
Research Article

Lavanya Ramamoorthi, Srikanth Jeyabalan*, Seethalakshmi Sankar, M. Yasmin Begum,
Chamundeeswari Duraipandian, Mahendran Sekar, Ling Shing Wong, Vetriselvan Subramaniyan

Anti-arthritic potential of crude sulfated
polysaccharide from marine macroalgae
Sargassum ilicifolium (Turner) C. Agardh:
Regulation of cytokine cascade

https://doi.org/10.1515/bmc-2022-0050
received April 4, 2024; accepted August 30, 2024

Abstract: Seaweeds have been utilized as food, fodder,
fertilizer, and medicine since ancient times; nevertheless,
they have received only a little attention. In the current
work, we extracted the sulfated polysaccharide from a
marine source and investigated its anti-arthritic potential
in vivo. The isolated and freeze-dried polysaccharide was
tested for acute oral toxicity based on OECD 423. This step
was followed by investigations on clinical signs and gross
pathological alterations seen. A complete Freund’s adju-
vant-induced arthritis was used to test the in vivo activity
in female Sprague–Dawley rats, which were divided into

five groups: (1) normal control, (2) arthritic control, (3) meth-
otrexate treatment (0.1 mg/kg), (4) crude sulfated polysac-
charide (CSP) (5 mg/kg), and (5) CSP (10mg/kg). CSP was
from the marine brown algae Sargassum ilicifolium from
the Gulf of Mannar. The body weight, paw volume, and
biochemical markers (alanine aminotransferase, aspartate
aminotransferase, creatinine, urea, and C-reactive protein
levels) were also measured for each group coupled with
histopathological and immunohistochemistry studies. The
acute toxicity investigation indicated that the lethal dose of
50% (LD50) of the polysaccharide was more than 2,000mg/kg.
In addition, animals from the methotrexate and CSP (5mg/kg,
p.o.) groups had a substantial reduction in paw volume com-
pared to other treatment groups. Methotrexate and CSP treat-
ment dramatically decreased the levels of the investigated
marker enzymes. Histopathology revealed that low-dose CSP
(5mg/kg, p.o.) significantly reduced the severity of synovitis,
panniculitis, liver necrosis, inflammatory cell infiltration, and
cortical and paracortical necrotic foci in node, compared to
the high dose (10mg/kg, p.o.). Immunohistochemical studies
revealed that CSP (5mg/kg) significantly inhibited pro-inflam-
matory cytokines such as tumor necrosis factor-alpha, inter-
leukin-2, and CD4 cells. Overall, it can be concluded that a
low-dose CSP (5mg/kg) is an efficient anti-arthritic agent that
confers its effects via the cytokine pathway.

Keywords: Sargassum ilicifolium, TNF-α, arthritis, anti-
arthritic, polysaccharide, human health

Introduction

Chronic inflammatory synovitis, also known as arthritis,
typically affects symmetrically distributed peripheral joints.
Numerous causes, including chemical, biological, and immu-
nological factors, contribute to its occurrence. Infiltration of
CD4+ T cells and monocytes, increase in synovial lining cells
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and fibroblasts, neovascularization, and bone, as well as
cartilage injuries are some of its distinguishing features
[1]. The disease is mediated by pro-inflammatory cyto-
kines, including interleukin-1 (IL-1) and tumor necrosis
factor-alpha (TNF-α) [2]. As the disease progresses, mas-
sive hypertrophy of synovium occurs with the invasion of
fibrovascular tissue, known as pannus, which invades
and destroys both the bone and cartilage further, leading
to inflammation [3].

The acute phase is characterized by the presence of
vascular permeability, increased blood flow, and recruit-
ment of leukocytes with accumulation of inflammatory
mediators such as cytokines. The chronic phase develops
specific humoral and cellular immune responses to the
pathogen at the tissue injury site. Of the cells involved in
inflammation, some are present in the tissue itself, while
others are recruited to the area of inflammation from the
blood [4]. In both phases, the mediators upregulate cellular
adhesion molecule expression, attracting leukocytes and
controlling the activation of resident cells like fibroblasts,
endothelial cells, tissue macrophages, and mast cells, as well
as newly recruited inflammatory cells, including monocytes,
lymphocytes, neutrophils, and eosinophils. These mediators,
which are generated by macrophages, cause systemic reac-
tions to the inflammatory process [5].

