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ABSTRACT

Rheumatoid arthritis (RA) is a bone disorder causing inflammation of the synovial lining and local
production of proinflammatory cytokines. Synovial hyperplasia is further mediated by the infiltra-
tion of lymphocytes, macrophages, and other inflammatory cells. The drugs that are available to
treat RA produce temporary recovery, and some are associated with side effects. We used surface-
functionalized guar gum nanoparticles (GNs) to ameliorate disease pathology using a collagen II
(CIN-induced arthritis model in C57BL/6 mice. Systemic and bone damage was assessed by total
count, differential count, clonogenic potential, flow cytometry, and histological studies. The migra-
tion of inflammatory cells was assessed by flow cytometry of cells from the bone marrow, blood,
spleen, and synovial tissue. Joint inflammation was assessed by visible presentation in terms of
thickness, which was corroborated with hematoxylin and eosin (H&E) staining of knee joint sec-
tions. Synovitis was observed in the diseased group, while GNs controlled the synovial inflamma-
tion. Post-sacrifice, the total number of cells and immune cells were significantly increased in the
diseased group and decreased following GN treatment. The clonogenic potential of the cells was
also restored upon GN administration. Furthermore, the elevated level of nitric oxide (NO) was
decreased by GN administration, and the expression of proinflammatory cytokines and signaling
molecules was restored upon GN treatment. The results provide insight into the therapeutic ef-
fects of GNs in Cll-induced arthritis for translational outcomes. Through this study, we investigated
the signaling mechanism involved in the pathology of the disease to examine the role of GN in
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preventing disease progression.
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INTRODUCTION

Rheumatoid arthritis (RA) is a complex autoimmune
disease associated with joint inflammation 2. 'The
complexity of the disease is associated with the in-
volvement of immune cells, osteoclasts, synovial cells,
and other cells®. The immune cells in the subchon-
dral bone marrow (BM) also play important role in
disease pathogenesis>. RA is associated with synovial
hyperplasia, increased volume of synovial fluid, and
increased infiltration of certain cells, including fibrob-
lasts, macrophages, neutrophils, T cells, and dendritic
cells, into the synovium 12, These infiltrating inflam-
matory cells mainly mediate bone and cartilage dam-
agel.

The increased number of macrophages in the
synovium is associated with disease severity, and
macrophage depletion in the synovium reduces
The activated
macrophages in the synovium drive the progression

joint inflammation in arthritis!.

of the disease by producing proinflammatory cy-
tokines and chemokines, such as TNFo and IFN}/I.
NFxB plays an important role in the pathogenesis

of arthritis; it mediates transcription of target genes,
such as TNFe, IL-18, iNOS, and IL-61. Therefore,
blocking NFkB can help in controlling the inflam-
matory response in RA !, Proinflammatory cytokines
and reactive oxygen intermediates are released by
the activated macrophages, which are the effector
cells driving synovial inflammation!. The increased
secretion of proinflammatory cytokines results in
an imbalance between pro- and anti-inflammatory
cytokine activity, leading to autoimmunity followed
by chronic inflammation and joint damage*. In
addition to the joints, the disease is also associated
with gastrointestinal sequelae, renal malfunction,
and cardiovascular risks?. Moreover, the disease
has systemic manifestations, such as subcutaneous
nodules, pleuritis, pericarditis, and vasculitis, con-
tributing to mortality and morbidity throughout the
development of RA%,

The complexity and occurrence of the disease is as-
sociated with various factors, including genetic com-
ponents and environmental factors#. The interaction
between environmental factors and genetic compo-
nents is associated with disease development?. En-
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vironmental risk factors include intake of coffee, al-
cohol, and oral contraceptives, birth weight irregular-
ities, and breast feeding. The main symptoms of RA
are joint warmth, stiffness, loss of joint motion, joint
redness, swelling, joint tenderness, pain, and fatigue4.
The proinflammatory cytokines have destructive ef-
fects on bones and cartilage.

In RA, T cells proliferate and activate B cells and
macrophages, which trigger the release of cytokines,
such as TNF and IL, generating an inflammatory
response that causes joint destruction and extra-
articular complications*. These complications, over
an extended period, lead to infections, cardiovascular
disease, lymphomas, and osteoporosis*.

Guar gum (GG) is a high molecular-weight, non-ionic
polysaccharide gum present in the seeds of the legu-
minous plant Cyamopsis tetragonoloba® (Figure 1). It
has a galactomannan component with a 1:2 galactose-
mannose ratio and exhibits viscous, gel-like consis-
tency in water®. GG has been modified in the form
of nanoparticle to facilitate its uptake by cells®-8. The
GG nanoparticle (GN) is a spherical shaped molecule
80 nm in size, with 4:1 mannose:galactose®. A pre-
vious study evaluated the analgesic activity of a GG-
derived galactomannan polysaccharide in joint pain
in an osteoarthritis model®.

Synovial macrophages and synovial fibroblasts are the
two leading cell types in the terminal layer of hyper-
plasic synovial tissue that invade and degrade adja-
cent cartilage and bone 1°. The surface-functionalized
GNs, enriched with mannose, used in this study
show increased affinity for the mannose receptors ex-
pressed on macrophages. The activation of mannose
receptor has protective implications in the disease.
Therefore, the uptake of mannose-enriched GNs by
macrophages, which drive the inflammatory process,
functions to restore joint destruction.

