(See figure on previous page.)
Fig. 7  Fucoidan upregulates SR-A1 expression through the p62/Keap1/Nrf2 signalling pathway. (A) BMDMs were obtained from SR-A1−/− mice and WT 
mice. Fucoidan (250 µg/ml) was added to prestimulate the cells for 12 h, and then L-OHP (5 µM) was added and incubated for 12 h. NETs marked with 
SYTOX orange (500 ng/ml) were added, and the phagocytosis of NETs by BMDMs was detected using flow cytometry (n = 3). (B) BMDMs were obtained 
from WT mice, pretreated with fucoidan (250 µg/ml) for 12 h, and then stimulated with L-OHP (5 µM) for 12 h. The cells were collected for RNA-seq. SR-A1-
related pathways were subjected to GSVA enrichment analysis. (C) (D) A total of 1357 genes were significantly different between the L-OHP group and 
the L-OHP + FUC group. Eighty-seven genes were involved in the “NEMETH_INFLAMMATORY_RESPONSE_LPS_UP” signalling pathway, 9 of which were 
significantly differentially expressed (n = 3). (E) The proteins were collected from cells stimulated with L-OHP (5 µM) for 18 h, and the expression of the p62 
protein was detected by western blotting (n = 3). (F) Nuclear protein was collected, and Nrf2 protein levels were detected by western blotting (n = 3). (G) 
Cellular proteins were collected, and co-IP was used to verify the relationships among p62/Keap1/Nrf2. (H) BMDMs were pretreated with the Nrf2 inhibi-
tor ML385 (10 µM), stimulated with fucoidan (250 µg/ml) for 12 h, and then stimulated with L-OHP (5 µM) for 18 h. Cells were collected, and qPCR was 
performed to detect the SR-A1 mRNA level (n = 3). (I) The SR-A1 protein expression level was detected via western blotting (n = 3). Significant differences 
were determined using one-way ANOVA (D-G and H). (*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01 and 
###p < 0.001 compared with the L-OHP group; &p < 0.05, &&p < 0.01 and &&&p < 0.001 compared with the L-OHP + fucoidan group)
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Fig. 8  Fucoidan regulates the gut microbiota and alleviates CIPN by affecting the gut–nerve axis. (A) The Chao1 index was used to estimate the diversity 
of the gut microbiota. (B) Partial least squares-discriminant analysis (PLS-DA) was performed to analyse the beta diversity of the intestinal microbiota in 
the faeces from the four groups of mice. (C) Rank abundance curves were constructed to analyse the richness and evenness of species in the samples. 
(D) Clustering heatmap analysis of faecal phylum-level species showing the changes in the relative abundances in the top 20 phylum-level species in the 
faeces from the four groups of mice. (E) Phylum-level star analysis showing the changes in the relative abundances of the top 10 phyla in the faeces from 
the four groups of mice. (F) Linear discriminant analysis effect size (LEfSe) was used to display the evolutionary relationship of the entire species system, 
the distribution patterns of important species in different groups, and the distribution of the abundances of species with significant differences between 
groups (the LDA threshold was 3), as well as to identify the species with significant differences in the intestinal microbiota among all classification levels 
in the faeces from the four groups of mice. (G) The LDA threshold was 3.5. (H) Clustering heatmap analysis of the changes in the relative abundances of 
the top 20 genera in the faeces from the four groups of mice. (I) (J) An inter-group analysis of differences in phenotypic abundances can intuitively reflect 
the median, dispersion, maximum value, minimum value, and outliers of species diversity within each group. (K) (L) Phenotypic abundance reflects the 
relative abundance percentage of a species
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the bloodstream and DRGs, and ultimately contributes to 
the treatment of CIPN.

Discussion
In this study, we found that excessive amounts of LPS/
HMGB1/NETs accumulated in the blood of patients 
and animals. Insufficient clearance of LPS/HMGB1 by 
macrophages is a major cause of excessive NET forma-
tion. L-OHP inhibited SR-A1 expression, contributing to 
the insufficient phagocytosis by macrophages. Fucoidan 
could upregulate SR-A1 expression, promote macrophage 
phagocytosis of LPS/HMGB1, decrease NET contents in 
mouse plasma and DRGs, and alleviate microcirculation 
disorders induced by NETs. SR-A1 knockout abolished the 
protective effect of fucoidan. Surprisingly, we found that 
fucoidan promoted macrophage phagocytosis of NETs, 
which depended on the recognition of the interaction 
between SR-A1 and HMGB1, since HMGB1 is a compo-
nent of NETs. The RNA-seq analysis revealed that, com-
pared with L-OHP, fucoidan significantly upregulated the 
expression of the p62 gene. Fucoidan increased SR-A1 
expression through the P62/Keap1/Nrf2 axis. Finally, 
fucoidan maintained the diversity of the gut microbiota, 
increased the abundance of Bacteroidetes, and decreased 
the abundances of Firmicutes and Actinobacteria com-
pared with those in the L-OHP group.