Inflammatory arthritis results from the influx of acti-
vated leukocytes into the joints to mediate the destruction
seen. Typically, the pro-inflammatory cytokines and anti-
inflammatory cytokines are effector phase cytokines. Native
CD4 helper T-cells differentiate into T-helper 1 (Th1), the pro-
inflammatory cytokines that participate in both acute and
chronic inflammatory reactions as well as repair processes,
and T-helper 2 (Th2) cells, the anti-inflammatory or regulatory
cytokines that inhibit the inflammatory reactions [6]. In
recent years, novel therapies designed against chronic
inflammatory diseases like rheumatoid arthritis are tar-
geted, decreasing the generation of auto-reactive Th1 helper
cells or immune deviation in favor of Th2 cells. Therapeutic
management of arthritis includes the use of non-steroidal
anti-inflammatory agents like diclofenac, naproxen, ibu-
profen, and disease-modifying anti-rheumatic drugs, such
as methotrexate, leflunomide, sulfasalazine, and TNF-α inhi-
bitor like etanercept. Although these drugs are effective anti-
rheumatic agents, they produce severe side effects such as
gastrointestinal bleeding, leucopenia, and hepatotoxicity
[7,8], thus seeking new armamentariums.

Sulfated polysaccharides, particularly fructose-rich
polysaccharides from brown algae, interact with P-selectin,
possessing potent anti-inflammatory effects in a dose-depen-
dent manner [9]. Similarly, it was reported in 2003 that sul-
fated polysaccharides from porphyridium can inhibit the

movement and adhesion of polymorphonuclear leukocytes
in vitro [10]. Additionally, the polysaccharide also inhibited
the development of erythema in vivo and had excellent
biolubricant properties that potentially can provide joint-
lubricating solutions or as a substitute for hyaluronic acid
to mitigate degenerative joint disorders imposed by arthritis
[11,12]. Similarly, a sulfated polysaccharide from the red sea-
weed Gelidium pacificum Okamura was reported to confer
some anti-inflammatory activity, as seen in lipopolysac-
charide (LPS)-stimulated human monocytic (THP-1) cells.
Additionally, the polysaccharide exhibited significant anti-
inflammatory effects acting via the toll-like receptor 4 signaling
pathway [13]. Likewise, sulfated polysaccharides isolated from
the edible brown seaweed, Sargassum fulvellum, were reported
to have a good anti-inflammatory effect in the LPS-stimulated
RAW 264.7 macrophages and zebrafish [14].

Crude sulfated polysaccharides (CSPs) are more cost-
effective to extract and purify compared to highly refined
sulfated polysaccharides. This is particularly important in
large-scale applications and for maintaining economic via-
bility in therapeutic settings [15]. CSP retains a complex
mixture of polysaccharides, which can contribute to a
broader spectrum of biological activities. This complexity
can enhance the overall therapeutic efficacy, as different
components of CSP may act synergistically to produce anti-
inflammatory, immunomodulatory, and antioxidant effects
[16]. Studies suggest that CSPs may have improved bioavail-
ability compared to more refined polysaccharides. Due to its
crude form, CSP tends to have a lower risk of side effects
associated with overpurification and the presence of contami-
nants introduced during extensive refinement processes. This
makes CSP a safer option for long-term therapeutic use [17].

Sulfated polysaccharides from Sargassum hemiphyllum
have been reported to decrease ear swelling and erythema,
decrease the production of myeloperoxidase, nitric oxide,
IL-1β, IL-6, and TNF-α in a dose-dependent manner in ara-
chidonic acid-induced ear inflammation [18]. However, no
previous reports indicate the anti-inflammatory and anti-
arthritic activities of fucose-containing sulfated polysac-
charide from the brown seaweed Sargassum ilicifolium.
Based on in vitro anti-inflammatory studies carried out by
tissue plasminogen activator-induced inflammation on poly-
morphonuclear leucocytes, a sulfated polysaccharide from
Sargassum ilicifolium was confirmed to possess significant
anti-inflammatory [19] and free radical scavenging activities
[20]. Additionally, it can inhibit the inflammatory cytokine
TNF-α. Hence, an attempt was made to confirm the anti-
arthritic activity of a CSP from Sargassum ilicifolium by
complete Freund’s adjuvant (CFA)-induced arthritis.

Preclinical testing of anti-arthritic drugs frequently
uses the rat adjuvant arthritis model, which is a
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trustworthy approach. The characteristics of this model
include easy measurements, consistent commencement,
and progression, as well as noticeable bone proliferation
and resorption. It enables analysis of both the immediate
inflammatory and immune responses that follow approxi-
mately 9 days later.

Methods and materials

Extraction of CSP from Sargassum ilicifolium

The extraction of polysaccharides from marine brown
algae was based on the slightly modified method reported
by Tako et al. [21]. Briefly, hydrochloric acid (0.05 M) was
added to 10 g of dried algae, which was then agitated at
room temperature for 2 h. The supernatant was filtered
after centrifugation for 20min at 3,575 rpm. The crude
polysaccharide was then precipitated in two volumes of
ethanol from the filtered fraction, followed by neutraliza-
tion with sodium hydroxide (0.5 M). Finally, the CSP was
freeze-dried after concentration in a rotary evaporator.