The small size of GNs is associated with increased
bioavailability, low cytotoxicity, and high efficacy at
a lower dose. The anti-inflammatory activity of GNs
has previously been validated in peritonitis”® and
atopic dermatitis (AD) mouse models®. Through this
study, GN is repurposed in arthritis, which was pre-
viously achieved in AD and peritonitis models of in-
flammatory diseases.

METHODS

In vivo studies in CIA model
Animals

All in vivo experiments were performed accord-
ing to the regulations of the institutional and de-
partmental animal ethics committee (reg.  no.
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885/ac/05/CPCSEA). The animals were housed under
specific pathogen-free conditions at the animal hous-
ing facility of the Department of Zoology, University
of Calcutta.

We used 6-week-old female C57BL/6 mice, 20-25 gm
in weight, and divided the sample into four experi-
mental groups, with four mice in each group. Group
I (control) was free from any treatment, Group II
(CII+CFA/IFA) was treated with collagen II (CII),
and the Group IIT (CII+CFA+GN) was treated with
CII+CFA and further administered GN orally.

Induction of the disease

On day 0, mice in Group II and IIT were administered
50 ul of 5 mg/ml CII+CFA emulsion intradermally via
the tail and challenged with 50 ul of 5 mg/ml CII+IFA
emulsion on day 14 in a similar way. CII-CFA/IFA
mixture was prepared by mixing 4 mg CII with 0.05 M
acetic acid and placed in a RotoSPIN at 4°C overnight.
The mixture was mixed with an equal volume of CFA
and IFA to prepare 4 mg/ml of CII+CFA and CII+IFA,

respectively.

Treatment with GN

From day 14 onwards, Group III were administered
0.04 mg (1.6 MPK) GN orally on alternating days. The
mice were sacrificed on day 42 by cervical dislocation
(Figure 2).

Assessment of thickness

Swelling in the hind legs and paws was assessed with
the thickness (mm) of the knee joint and paws of mice,
which was measured on days 7, 14, 21, 28, 35 and 42
using slide a caliper (Mitutoyo South Asia Pvt. Ltd).

Sacrifice and collection of tissues

On day 42, the mice were sacrificed by cervical dis-
location. Peripheral blood (PB), serum, spleen, BM,
and synovial tissue were collected according to the
protocol mentioned in the Mitra et al. (2022)1. The
paw and knee joints were collected, and the skin and
muscles were removed and processed for histological
evaluation.

Peripheral blood

PB was drawn by cardiac puncture, and one drop of
blood was used for smear preparation. The remaining
blood sample was collected in EDTA-coated vials (BD
Biosciences, USA), and a blood smear was prepared
on a microscope slide for the differential count.
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Figure 1: Diagram showing the (A) guar gum plant with guar beans, (B) guar gum seeds and (C) structure
of Galactomannan.
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Figure 2: Diagrammatic representation of treatment regimen for Cll induced arthritis in C57/BL6 mice. Cl|
treatment along with CFA was injected on day 0 and along with IFA on day 14. In the therapy group, 2 mg/ml GN
was administered orally day 14 onwards, every alternate day.

Serum

PB was collected in tubes without any anticoagulant,
allowed to stand for 30 mins, and centrifuged at 10000
rpm for 10 mins at 4°C. The supernatant was collected
in a fresh tube and stored at -80°C until further anal-
ysis.

Bone marrow

The femur bones were collected; both the ends were
cut, and cells were flushed out with fresh DMEM us-

ing a syringe.

Spleen

The spleen was placed directly into DMEM in a petri
dish, homogenized between the frosted ends of the
slide, and passed through the cell strainer.

Synovium

The synovium from the hind leg was excised and col-
lected in a suitable medium, depending on the type of
assay 12,

1. For assays, the synovial tissue was washed with
PBS and collected, cut into 1-mm3 pieces, kept
in digestion buffer (1% type IV collagenase
buffer prepared using 0.5 ml collagenase IV [Hi-
media, India] in 1x PBS and 0.5 ml DMEM
medium), and incubated at 37°C and 5% CO2
for 2 hours.

2. For gene expression, the synovial tissue (pooled
from four mice) was collected in RNAlater so-
lution (Ambion Inc.) and stored at -80°C until
analysis.

3. For protein expression, synovial tissue (pooled
from four mice) was washed with PBS, collected
in fresh PBS, and stored at -80°C until analysis.

Processing of tissues for histological as-
sessment

Harvested paw and joint tissues were fixed in 10%
buffered paraformaldehyde for 72 hours and decalci-
fied in 10% EDTA solution (pH = 7.4) for 30 days.
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The tissues were then processed for histological as-
sessment, and hematoxylin and eosin (H&E) staining
was performed. The stained sections were observed
at 10x and 40x under a Dewinter Fluorex LED light

microscope.

Total cell count

Total cell counts of PB/BM/spleen/synovium cell sus-
pensions were performed using trypan blue staining,

as described previously %11,

Differential count

Differential cell counts of PB smears were performed
6,11

using Giemsa staining, as described previously
Determination of immune cell migration by
immunophenotyping

PB/BM/spleen/synovium cells were stained, as de-

scribed in our previous work ®11

. The immunophe-
notyping study was performed using a BD FACSVerse
flow cytometer (BD Biosciences, USA), and the results

were analyzed using FACSuite software.