Our previous research reported that NETs play an 
important role in the process of CIPN [9, 10]. Here, we 
focused on how to inhibit NET formation and solve this 
problem at the source. Since LPS/HMGB1 are important 
factors triggering NET formation, we analysed the corre-
lation between LPS/HMGB1/NETs and CIPN. As shown 
in Figs.  1 and 2 and a significant accumulation of LPS/
HMGB1/NETs was observed in the plasma of both CIPN 
patients and mice. LPS is a distinct constituent of the cell 
wall in gram-negative bacteria [45], and it appears to accu-
mulate excessively in both the blood and DRGs, potentially 
originating from gram-negative bacteria in the intestine. 
Research has shown that increased levels of LPS leakage 
from the gut microbiota into the bloodstream exacerbate 
oxaliplatin-induced mechanical pain hypersensitivity via 
the TLR4 pathway [16], which is consistent with our data 
showing that LPS accumulates in mouse serum. A previous 
study showed that the levels of LPS are notably elevated in 
the colon, serum, and SN of Parkinson’s disease (PD) mod-
els and that gut dysbiosis induced by fisetin is involved in 
the pathogenesis of PD through the microbiota‒gut‒brain 
axis [47]. After chemotherapy, a large amount of HMGB1 
is released from LPS-stimulated or apoptotic cells [19, 48]. 
Therefore, the excessive accumulation of LPS/HMGB1 
in the blood and DRGs induces the formation of NETs, 
resulting in microcirculatory disorders and causing CIPN.

We further investigated the reasons for the accumula-
tion of LPS/HMGB1 by measuring the mRNA levels of 

receptors expressed on the macrophage membrane that 
can bind to LPS/HMGB1. We found that insufficient 
expression of the macrophage scavenging receptor SR-A1 
caused by chemotherapy was an important reason for 
the accumulation of LPS/HMGB1 (Fig. 3). These data are 
similar to those of a previous study in which SR-A1 was 
shown to mediate the clearance of plasma endotoxin [49]. 
Furthermore, fucoidan upregulated SR-A1 expression, 
promoted the phagocytosis of LPS/HMGB1 by macro-
phages, and subsequently inhibited NET formation and 
microcirculation disorders, alleviating CIPN (Fig. 4). The 
protective effects of fucoidan were abolished by SR-A1 
knockout (Figs. 5 and 6). Interestingly, fucoidan not only 
reduced the accumulation of LPS/HMGB1 and inhib-
ited the formation of NETs but also had a direct effect 
on the phagocytosis of NETs that had already been gen-
erated during chemotherapy, which was also dependent 
on the SR-A1 receptor (Additional files 1–6, Movies S1–
6). These results indicate that SR-A1 participates in the 
phagocytic function of macrophages and mediates the 
engulfment of large molecules.

Some studies have shown that SR-A1 can interact with 
Tyro3 receptors, promote macrophages to phagocytose 
and clear apoptotic cells (ACs) and alleviate acute aortic 
dissection [50]. Another report suggested that SR-A is 
essential for the optimal phosphorylation of MerTK and 
the subsequent signalling required for AC uptake, which 
inhibits inflammation and infection [51]. These stud-
ies provide potential strategies for the SR-A1-mediated 
phagocytosis of NETs by macrophages. A previous study 
reported that HMGB1 is a major component of NETs 
[52, 53], which is consistent with our data (as shown in 
Figure S1) indicating that SYTOX orange-labelled NETs 
were colocalized with FITC-labelled HMGB1, suggesting 
the presence of substantial amounts of HMGB1 within 
the NETs. Furthermore, we found that blocking HMGB1 
with an anti-HMGB1 antibody inhibited the phagocyto-
sis of NETs by macrophages (Additional file 7, Movie S7). 
Therefore, SR-A1 may recognize and phagocytose NETs 
by binding to HMGB1 within NETs.