Acute oral toxicity study (OECD 423)

On day 0 (baseline), healthy female Sprague–Dawley rats
(170 and 205 g) that were nulliparous and not pregnant
were used. A step-by-step housing of the animals was con-
ducted in a polypropylene cage with good ventilation
and an artificial 12 h of light and dark photoperiod.
The room was kept at a constant temperature of 22°C
(±3°C) with a relative humidity of 53–60%. The animals
received reverse osmosis-purified water (from Rios) and
pelleted feed (from M/s. Provimi Animal Nutrition Pvt.
Ltd., India) ad libitum.

Five days before dosing, the animals were housed in
their cages to acclimatize to the laboratory environment.
The animals underwent overnight fasting before receiving
CSP and 3–4 h after. The experiment was conducted in two
steps (Steps I and II). A stomach intubation needle was used
in each phase to administer a dose of CSP (2,000mg/kg) to
three animals each. Observation of lethality and unusual
clinical symptoms was done. The clinical symptoms were
observed on the dosing day, at 30min, 1, 2, and 4 h, as
well as in the next 14 days. The bodyweights weremeasured
right before dosage and weekly until the trial was over.
After the observation period, significant pathological altera-
tions were also observed [22].

Experimental animal and chemicals used for
arthritic study

Three months old female Sprague–Dawley rats (150–200 g)
were used in this study. CFA – 10mg/mL (Chondrex, Inc.USA),
CD4 (#SC7219, Santa Cruz, USA), interleukin-2 (IL-2) (#SC7896
Santa Cruz, USA), TGF-β (#SC-146, Santa Cruz), TNF-α (#SC52746
Santa Cruz), alanine aminotransferase (ALT), aspartate amino-
transferase (AST), creatinine, urea, and hs-CRP-kit (Bio-Systems
Diagnostics Pvt. Ltd) were used.

The experimental design and animal grouping are
shown in Table 1. CFA (0.1 mL) was injected in the sub-
plantar region of the right hind paw on day 1. The dosing
of the standard drug (methotrexate 0.1 mg/kg, i.p.) and CSP
(5 and 10mg/kg, p.o.) was started on day 9 and was con-
tinued up to day 28. The body weight and paw volume were
measured at 7-day intervals for 28 days. At the end of the
experimental period, blood samples (1 mL) were collected
to investigate the biochemical parameters. The animals
were euthanized using diethylene ether at the end of the
experiment. Subsequently, the ankle joint with paw tissue
of the hind limbs, liver, spleen, and popliteal lymph node
(PLN) were used for histopathological studies. The ipsilat-
eral PLN was used for the immunohistochemical study [23].

Estimation of body weight

The rat’s body weight was recorded before and at 7-day
intervals up to 28 days after inoculation of CFA. The differ-
ence in body weight on each day and at baseline was
determined. Finally, the percentage change in body weight
was calculated.

Estimation of paw volume

The volumes of injected hind paws of rats were measured
before and at 7-day intervals after inoculation of CFA.

Table 1: Experimental design

Groups Treatment

Group I Normal control
Group II Arthritic control
Group III Methotrexate (0.1 mg/kg, i.p., alternate days)
Group IV CSP (5 mg/kg, p.o.)
Group V CSP (10 mg/kg, p.o.)

CSP – crude sulfated polysaccharide.
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Measurements were done by using a water displacement
plethysmograph. Then, the percentage change in the paw
volume was calculated.

Estimation of biochemical parameters

ALT, AST, creatinine, urea, and C-reactive protein (CRP)
levels were estimated based on the recommended proce-
dure provided in the biochemical kit.

Statistical analysis

Results are presented as mean ± SEM (standard error
mean) from six animals per group. Statistical differences
in the mean were analyzed by using a one-way analysis of
variance (ANOVA), followed by Dunnett’s post hoc test. A p-
value of <0.05 was deemed statistically significant. All sta-
tistical analyses were performed using GraphPad Prism
Software 5 (Boston, MA, USA).

Histopathological analysis

A 10% neutral buffered formalin solution was used to fix
the liver, spleen, ankle joints, paw, and PLN. The ankle
joints with the pawwere fixed in neutral buffered formalin
for 24 h, followed by decalcification in 10% formic acid for
4 days. Once the decalcification process was completed, the
digits were removed, and the ankle joints and paw were
transected along the mid-sagittal plane. Representative
samples of the spleen and liver tissues were removed
and decalcified after 48 h. Subsequently, trimmed ankle
joints and paw tissues were processed for paraffin embed-
ment as well as sectioning and staining with hematoxylin
and eosin before the microscopic analysis [24].