Colony-forming unit (CFU-c) assay

CFU-c assay for PB/BM/spleen/synovium was per-

formed, as described previously ®11.

Nitric oxide (NO) assay

Serum NO content was estimated by Griess reagent,
according to the protocol described by Mitra et al.
(2022)11,

Gene expression by reverse transcription-
PCR (RT-PCR)

RNA extraction from the synovial tissue was per-
formed using the Trizol method. Gene expression of
inflammatory cytokines (IL-18, N OS2, and TNFa. )
were assessed, with GAPDH as the housekeeping
gene, as described previously !!. We used the follow-

ing primers (3’-5’):

IL1B-F: TCATGGGATGATGATGATAACCTGCT
IL13-R: CCCATACTTTAGGAAGACACGGATT
NOS2-F: AATGGCAACATCAGGTCGGCCAT-
CACT
NOS2-R:GCTGTGTGTCACAGAAGTCTC-
GAACTC

TNFotF: GGCAGGTCTACTTTGGAGTCATTGC
TNFotR: ACATTCGAGGCTCCAGTGAATTCGG
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Protein expression by Western blot

Total protein was extracted from the synovial tissue,
as described in the previous study !!. Protein expres-
sion of the inflammatory markers (NFxB, HIFlc,
NOS2, and STAT1) was assessed according to the pro-
tocol described previously 1.

RESULTS

Through this study, we have tried to understand the
etiology of RA in a murine model of CIA through
The in-
flammatory response is determined initially by visi-

assessment of severe joint inflammation.

ble changes in joint and paw thickness throughout the
disease progression, followed by changes associated
with synovial inflammation at the tissue, cellular, and
molecular levels. We analyzed the anti-inflammatory
effect of orally administered GNs in a murine model
of CIA. During the treatment regimen, knee joint and
hind paw thickness was assessed, and the effect of GN
was evaluated.

GN reduced knee joint and paw thickness

On days 0, 7, 14, 21, 35, and 42, the thickness of
the knee joint and paw was measured using a micro-
caliper to assess swelling in the joints and paws.

1. Knee joint: Day 21 onwards, significant in-
crease in the thickness of the knee joint was ob-
served in the collagen II treated group (diseased
group). The swelling was increased by 1.4 fold
on day 7 which was increased to 3.45 fold on day
42 in the collagen II (diseased group) as com-
pared to control (p < 0.05) whereas treatment of
GN restored the thickness by 1.57 fold (p < 0.05)
(Figure 3).

2. Paw thickness: The swelling of paw was also
measured by microcaliper on day 0, 7, 14, 21, 28,
35 and 42 where it was increased significantly
day 35 onwards and GN reduced the thickness
by 1.68 fold (p < 0.05) (Figure 4).

GN restored the tissue architecture of the
knee joint

Increased thickness of the knee joint and paw was
correlated with histological studies via H&E staining
post-sacrifice. The tissue architecture demonstrated
synovial hyperplasia, cellular infiltration, and par-
tial joint destruction in the CII-treated mice, whereas
GN administration reduced the synovial hyperplasia.
Furthermore, oral administration of GN reduced the
cellular infiltration in the synovium and restored the
joint destruction (Figures 5 and 6).
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Figure 3: GN alleviated the swelling of the joint caused by CII. Cll treatment led to a progressive increase in the
joint thickness over 42 days. GN reduced the thickness by 2.15 fold on day 42 (p < 0.05). (* p < 0.05, with respect
to control; * p < 0.05, with respect to ClI).
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Figure 4: GN alleviated the swelling of the paw caused by CII. Cll treatment led to a progressive increase in the
joint thickness over 42 days. GN reduced the thickness by 1.68 fold on day 42 (p < 0.05). (* p < 0.05, with respect
to control; # p < 0.05, with respect to ClI).
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Figure 5: Hematoxylin and eosin stained sections of knee joint tissues. Oral administration of GN inhibited
the infiltration of cells in the synovium, reduced synovial hyperplasia and joint destruction. A-C represents 10X
images and D-F represents 40X images of Control (A & D), Cll (B & E) and Cll + GN (C &F).
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Figure 6: Hematoxylin and eosin stained sections of hind paw tissues. Oral administration of GN inhibited the
infiltration of cells in the paw, reduced hyperplasia and reduced destruction of joint digits. A-C represents 10X
images and D-F represents 40X images of Control (A & D), Cll (B & E) and Cll + GN (C &F).
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Figure 7: GN significantly reduced the infiltration of cells. (A) in the BM by 1.36 fold, (B) in the blood by 1.26
fold, (C) in the spleen by 2.26 fold and (D) in the synovium by 1.58 fold. (p < 0.05; * wrt control, # wrt ClI).

GN reduced cellular infiltration in the BM,
PB, spleen, and synovium

Total cell count in the BM, PB, spleen, and synovium
was assessed to obtain a preliminary understanding
of the inflammatory cells involved in systemic and lo-
cal inflammation due to arthritis in mice. The total
count of BM cells, PB cells, spleen cells, and synovial
cells was increased 1.72-fold (p < 0.05), 1.83-fold (p
< 0.05), 2.23-fold (p < 0.05), and 2.44-fold (p < 0.05),
respectively, following CII treatment. However, the
total cell count was decreased by 1.36-fold (p < 0.05)
in the BM, 1.26-fold in the PB, 2.26-fold (p < 0.05) in
the spleen, and 1.58-fold (p < 0.05) in the synovium
following GN treatment. Therefore, GN led to de-
creased infiltration of inflammatory cells in the BM,
PB, spleen, and synovium (Figure 7).