We performed gene sequencing and explored GSVA 
enrichment data related to the SR-A1 pathway to investi-
gate the mechanism by which fucoidan upregulates SR-A1. 
The results revealed that the p62 gene was significantly 
upregulated after fucoidan treatment. p62 competes with 
Nrf2 for binding to Keap1, promoting Nrf2 escape into the 
nucleus and regulating the transcription of SR-A1. There-
fore, the p62/Keap1/Nrf2 signalling pathway may be one 
of the important mechanisms by which fucoidan regulates 
SR-A1 expression. However, there are limitations in our 
study. The specific molecular mechanisms by which fucoi-
dan modulate p62 expression, particularly the identifica-
tion of the target molecule(s) directly interacting with p62 
to promote its upregulation, have not been fully elucidated 
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and require additional research. Elucidation of this tar-
get is crucial for the rationale design and development of 
novel small-molecule therapeutic agents, which may pro-
vide an effective clinical strategy to address the significant 
challenge of CIPN, for which currently there are limited 
effective treatment options.

Our research revealed that the accumulation of LPS, 
which is a crucial factor contributing to the formation of 
NETs, in the bloodstream was caused primarily by damage 
to the intestinal mucosal barrier and increased intestinal 
permeability. Since LPS is present mainly on the surface of 
gram-negative bacteria in the intestine [45, 54], we con-
ducted further investigations of the impact of fucoidan on 
the intestinal microbiota (Fig. 8). We observed a significant 
decrease in the abundance of the Bacteroidetes phylum of 
gram-negative bacteria in mouse faeces after L-OHP stim-
ulation. Conversely, fucoidan significantly increased the 
abundance of Bacteroides. Previous studies have shown that, 
compared with the Firmicutes phylum, the Bacteroidetes 
phylum has greater mobility due to the presence of unique 
cell surface adhesins that facilitate gliding motility and an IX 
secretion system that promotes translocation, resulting in a 
higher migration rate [55, 56]. Additionally, a high-pressure 
model of the peritoneal cavity leads to increased intestinal 
permeability and gut microbiota disruption, as evidenced 
by the migration of Bacteroides from the colon to the ileum 
[57]. We speculate that after L-OHP stimulation, the intes-
tinal barrier is disrupted, facilitating the entry of highly 
mobile gram-negative bacteria, such as those belonging to 
the Bacteroidetes phylum, into the bloodstream, leading to a 
significant reduction in the abundance of Bacteroides in the 
mouse gut. The detection of LPS in the blood (Fig. 2J) cor-
roborated our hypothesis that many gram-negative bacteria 
entered the bloodstream after chemotherapy.

Additionally, fucoidan is a complex polysaccharide 
derived from brown algae and some marine inverte-
brates and is mainly composed of L-fucose and sulfate 
ester groups [58, 59]. It can be degraded and metabolized 
into fucose, and research has shown that the intestine 
itself can perform fucosylation. Fucose is metabolized by 
intestinal microbes, which affects the activity of micro-
bial metabolic pathways and reduces the expression 
of bacterial virulence genes [29]. Fucosylated proteins 
are released into the lumen, inhibiting the invasion of 
harmful pathogens such as Salmonella typhi and pro-
viding protection against pathogen infection, thereby 
maintaining intestinal microbial stability [60]. However, 
when intestinal epithelial fucosylation is lacking, intesti-
nal inflammation worsens [61]. Our study revealed that 
L-OHP reduced the abundance of Bacteroides, whereas 
fucoidan increased the abundance of Bacteroides (Fig. 8). 
Intestinal epithelial fucosylation can be induced and uti-
lized by Bacteroides [62]. Like mammals, Bacteroides 
modify its capsule polysaccharides and glycoproteins 

through a salvage metabolic pathway. This process is 
crucial for bacterial colonization and symbiosis with 
the host. Bacteroides can also produce various fucosi-
dases that remove fucose from host glycans to achieve 
high fucose availability in the gut lumen [63]. Numer-
ous studies have shown that during enteritis, the ratio 
of Bacteroides to Firmicutes decreases [64], and we have 
verified this finding. L-OHP reduces the abundance of 
Bacteroides and increases the abundance of Firmicutes, 
whereas fucoidan reverses these changes. These results 
suggest that fucoidan increases the abundance of Bacte-
roides, enhances the cleavage and utilization of fucose by 
the intestinal microbiota, provides energy for the intes-
tinal microbiota, and maintains the intestinal microbial 
diversity and abundance, thereby maintaining intestinal 
microbial stability. Finally, by directly supplementing 
exogenous fucose, fucoidan promotes intestinal epithelial 
fucosylation to resist the invasion of harmful intestinal 
bacteria, ultimately protecting the intestine.

In conclusion, fucoidan upregulates SR-A1 expression 
through the p62/Keap1/Nrf2 signaling pathway to pro-
mote macrophage phagocytosis of HMGB1/LPS/NETs 
and maintains gut microbial homeostasis, alleviating 
CIPN (Graphical Abstract). This study may provide new 
ideas and potential therapeutic approaches for the treat-
ment of CIPN.
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