Immunohistochemical analysis

Tissue samples embedded in paraffin were deparaffinized
in xylene and hydrated using alcohol. By using citrate
buffer (pH 6.0) for TNF-α or Tris-EDTA buffer (pH 8.0) for
CD4, IL-2, and TGF-β, heat-induced antigen retrieval was
conducted in a microwave for 20min at HI-90. Three washes
in phosphate-buffered saline containing 0.05% tween 20

(PBST) were performed before each step as below. The first
step involved quenching of endogenous peroxidase fol-
lowing incubation with 3% hydrogen peroxide for 30min.
Blocking was done subsequently for 30min using 5% goat
serum in 1% bovine serum albumin. The step was followed
by overnight incubation of the primary antibody at 4°C.
Then, the biotinylated secondary antibody was incubated
for 30min at room temperature and another 30min in the
presence of the enzyme avidin-biotin-peroxidase. The final
step involved a counterstain with Harris hematoxylin for
30 s, where the 3,3′-diaminobenzidine (DAB) chromogen
staining should take 10–15min.

Ethical approval: The research related to animal use has
complied with all the relevant national regulations and institu-
tional policies for the care and use of animals. The Institutional
Animal Ethical Committee (IAEC) of Sri Ramachandra University
approved the acute oral toxicity studywith the approval number
IAEC/XXXVIII/SRU/351/14.

Results

Acute oral toxicity study

In the acute toxicity study of CSP on Sprague–Dawley rats,
the animals were observed for lethality and abnormal
signs (changes in the central and autonomic nervous sys-
tems as well as behavioral responses). The study confirmed
the absence of treatment-related mortality, abnormal clin-
ical signs, or remarkable body weight changes in both
Steps I and II. No gross pathological observation was
recorded in all experimental animals, suggesting that CSP
was non-toxic. The 50% lethal dose (LD50) of CSP was greater
than 2,000mg/kg. Therefore, it was concluded that CSP

Table 2: Body weight of experimental animals in the acute oral toxicity
study

Step/dose No of
animals

Body weight (g)

Day 0 Day 7 Day 14

I
(2,000 mg/kg)

3 174.13
± 2.49

183.33
± 2.19

192.4
± 4.31

II
(2,000 mg/kg)

3 198.13
± 5.54

207.73
± 4.9

215.07
± 2.3

“Step” refers to sequential groups of animals (each consisting of three
animals) tested with the same dose of 2,000 mg/kg. The differences in
body weight between Step I and Step II reflect natural biological varia-
bility among the animals in the study.
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should be classified under Globally Harmonized System
hazard category 5 (Tables 2 and 3).

Estimation of body weight

The body weight of all experimental groups was monitored
throughout the study period. As depicted in Figure 1, no
significant variations in body weight were observed among
the groups, indicating that the treatments administered,
including the standard (methotrexate) and CSP treatments,
did not adversely affect the overall health and growth of
the animals.

Estimation of paw volume

Paw swelling is an index for measuring anti-arthritic activity.
In CFA-induced arthritis, the rats developed chronic swelling
in multiple joints due to the presence of inflammatory cells.
The inflammatory changes can ultimately result in the
destruction of joint integrity and functions in the affected
animal. In our study, CFA-administered rats showed only
some soft tissue swelling around the ankle joints during
the disease progression (Figure 2).

There was a significant increase in the paw volume of
the arthritic control group that was induced with CFA on
days 7, 14, 21, and 28 compared to that of the normal control
group (Figure 3). Administration of CSP (5 and 10mg/kg)
both conferred a reduction in the paw volume on day 28
compared to the standard methotrexate, which showed
maximum inhibition of paw volume on day 28 (Figure 4).

Overall, the maximum % inhibition of paw volume
was achieved in the CSP (5 mg/kg)-treated group followed
by methotrexate (0.1 mg/kg) and CSP (10 mg/kg)-treated
groups. When the paws were examined physically, again,
the percentage inhibition of the paw was highest (39.55%)
in the CSP (5 mg/kg)-treated group (Figure 4), indicating
that CSP has the potential to act as an anti-inflammatory/
anti-arthritic agent.

Table 3: Gross pathological observation of individual animals

Step/dose Animal
number

Organs Observations

I
(2,000 mg/
kg)

H Skin, eyes, brain,
lungs, heart, liver,
kidney, adrenals,
spleen, and sex
glands

No abnormality
detectedB

T
II
(2,000 mg/
kg)

H
B
T

Figure 1: Effect of CSP on the rat’s body weight. Values are expressed as mean ± SEM; n = 6 animals. Significance was analyzed using two-way ANOVA,
followed by Dunnett’s multiple comparisons test. Comparisons were made with the arthritic control group. *p < 0.05.
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Estimation of biochemical parameters

In the present study, there was a significant (p < 0.05)
increase in the ALT levels of the arthritic control group
(61.67 U/L) compared to the normal control (Table 4). The
changes seen were, however, significantly reversed by
methotrexate (50.67 U/L) compared to the arthritic control.
Similarly, a significant reduction in ALT levels of animals
in the CSP (5 and 10mg/kg)-treated groups (48.83 and
54.17 U/L, respectively) was also observed compared to
the arthritic control. As expected, a significant (p < 0.05)
elevation in the AST level was observed in the arthritic rats

compared to the normal rats. Nevertheless, there was a
significant reduction in the AST levels in animals from
the CSP 5 mg/kg (p < 0.01), 10 mg/kg (p < 0.05), and metho-
trexate (p < 0.05)-treated groups compared to the arthritic
control.