Immunophenotyping of cells

CD45" cells from BM, PB, spleen, and synovium
were gated and analyzed for B220™ cells (B cells),
CD3"% cells (T cells), CD37CD4" cells (T}, cells),
CD37CD8" (Tc cells), GR1" (neutrophils), and
F4/80" (macrophages).

GN restored the population of B cells,
T cells, neutrophils, and macrophages in
bone marrow

In the BM, CII treatment led to an increase in im-
mune cells, indicating an increased production of
these cells in the presence of inflammatory stimuli.
CD451B220" and CD451B220" B cell counts was
increased by 3.09-fold (p < 0.05) and 16.83-fold (p
< 0.05), respectively, compared to the control group
(Figure 8 A). Their counts were reduced following GN
treatment by 3.16-fold (p < 0.05) and 4.17-fold (p <
0.05), respectively (Figure 8 A), as compared with the
CII treatment group. Furthermore, CII treatment led
to a 3.62-fold increase in the number of T cells (p <
0.05), 4.44-fold increase in Ty, cells (p < 0.05), 9.76-
fold increase in Tc cells (p < 0.05) (Figure 8 B), 10.16-
fold increase in neutrophils (p < 0.05), and 2.07-fold
increase in macrophages (p < 0.05) (Figure 8 C). GN
reduced the number of T cells 1.05-fold (p < 0.05)
(Figure 8 B), T, cells by 1.45-fold (p < 0.05), Tc cells
by 2.12-fold (p < 0.05) (Figure 8 B), neutrophils by
2.85-fold (p < 0.05), and macrophages by 1.38-fold (p
<0.05) (Figure 8 C).
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Figure 8: Orally administered GN reduced the population ofimmune cells in the BM. GN reduced the B220*
& B220w+B cells (A) by 3.16 (p < 0.05) and 4.17 fold (p < 0.05) respectively; The CD3* T cells (B) by 1.05 fold, the
CD4" Ty cellsand CD8™ T, cells by 1.45 fold (p < 0.05) and 2.12 fold (p < 0.05) respectively; the GR1™ neutrophils
and F4/80 macrophages (C) by 2.85 fold (p < 0.05) and 1.38 fold (p < 0.05), respectively. (* p < 0.05, compared to

control; # p < 0.05, compared to the ClI).

Effect of GN on B cell, T cell, neutrophil, and
macrophage populations in the blood

In the blood, CII treatment led to an increase in the
populations of immune cells, indicating increased mi-
gration of these cells in the presence of inflammatory
stimuli. CD457B220" B cell count was increased by
4.13-fold (p < 0.05) compared with the control group
(Figure 9 A) and were reduced 1.42-fold following
GN treatment (p < 0.05) (Figure 9 A) compared with
the CII treatment group. Furthermore, CII treatment
led to a 4.84-fold increase in the number of T cells
(p < 0.05), 10.26-fold increase in T}, cells (p < 0.05),
3-fold increase in Tc cells (Figure 9 B), 1.78-fold in-
crease in neutrophils (p < 0.05), and 1.88-fold increase
in macrophages (p < 0.05) (Figure 9 C). GN reduced
the number of T cells 2.7-fold (p < 0.05), T}, cells 2.86-
fold (p < 0.05), T, cells 3.93-fold (p < 0.05) (Figure 9
B), and macrophages 1.40-fold (p < 0.05) (Figure 9
Q).
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GN controlled the T cell, neutrophil, and
macrophage populations in the spleen

In the spleen, CII treatment led to an increase in the
population of immune cells, indicating increased mi-
gration of these cells to the spleen in the presence of
inflammatory stimuli. The CD45" B220" B cell count
increased by 2.61-fold (p < 0.05) compared with the
control group (Figure 10 A) and was reduced by 3.42-
fold following GN treatment (p < 0.05) (Figure 10
A) compared with the CII treatment group. Further-
more, CII treatment led to a 1.85-fold increase in the
number of T cells (p < 0.05), 1.94-fold increase in T},
cells, 1.82-fold increase in T, cells (Figure 10 B), 2.3-
fold increase in neutrophils (p < 0.05), and 2.02-fold
increase in macrophages (Figure 10 B). GN reduced
the number of T cells by 2.08-fold, T}, cells 2.34-fold (p
<0.05), T, cells by 1.95-fold (Figure 10 B), neutrophils
by 1.01-fold, and macrophages 2.57-fold. (Figure 10
Q).
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Figure 9: Orally administered GN reduced the population of immune cells in the blood. GN reduced the
B220" B cells (A) by 1.42 fold (p < 0.05); the CD3™" T cells (B) by 2.7 fold (p < 0.05), the CD4" Ty cells and CD8* T,
cells by 1.53 fold (p < 0.05) and 3.93 fold (p < 0.05) respectively; the F4/80 macrophages (C) by 1.52 fold (p < 0.05)
but increased the GR1* neutrophils (C) by 1.39 fold. (* p < 0.05, compared to control; #p < 0.05, compared to the

Cli).

GN reduced the B cell, T cell, neutrophil, and
macrophage populations in the synovium

In the synovium, CII treatment led to an increase in
the population of immune cells, indicating increased
migration and proliferation of these cells to the syn-
ovium in the presence of inflammatory stimuli. The
CD457B220" B cell count was increased by 3.6-fold
(p < 0.05) compared with the control group (Fig-
ure 11 A) and was reduced by 1.6-fold following GN
treatment (p < 0.05) (Figure 11 A) compared to the
CII treatment group. Furthermore, CII treatment led
to a 2.84-fold increase in the number of T cells (p <
0.05), 1.99-fold increase in Ty, cells (p < 0.05), 2.32-
fold increase in T, cells (p < 0.05) (Figure 11 B),
19.73-fold increase in neutrophils (p < 0.05), and 6.2-
fold increase in macrophages (p < 0.05) (Figure 11 C).
GN reduced the number of T cells by 13.05-fold (p <
0.05), T}, cells by 2.34-fold (p < 0.05), T, cells by 1.95-
fold (Figure 11 B), neutrophils by 4.91-fold (p < 0.05),
and macrophages by 3.5-fold (p < 0.05) (Figure 11 C).

GN increased the clonogenic potential of
cells

The proregenerative effect of GN was assessed by
measuring the clonogenic potential of BM, PB, syn-
ovial, and spleen cells. CII treatment decreased the
clonogenic potential of BM cells 3.79-fold compared
to the control group (p < 0.05) (Figure 12). GN treat-
ment increased the clonogenic potential by 1.7-fold
compared to the CII treatment group (p < 0.05) (Fig-
ure 12).

The clonogenic potential of the blood cells was de-
creased by 3.34-fold in the CII treatment group com-
pared to the control group (p < 0.05) (Figure 13). GN
treatment restored the clonogenic potential by 1.82-
fold compared to the CII group (p < 0.05) (Figure 13).
The clonogenic potential of the synovial cells was de-
creased by 13.15-fold compared to the CII group (p <
0.05) (Figure 14). Clonogenic potential was restored
by 6.63-fold compared to the CII group following GN
treatment (p < 0.05) (Figure 14).
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Figure 10: Orally administered GN reduced the population of immune cells in the spleen. GN reduced the
B2207"B cells (A) by 3.42 fold (p < 0.05); The CD3™ T cells (B) by 2.08 fold (p < 0.05), the CD4 " Ty cellsand CD8" T,
cells (B) by 2.34 fold (p < 0.05) and 1.95 fold (p < 0.05); the GR1™" neutrophils and F4/80 macrophages (C) by 1.01
fold and 2.57 fold. (* p < 0.05, compared to control; * p < 0.05, compared to the Cll).

The clonogenic potential of spleen cells decreased by
3.73-fold compared to the control group (p < 0.05)
(Figure 15). Clonogenic potential was restored by
3.43-fold compared to the CII group following GN
treatment (p < 0.05) (Figure 15).

NO estimation in the serum

NO is an important mediator involved in RA patho-
genesis. Serum NO level was increased by 4.88-fold
following CII treatment (p < 0.05), and GN treatment
reduced the NO level by 1.13-fold (p < 0.05) (Fig-
ure 16).

Expression of proinflammatory cytokines
and signaling molecules at the gene level

The expression of proinflammatory cytokines and sig-
naling molecules, including IL-13, NOS2, and TNFa,
compared with the expression of GAPDH, a house
keeping gene, was determined in terms of band in-
tensities (Figure 17 A). Following CII treatment, the
expression of IL-18, NOS2, and TNF« increased by
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7.39-fold (p < 0.05), 2.69-fold (p < 0.05), and 11.82-
fold (p < 0.05), respectively (Figure 17 B). GN re-
duced the gene expression of proinflammatory cy-
tokines IL-13, NOS2, and TNFa compared with the
expression of GAPDH (Figure 17 A). CII increased
the expression of IL-18, IL13, NOS2, and TNFx
by 7.39-fold, 2.62-fold, and 120.58-fold, respectively
(Figure 17 A). GN reduced the expression of IL-
18, IL13, NOS2, and TNFa by 2.55-fold, 2.33-fold,
and 2.50-fold, respectively (Figure 17 B). Therefore,
GN administration down regulated the expression of
proinflammatory cytokines and signaling molecules
at the gene level.

Expression of proinflammatory cytokines
and signaling molecules at the protein level
The protein expression of the inflammatory mark-
ers, namely NFxB, HIFle, NOS2, and STATI,
were assessed and compared with the expression of
the housekeeping protein GAPDH (Figure 18 A).
Following CII treatment, the expression of NFxB,
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Figure 11: Orally administered GN reduced the population of immune cells in the synovium. GN reduced
the B220™" B cells (A) by 2.9 fold (p < 0.05); The CD3" T cells (B) by 13.05 fold (p < 0.05), the CD4™" Ty cells and
CD8™ T, cells (B) by 13.55 fold (p < 0.05) and 14.85 fold (p < 0.05); the GR1™" neutrophils and F4/80 macrophages
(€) by 4.91 fold (p < 0.05) and 3.5 fold (p < 0.05). (* p < 0.05, compared to control; # p < 0.05, compared to the Cll).

HIF1o, NOS2, and STAT1 was upregulated by 20.11-
fold (p < 0.05), 9.28-fold (p < 0.05), 16.59-fold (p <
0.05), and 2.75-fold (p < 0.05), respectively (Figure 18
B). GN reduced the expression of NFxB, NOS2, and
STAT1 by 2.94-fold (p < 0.05), 1.32-fold (p < 0.05),
and 1.89-fold (p < 0.05), respectively. The expres-
sion of HIF1 & was increased following GN treatment;
however, the difference was not significant (Figure 18
B). Therefore, GN down regulated the expression of
inflammatory markers and signaling molecules at the
protein level.