As expected, there was a significant increase in creati-
nine and urea levels in the arthritic control group compared
to the normal control. However, there was a significant
reduction in both creatinine and urea levels in the metho-
trexate and CSP (5 mg/kg)-treated group compared to the
arthritic control. As for the CRP level, a significant (p < 0.05)
elevation was observed in the arthritic rats compared to

Figure 2: Paw edema in arthritic rats: (a) normal control, (b) arthritic control, (c) methotrexate treated, (d) CSP (5 mg/kg), and (e) CSP (10 mg/kg).

6  Lavanya Ramamoorthi et al.



Figure 3: Effect of CSP on paw edema in arthritic rats. Values were expressed as mean ± SEM; n = 6 animals. Significance was analyzed using two-way
ANOVA, followed by Dunnett’s multiple comparisons test. Comparisons were made with the arthritic control group. * p < 0.05, **p < 0.01, and
***p < 0.001.

Figure 4: Percentage inhibition of CSP on paw edema conferred by CSP (5 mg/kg) was the highest and the maximum on day 28. Values are expressed
as mean ± SEM; n = 6 animals. Significance was analyzed using two-way ANOVA followed by Tukey’s multiple comparisons test. Comparisons were
made with the arthritic control group.
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Table 4: Effect of CSP on various biochemical parameters

Group Treatment ALT (UL) AST (UL) Creatinine (mg/dL) Urea (mg/dL) CRP-hs (mg/dL)

I Normal control 45 ± 13.44 102.5 ± 29.44 0.58 ± 0.04 35.67 ± 7.4 2.33 ± 0.52
II Arthritic control 61.67 ± 5.18a* 156.00 ± 5.66a* 0.85 ± 0.13a* 51.33 ± 3.31a* 3.49 ± 0.3a*
III Methotrexate (0.1 mg/kg, i.p.) 50.67 ± 7.06b* 147.5 ± 11.96b* 0.64 ± 0.02b* 42.33 ± 2.9b* 2.6 ± 0.25b**
IV CSP (5 mg/kg, p.o.) 48.83 ± 1.80b* 113.50 ± 6.26b** 0.62 ± 0.01b* 44.0 ± 2.19b* 3.1 ± 0.13b*
V CSP (10 mg/kg, p.o.) 54.17 ± 3.50b* 135.17 ± 6.32b* 0.60 ± 0.03b* 48.0 ± 4.9 3.5 ± 0.23

Values are expressed in mean ± SEM; n = 6 animals. Significance was analyzed using a one-way ANOVA followed by Dunnett’s post hoc test. a)
Comparisons were made between the normal control vs arthritic control groups. b) Comparisons were made between methotrexate (0.1 mg/kg) i.p.,
CSP (5 mg/kg) p.o., and CSP (10 mg/kg) p.o. with the arthritic control group. *p < 0.05, **p < 0.01, ns: not significant. CSP: crude sulfated
polysaccharide, ALT: alanine aminotransferase, AST: aspartate aminotransferase, CRP hs: C-reactive protein (high sensitivity).

Figure 5: Histopathology findings of the liver by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of different
experimental groups. (a) Normal control; (b) arthritic control showing hepatic necrosis with infiltration of periportal mononuclear cells; (c) metho-
trexate control showing mild hepatic necrosis and periportal infiltration; (d) CSP (5 mg/kg) treated showing minimal periportal infiltration; and (e) CSP
(10 mg/kg) treated showing only mild necrosis.
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the normal rats. However, the CRP level was significantly
decreased by administration of CSP at 5 mg/kg (p < 0.05)
and 0.1 mg/kg methotrexate (p < 0.001) compared to the
arthritic rats.

Histopathological analysis

The hematoxylin and eosin staining results of the (1) liver
and ankle joints sections, (2) paw tissue, (3) spleen, and (4)

popliteal node are shown in Figures 5–8, respectively. The
rat’s liver from the normal control group revealed no
changes, with normal histology of hepatocytes, central
veins, and portal triads seen. Additionally, the ankle joint
and the paw tissues from this group revealed normal his-
tology with no signs of arthritis and associated lesions. The
PLN from normal control rats revealed normal architec-
ture, cellularity, and cortex-to-medulla ratio. The findings
from the arthritic control rats, however, showed a mod-
erate degree of hepatic necrosis with a mixed population of
inflammatory cells (neutrophils and mononuclear cells)