DISCUSSION

Through this study, we have assessed the effect of GN
on ClII-induced arthritis in a mouse model. On day 0,
the mice in the diseased group were sensitized using
CII and CFA with heat-killed Mycobacteria contain-
ing muramyl dipeptide, which is the active compo-
nent of the mycobacterial cell wall. This dipeptide is
mainly responsible for activating innate immune cells,
such as macrophages and dendritic cells!3. On day
14, the mice in Group II and III were challenged with

CII and IFA, where the water-in-oil emulsion con-
tained antigen in aqueous solution, paraffin oil, and a
surfactant, such as mannide monooleate, which col-
lectively ensured the prolonged release of CII from
the site of injection 3. The diseased and therapeutic
groups were administered with CII, and the therapeu-
tic group was also administered 20 pul GN (2 mg/ml)
orally from day 14 onwards, on alternating days, till
day 42. Joint (Figure 3) and paw thickness (Figure 4)
was assessed throughout the course of experiment.

During the experiment, hind paw and knee joint
swelling was assessed using a microcaliper. The knee
joint thickness of CII-treated mice increased signifi-
cantly from day 14 onwards. However, GN admin-
istration led to a decrease in the thickness from day
28, and a significant reduction was observed from day
35 onwards (Figure 3). Similarly, paw thickness in
the diseased group showed increased thickness, al-
though a significant change was observed from day
35 onwards. GN administration reduced paw thick-
ness from day 35 onwards (Figure 4). Therefore, our
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Figure 12: The colonies and progenitors obtained on plating BM cells in CFU medium (A) well-defined and
large colonies in control group, (B) small colonies in Cll group, (C) restoration of well-defined colonies in
CII+GN group, (D) the clonogenic potential of BM was increased by 1.7 fold (p < 0.05) in the CII+GN group.
(* p < 0.05, compared to control; # p < 0.05, compared to ClI).
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Figure 13: The colonies and progenitors obtained on plating PB cells in CFU medium (A) well-defined and
large colonies in control group, (B) small colonies in Cll group, (C) restoration of well-defined colonies in
ClI+GN group, (D) the clonogenic potential of PB was restored by 1.82 fold (p < 0.05) in the CII+GN group.
(* p < 0.05, compared to control; # p < 0.05, compared to ClI).
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Figure 14: The colonies and progenitors obtained on plating spleen cells in CFU medium (A) well-defined
and large colonies in control group, (B) small colonies in Cll group, (C) restoration of well-defined colonies
in CII+GN group, (D) the clonogenic potential of spleen was restored by 6.63 fold (p < 0.05) in the CII+GN
group. (* p < 0.05, compared to control; #p < 0.05, compared to ClI).
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Figure 15: The colonies and progenitors obtained on plating spleen cells in CFU medium (A) well defined
and large colonies in control group, (B) small colonies in Cll group, (C) restoration of well defined colonies
in CII+GN group, (D) the clonogenic potential of spleen was restored by 3.46 fold (p < 0.05) in the CII+GN
group. (* p < 0.05, compared to control; # p < 0.05, compared to ClI).
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Figure 16: Orally administered GN reduced NO release in serum by 1.13 fold (p < 0.05). (* p < 0.05, with
respect to control; * p < 0.05, with respect to Cll).
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Figure 17: GN reduced the gene expression of the inflammatory cytokines and signaling molecules, mea-
sured in terms of band intensity (A). GN reduced the expression of IL-13, NOS2 and TNF o by 2.55 fold, 2.62
fold and 2.5 fold respectively, with respect to Cll (B). Lane C: 1 ug RNA from control synovium; Cll: 1 g RNA
from Cll-treated synovium and CII+GN: 1 g RNA from CIl + GN treated synovium (A) (* p < 0.05 compared to
control, # p < 0.05 compared to Cll treatment).
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Figure 18: GN reduced the protein expression of inflammatory cytokines and signaling molecules, showed
here in terms of band intensities. GN treatment reduced the protein expression of NFxB, NOS2 and STAT1 by
2.94fold (p < 0.05), 1.32 fold (p < 0.05) and 1.89 fold (p < 0.05). The expression of HIF 1o was however increased on
GN treatment, but the change was not significant. Lane C: 40 pg protein from control synovium; Cll: 40 11g protein
from Cll-treated synovium and CII+GN: 40 pg protein from Cll + GN treated synovium (A) (* p < 0.05 compared to

control, # p < 0.05 compared to Cll treatment).

study showed the CII was able to cause joint inflam-
mation, and GN administration caused reduction in
the thickness from day 28 onwards, but not earlier.
The initial response to the oral GN was slow due to a
lack of blood vessels in the cartilage, and the bone mi-
croenvironment was restored after repeated adminis-
tration 4. The bone matrix contains hydroxyapatite,
which is composed of a high concentration of pos-
itively charged Ca®*; therefore, negatively charged
drugs exhibit a higher affinity for the bone matrix!°.
The GN used in this study carries a negative surface
charge in aqueous environments, helping to maintain
the bone microenvironment in GN-treated mice”*8.
The joint and paw swelling was further corroborated
by histological studies on the knee joint and hind paw
after sacrifice of the mice.

Histopathological studies were conducted to assess
the tissue architecture of the knee joint and hind paw
by H&E staining. The control mice showed nor-
mal, healthy articular space and tissues, whereas the
diseased group showed synovial hyperplasia, massive
infiltration of inflammatory cells, articular cartilage
destruction, and bone erosion. These events con-
tributed to the increased thickness of the knee joint in
the diseased mice. GN administration caused reduc-
tion in pathological events, such as synovial hyperpla-
sia, inflammatory cell infiltration, and bone erosion
(Figures 5 and 6). To assess the infiltration of inflam-
matory cells, cellular events were investigated in the

PB, BM, spleen, and synovial tissue. Total count of
cells in the PB, BM, spleen, and synovium was signif-
icantly increased in the diseased group, which indi-
cated progression of the disease. GN administration
reduced cell counts (Figure 7). Therefore, the results
obtained from total cell counts in the synovium indi-
cated the mobilization of inflammatory cells following
CII administration.

To better understand the role of cellular events in
the pathogenesis of RA, flow cytometry was per-
formed to assess the variation in the number of B
cells, T cells, macrophages, and neutrophils. The
functional role of these cells in the BM (the site of
poiesis), spleen (the secondary lymphoid organ), PB
(systemic circulation), and synovium (the tissue of
interest) was assessed to better understand the path-
way of migration of cells during the inflammatory
process caused by CII and the effect of GN on this
process. The BM provides an appropriate microen-
vironment for the development of T cells in the ab-
sence of the thymus. In the presence of an inflam-
matory signal, lymphoid follicles in the BM are in-
creased1®. In the first step of inflammation, acti-
vated granulocytes and monocytes residing in the
Media-
tors, such as DAMPs and ROS, activate proteolytic
enzymatic cascades in the BM microenvironment,

BM microenvironment release DAMPs17.

mainly the complement cascade (ComC), which is
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Figure 19: Possible targets of GN, derived from our study. The highlighted boxes demarcate the downreg-
ulation by orally administered GN in Cll induced arthritis model of mouse. On encountering Cll, the BM derived
macrophages and synovial macrophages gets activated, and B cells generated auto Ab leading to cartilage de-
struction. The macrophages activate the T cells to drive inflammatory cascade via proinflammatory cytokines and
signaling molecules, leading to synovitis. Orally administered GN however restoration in the events highlighted
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responsible for complement-mediating egress from
the BM 7. First, there is release of hematopoietic
stem and progenitor cells (HSPCs) from their niches
in the BM, permeabilization of the BM-PB endothe-
lial barrier, followed by egress of neutrophils and
monocytes into the PB through a process that paves
the way for HSPCs to follow the mobilizing gradi-
ent of bioactive phosphosphingolipids (sphingosine-
1-phosphate, SIP, and ceramide-1-phosphate, C1P)
originating in PB. Therefore, the egress of cells is
directed from the BM to the PB and secondary
lymphoid organs!”.  Moreover, the lymphocyte
population recirculates through the BM because it
is vascularized!®. Therefore, we observed an in-
creased number of circulating immune cells, includ-
ing macrophages, in the BM (Figure 8) and blood
(Figure 9) in the diseased mice, and a decreased cell
number following GN administration.

The spleen is a secondary lymphoid organ that acts
as a filter for antigens and pathogens. The leukocytes
present in the spleen include various subsets of B cells,
T cells, dendritic cells, and macrophages 18. Circulat-
ing T and B cells are guided by stromal cell networks,
integrins, and chemokines (CXCL13, CCL19, and
CCL21) toward the spleen followed by the synovium
of their cognate antigen. The chemokines are mainly
responsible for their maintenance in the B- and T-cell
zone 18, In this study, we found a significant increase
in the number of B cells, T cells, T}, cells, and Tc cells in
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the spleen of the diseased mice, which indicated that
an increased number of circulating lymphocytes had
gained access to the spleen (Figure 10). However, GN
administration reduced the number of cells almost to
the control level (Figure 10). A study reported in-
creased migration of macrophages in the spleen dur-
ing an inflammatory signal'®. Accordingly, F4/807"
cells (macrophages) were also increased significantly
in the spleen and decreased following GN administra-
tion.

Synovial macrophages reside in the sub-lining layer
and lining layer at the cartilage-pannus junction,
which facilitates their role in mediating articular de-
struction and regulating the secretion of proinflam-
matory cytokines and enzymes involved in driving
the inflammatory response and joint destruction?”.
Upon receiving an inflammatory signal, the num-
ber of synovial macrophages is increased, which sig-
nals leukocyte and lymphocyte recruitment, fibroblast
proliferation, and protease secretion, leading to joint
destruction??. The cytokines (TNFa;, IL1) in the in-
flamed joints direct the B cells, T cells, Th cells, and
Tc cells to the synovium?!. Neutrophils are released
from the BM immediately following the first sign of
inflammation. Their mobilization to the synovium is
orchestrated by the hematopoietic cytokine granulo-
cyte colony-stimulating factor (G-CSF), chemokines,
C5a complement fragment, and leukotriene B422,
Therefore, in our study, populations of the B cells, T
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cells, neutrophils, and macrophages were increased in
the synovium of diseased mice and decreased follow-
ing GN administration (Figure 11).