Figure 6: Histopathology findings of the ankle joints by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of
different experimental groups. (a) Normal control showing joints with synovium, (b) arthritic control showing bone erosion and synovitis, (c)
methotrexate treated showing joint and synovium, (d) methotrexate treated showing panniculitis, (e) CSP (5 mg/kg) treated showing a moderate
synovial proliferation to phalanges, and (f) CSP (10 mg/kg) treated showing some synovitis.
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infiltration along with a moderate degree of perivascular
and periportal mononuclear cell infiltration observed in
the liver. The ankle joint and paw tissues of rats from
the CFA-induced group revealed a severe degree of panni-
culitis and muscular necrosis, as characterized by infiltra-
tion of mononuclear and polymorph cells. A severe degree
of synovitis characterized by the loss of trabeculae, hyper-
plasia, and proliferation of synovial cells with infiltration

by inflammatory cells (polymorphonuclear cells, multinu-
cleated giant cells, and mononuclear cells) was also observed.
On the other hand, a moderate degree of articular cartilage
erosion and synovial invasion with mononuclear cell infiltra-
tion in the eroded lesions, along with osteoclast cell infiltra-
tion in the bone components, were seen in the arthritic
control group. Paw tissues revealed edema and severe infil-
tration by a mixed population of inflammatory cells

Figure 7: Histopathology findings of the spleen by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of
different experimental groups. The spleen from all groups did not reveal any treatment-related lesions. (a) Normal control, (b) arthritic control, (c)
methotrexate control, (d) CSP (5 mg/kg), and (e) CSP (10 mg/kg).
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(neutrophils and mononuclear cells) in the subcutaneous
tissues. The PLN from the arthritic control rats revealed mod-
erate to marked enlargement and distorted nodal architec-
ture. Frequent cortical necrotic foci, marked hyperplasia of
lymphocytes in B- and T-cell areas, as well as marked plas-
macytosis in the paracortical and medullary regions, were
observed in the CFA-induced arthritic control group. Occa-
sionally, apoptotic bodies were noticed in germinal centers.

Methotrexate-treated group rats showed only mild
hepatic necrosis and perivascular and periportal infiltra-
tion compared to the CFA-induced group. The ankle joint
and paw tissues of rats from the methotrexate group

revealed only mild to moderate degrees of synovitis and
inflammatory cell infiltration, panniculitis, as well as articular
cartilage erosions. A moderate degree of paw tissue inflam-
matory cells (mononuclear and polymorphs) infiltration was
also seen. The PLN of rats from the methotrexate-treated
group revealed (1) moderate to marked enlargement and dis-
torted nodal architecture, (2) an increased number of apoptotic
bodies in germinal centers, (3) moderate lymphoid hyperplasia
and plasmacytosis, (4) frequent severe coalescing necrotic foci
and vacuolations in the cortical and paracortical regions, (5)
marked decrease in cellularity in the cortical and paracortical
regions, and (6) lymphoid atrophy.

Figure 8: Histopathology findings of PLN by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of different
experimental groups. (a) Normal control showing normal nodal architecture; (b) arthritic control showing a frequent cortical necrotic foci; (c)
methotrexate control showing frequent, severe coalescing necrotic foci, vacuolations in cortical and paracortical regions; (d) CSP (5 mg/kg) showing
hyperplastic B-cell areas and several vacuolations in the cortical and paracortical regions; and (e) CSP (10 mg/kg) showing frequent and severe cortical
and paracortical necrotic foci.
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The liver of rats treated with CSP (5mg/kg) revealed
a minimal degree of necrotic foci with inflammatory
cells (mononuclear cells), the absence of fatty vacuolations,
a minimal degree of perivascular and periportal inflamma-
tory infiltration, whereas the rats treated with CSP (10mg/kg)
revealed a mild degree of fatty vacuolations, a moderate
degree of necrotic foci with inflammatory cell infiltration
and periportal infiltration. In comparison, the ankle joint
and the paw tissues of rats treated with CSP (5mg/kg)
showed a reduced severity of synovitis, panniculitis, subcu-
taneous inflammation, inflammatory cell infiltration in the
skeletal muscles and paw tissue, and bony erosions and
infiltrations compared to animals that received the higher

dose CSP (10mg/kg), indicating the low dose to be the
optimal dose.

PLN, the draining node of the CFA-inoculated rat paw,
treated with 5 and 10 mg/kg CSP revealed moderate enlar-
gement and a distorted nodal architecture, with some occa-
sional apoptotic bodies in the germinal centers, a moderate
plasmacytosis and marked B-cell hyperplasia. On the other
hand, the CSP (5 mg/kg)–treated group showed low num-
bers of cortical/paracortical necrotic foci. Severe cortical/
paracortical necrotic foci were observed in nodes of rats
treated with CSP (10 mg/kg). The rats’ spleen for all groups
did not reveal any treatment-related lesions and remained
similar to the normal control group.