The clonogenic potential of BM (Figure 12), PB (Fig-
ure 13), spleen (Figure 14), and synovial (Figure 15)
cells was assessed by CFU assay. CFU assay in-
volves functional analysis of the self-renewal potency
of hematopoietic stem cells (HSCs), which are the
progenitors of all blood and immune cells?3. There-
fore, assessment of clonogenic potential by CFU as-
say is critical for determining the therapeutic appli-
cation of an agent. In this study, the clonogenic po-
tential of the progenitors in the BM, spleen, PB, and
the synovium was assessed to measure the proregen-
erative activity of GNs in those tissues. Under inflam-
matory signals, the propensity to form colonies is re-
duced, as the inflammatory signaling cascade (proin-
flammatory cytokines viz. TNFo) has devastating ef-
fects on HSCs?4. The synovium is mainly associated
with two types of cells: macrophage-like synovial cells
(type A) and fibroblasts-like cells (type B). Type A
cells are of hematopoietic origin; they migrate from
the BM to the synovium and become tissue resident
cells 2.

type B cells to cause synovitis, leading to destruction

During inflammation, type A cells induce

of the extracellular matrix (ECM) and reducing the
potency of cells to form colonies?>. However, GN ad-
ministration restored the clonogenic potential, indi-
cating its possible role in the maintenance of the ECM.
Therefore, from our observations, in addition to the
anti-inflammatory activity of GN, it also shows prore-
generative activity. Both these properties substantiate
GN as a possible therapeutic molecule in translational
medicine.

Serum NO level was significantly elevated in the dis-
eased group and was reduced following GN admin-
istration (Figure 16). NO release further stimulates
proinflammatory cytokines to mediate the inflamma-
tory process followed by bone and cartilage erosion 26,
Expression of cytokines, such as TNFa, IL1f3, and
NOS2, in the synovial tissue was increased signifi-
cantly in the diseased group, whereas GN adminis-
tration downregulated expression of these cytokines
(Figure 17). NOS2 expression was also increased in
the synovium and was further downregulated by GN
(Figures 17 and 18). The cartilage in the joint is as-
sociated with synovial fibroblasts and chondrocytes.
Proinflammatory cytokines, such as TNFa and IL1j3,
stimulate these cells to secrete enzymes that degrade
the proteoglycan and collagen in the cartilage, lead-
ing to tissue destruction 27 Therefore, from our ob-
servations, GN restores the bone microenvironment

by downregulating the expression of proinflamma-
tory cytokines.

As there is continuous expansion of the synovium in
arthritic joints, the supply of blood-borne O, is de-
pleted, creating a hypoxic microenvironment in the
synovial tissue of an arthritic joint 28, HIF10 expres-
sion was upregulated in the diseased group due to in-
creased hypoxic conditions in the joints. Studies have
reported the localization of STAT1 in B and T lym-
phocytes?®. In this study, the expression of STATI
was up-regulated due to the increased number of B
cells and T cells, as corroborated by the immunophe-
notyping studies (Figure 18).

Oral delivery of drugs is the most convenient and
noninvasive route for the administration; however,
enzymatic degradation in the gastrointestinal tract
and limited permeation remains a concern?, Nano-
formulation of drugs has been explored as a poten-
tial solution due to their ability to cross the intesti-
nal epithelium toward the target site3°. The anti-
inflammatory activity of GNs used in this study re-
duced the inflammatory events in the bone microen-
vironment (Figure 19). Therefore, our analysis at
the tissue level (histopathological studies), cellular
level (migration of immune cells), and molecular level
(proinflammatory cytokines, signaling molecules,
and mediators) indicated that orally administered GN
has a positive role in maintaining the bone microenvi-
ronment and subsequently alleviating the symptoms
of arthritis.

CONCLUSIONS

As there is no permanent cure for arthritis, the thera-
peutic effects of GN were explored in CIA. Orally ad-
ministered GN (1.6 MPK) appears to be effective in
treating CIA and has shown anti-inflammatory and
pro-regenerative activity. GN controlled inflamma-
tion by targeting macrophages, causing subsequent
downregulation of pro-inflammatory markers and
restoring the synovial inflammation in a pre-clinical
mouse model. Through our study, we conclude that
GN may act as a potential therapeutic molecule that
can overcome the shortcomings of available therapies
in CIA.

ABBREVIATIONS

CD: Cluster of differentia-
tion; CFU: Colony forming unit; CIA: Collagen
induced arthritis; CII: Collagen type II; DC: Dif-
ferential count; DMEM: Dulbeccos Modified Ea-
gle Medium; EDTA: Ethylenediaminetetraacetic acid;
G-CSF: Colony Stimulating Factor; GG: gum; GN:

BM: Bone marrow;
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gum; H&E: Hematoxylin and eosin; HIF: Hypoxia in-
ducible factor; HSPCs: Stem and Progenitor Cells; IL:
Interleukin; NFxB: Nuclear factor Kappa-light-chain
enhancer of activated B cells; NO: Nitric oxide; NOS:
Nitric oxide; PB: Peripheral blood; PBS: Phosphate
buffered saline; RA: Rheumatoid arthritis; RNA: nu-
cleicacid; RT-PCR: Reverse transcription Polymerase
Chain Reaction; STAT1: Signal transducer and acti-
vator of transcription 1; TC: Total count; TNF: Tumor
necrosis factor
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