Figure 9: Immunohistochemical analysis of CD4 by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of
different experimental groups. (a) Normal control; (b) arthritic control showing a higher number of cells; (c) methotrexate control showing fewer
number of cells; (d) CSP (5 mg/kg) showing a lower number of cells; and (e) CSP (10 mg/kg) also showing a lower number of cells.
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Immunohistochemical analysis

Immunohistochemistry is based on the principle of antibo-
dies binding to specific antigens in biological tissues, thereby
making it possible to detect antigens in tissues. It is widely
used in studies to understand the distribution of biomarkers
and expressed proteins in biological tissues. Briefly, an anti-
body is conjugated with an enzyme that catalyzes the color-
producing reaction and the antibody can be tagged to a
fluorophore. The immunohistochemistry analysis for this

study was carried out on the ipsilateral PLN of CFA-induced
arthritis, drug-treated, and non-treated groups.

The number of CD4 cells was higher in the CFA-induced
arthritic control group compared to methotrexate- and
CSP-treated groups (Figure 9), indicating the effectiveness of
CSP in both doses (5 and 10mg/kg) in inhibiting CD4 cells to
prevent the release of pro-inflammatory cytokines. Addi-
tionally, there was a higher expression of IL-2 in the CFA-
induced arthritic control group (Figure 10) compared to
methotrexate- and CSP-treated groups, which showed only

Figure 10: Immunohistochemical analysis of IL2 by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of
different experimental groups. (a) Normal control; (b) arthritic control showing a marked expression; (c) methotrexate control showing a moderate
expression; (d) CSP (5 mg/kg) showing a mild expression; and (e) CSP (10 mg/kg) showing a mild expression.
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a moderate expression. IL-2 is a pro-inflammatory cyto-
kine released during chronic inflammatory conditions
like rheumatoid arthritis. The immunohistochemical ana-
lysis of IL-2 reveals that both CSP doses can inhibit the
release of IL-2, thereby preventing IL-2-mediated inflam-
matory reactions.

There was a marked expression of TNF-α, a pro-inflam-
matory cytokine, in the CFA-induced arthritic control group
compared tomethotrexate- and CSP-treated groups (Figure 11).
The inhibition of TNF-α expression by both doses of CSP

indicates the role of CSP in preventing the degradation of
bone and cartilage. Immunohistochemical analysis of TGF-β
indicates that the anti-inflammatory cytokine (Figure 12)
was expressed higher in groups treated with CSP (5mg/kg).
In comparison, a mild expression was seen in the 10mg/kg
CSP and methotrexate-treated groups, although there was no
significant expression of TGF-β in arthritic control rats, indi-
cating that CSP (5mg/kg) has a good potential as an anti-
arthritic agent that should be investigated further in clinical
studies.

Figure 11: Immunohistochemical analysis of TNF-α by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of
different experimental groups. (a) Normal control; (b) arthritic control showing a marked expression; (c) methotrexate control showing a moderate
expression; (d) CSP (5 mg/kg) showing a mild expression; and (e) CSP (10 mg/kg) showing a mild expression.
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Discussion

To our knowledge, this is the first study to confirm the anti-
inflammatory effects of CSP from Sargassum ilicifolium in
an in vivo model. Adjuvant-induced arthritis in rats is a
chronic inflammatory model that resembles human rheu-
matoid arthritis and is useful in the development of poten-
tial anti-inflammatory drugs for the treatment of arthritis.
At the beginning of the study, the safety profile of CSP was
confirmed by an acute oral toxicity model as per OECD-423
guidelines. The isolated CSP was found to be safe (up to

2,000mg/kg). Subsequently, the anti-arthritic activity of
CSP evaluated by the CFA-induced arthritic model confirmed
that a low-dose CSP showed a significant reduction in paw
volume comparable with the standard drug methotrexate.

In our study, there was a significant increase in the
marker enzymes in the animals from the arthritis-induced
non-treated groups that were significantly ameliorated by
methotrexate and CSP. ALT and AST are enzymes present
in the liver and the heart cells that are released into the
blood upon damage to the liver or the heart. Urea and
creatinine are products of protein metabolism excreted

Figure 12: Immunohistochemical analysis of TGF-β by hematoxylin and eosin staining. Magnification and scale bar: 40× corresponds to 400 µm of
different experimental groups. (a) Normal control; (b) arthritic control; (c) methotrexate control showing a moderate expression; (d) CSP (5 mg/kg)
showing a marked expression; and (e) CSP (10 mg/kg) showing a mild expression.
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by the kidney, with increased levels indicating kidney
damage. In this study, elevated levels of blood urea and
creatinine in the arthritic control group indicate some
kidney dysfunction, while animals in both the methotrexate
and CSP-treated groups showed a reduction in urea and
creatinine levels, indicating that CSP is renoprotective.

CRP is a non-specific sensitive marker of inflammation
that responds rapidly to the underlying inflammatory dis-
ease and is a general measure of disease activity in rheu-
matoid arthritis. Inflammation of the synovium causes the
release of pro-inflammatory cytokines like TNF-α and IL-
1β, which in turn leads to the release of IL-6 that stimulates
the liver to secrete CRP [2,25], the level of which can be
correlated with paw edema in arthritic rats. Nevertheless,
the marked reduction of CRP by CSP (5 mg/kg) in arthritic
rats strongly indicated its anti-inflammatory role.

Based on the histopathological studies of the tibio-
tarsal joints of CFA-injected rats, there were severe prolif-
erative synovitis and infiltration of multifocal mononuclear
cells with a hyperplastic synovial membrane in the
arthritic control animals seen. The disease severity is
further indicated by pannus invasion with severe cartilage
degradation, bone erosion, severe necrosis of the liver, and
coalescing necrotic foci, as well as vacuolations in the
popliteal node seen. These changes were significantly
less severe in animals treated with CSP and methotrexate
than those observed in non-treated adjuvant-injected rats.
Interestingly, rats treated with a low-dose CSP (5mg/kg)
showed a significant reduction in the severity of peri-
articular inflammation with less infiltration of leukocytes
and mild synovitis similar to those seen in a methotrexate-
treated group, thus suggesting that CSP (5mg/kg) can ame-
liorate the pathological progression of arthritis. Similarly,
the liver of arthritic rats treated with 5mg/kg CSP showed
minimal necrotic foci compared to groups treated with
10mg/kg CSP and methotrexate, which had a marked liver
necrosis, indicating its hepatoprotective effect. Our findings
suggest that CSP (5mg/kg) may be an effective alternative to
the existing anti-arthritic drugs, especially for individuals
with pre-existing liver problems.

A network of interdependent cytokines is involved in
the pathogenesis of inflammatory synovitis and rheuma-
toid joint destruction. TNF-α, a pro-inflammatory cytokine
occupying the primary position in cytokine cascade upre-
gulating the production of other cytokines, plays an impor-
tant role in cartilage and bone degradation [26,27]. Its
expression by monocyte/macrophages has been demon-
strated to occur in both synovial tissue and at the carti-
lage-pannus junction [28]. The immune system attempts to
limit inflammation and joint destruction by the homeostatic

mechanism that exists in the rheumatoid joints. An initial
burst of pro-inflammatory cytokines like TNF-α, IL-1, IL-6,
and GM-CSF is normally followed by an increase in IL-10
synthesis [18,29]. Based on our anti-arthritic experiment
on CSP, it was confirmed that CSP, especially in low doses
(5 mg/kg), was more effective and may ameliorate the
immune system by inhibiting the pro-inflammatory cyto-
kines (like TNF-α and IL-2) as well as the expression of the
anti-inflammatory or regulatory cytokine TGF-β. It is inter-
esting to note from previously reported studies that the bioac-
tivity of sulfated polysaccharides is due to their unique ability
to influence the body’s regulatory systems in restoring home-
ostasis (balance). For this, it not only acts as an antioxidant
and anticoagulant but also acts as a pro-oxidant and procoa-
gulant [7,8,30].

In the present study, CSP behaves slightly like a hor-
metic agent, as it shows protective action (anti-inflamma-
tory) at low doses and mild opposite action at high doses.
This type of biphasic dose response has been demonstrated
for many naturally derived phytochemicals [31], like quer-
cetin, curcumin, and resveratrol [32–34]. A similar type of
optimal concentration for immunostimulatory crude poly-
saccharide from a mollusk Chlamys farreri on phagocytic
activity of RAW264.7 cells was reported by Shi et al., in which
there was a slight decline in activity at high doses [35]. Further
studies are required to elucidate the mechanism of this
biphasic dose response.

In all of the in vivo studies conducted for CSP, both
doses (5 and 10mg/kg) were effective in controlling the
inflammatory process compared to arthritic control. A
slight decrease in the activity was observed with the high
dose (10 mg/kg) compared to the low dose, suggesting the
low dose (5 mg/kg) of CSP to be the optimal or effective
concentration, as confirmed by all investigated parameters
(the changes in the biochemical parameters and histo-
pathological and immunohistochemistry analysis).

It is plausible that CSP (5 mg/kg) effectively reduces the
inflammatory process by downregulating the cytokine cas-
cade, subsequently reducing the TNF-α expression, as well
as cell infiltration in the synovial membrane and con-
firming its protective effects by preventing cartilage and
bone degradation.

The limitation of this study is the absence of purifica-
tion and structural elucidation of the bioactive isolated
sulfated polysaccharide. Furthermore, additional investiga-
tions are warranted to assess the pharmacokinetic properties
and safety profile of the isolated sulfated polysaccharide.
Finally, the development of a suitable formulation with
the isolated sulfated polysaccharide is also crucial for its
potential clinical application.
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Conclusion

The efficacy and optimum dose for the anti-arthritic poten-
tial of the lead molecule sulfated polysaccharide from the
selected algae Sargassum ilicifolium were established and
reported for the first time following identification through
inflammatory pathways. The isolated CSP was found to be
safe (up to 2,000mg/kg). Based on our findings, it can be
concluded that the low-dose CSP has a good anti-arthritic
potential and mediates its effect through the cytokine
pathway.
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