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Rheumatoid arthritis (RA) is a chronic autoimmune disease, and conventional medications used to treat RA
have anti-inflammatory activity as one of their primary modes of action. Since medications have unfavorable
side effects, dietary therapy for arthritis is presently getting lots of attention. Kodo millet (Paspalum scrobi-
culatum) is a highly nutritious grain belonging to the Poaceae family, rich in fiber, nutrients and antioxidant
content. They are the least exploited cereals and have pharmacological benefits in various conditions. The
present study reveals the potential effects of kodo millet on immune regulation and antioxidant defense in
collagen-induced arthritic (CIA) rats. Female Wistar rats were divided into three groups. Group I- Normal,
Group II -CIA, Group III- CIA+ 10% cooked kodo millet (KM). After 60 days of experimental period and
millet supplementation, organ indices, B-cell, Th2, Th17 immune responses, RANKL/NFATc pathways, cyto-
kines and level of antioxidants were analyzed. Our findings reveal that 10% cooked kodo millet enhances B
cell functionality, Th2-Th17 immunocyte balance. It attenuates inflammation by modulating RANKL/NFATc
pathway, resulting in decreased proinflammatory mediators, increased levels of anti-inflammatory cytokines
and improved tissue integrity. Millet inhibited ROS production and boosted antioxidant status via increasing
SOD and GSH and decreasing activity of MPO, MDA and NO. The results highlight the potential of kodo

millet as a functional food to manage the progression of rheumatoid arthritis.
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1. Introduction

Rheumatoid arthritis (RA) is a long-lasting autoim-
mune inflammatory disorder that occurs more commonly
in women than in men, posing a significant global health
challenge. Approximately 1% of adults worldwide; and
0.95% in India, suffer from this debilitating inflammato-
ry condition, which ultimately results in permanent joint
damage and loss of mobility [1-4]. The causes of RA are
complex and involve both genetic and environmental ele-
ments [5]. This disease can impact any joint and nearly
every organ in the body, presenting symptoms such as
pain, swelling, tenderness, morning stiffness, synovitis,
systemic inflammation, deterioration of cartilage and bone
and impaired movement [6]. A significant element in pro-
gression of RA is the disruption in the balance of immune
cell types, including helper T-cell (Th) Th1/Th2 and Th17/
regulatory T-cell (Treg cells), which undermines immune
stability. This disruption, along with the triggering of pa-
thways like Toll-like receptor 4 (TLR4) and nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-
kB), results in an excessive release of pro-inflammatory
cytokines. These cytokines exacerbate joint inflammation

and lead to tissue damage. In addition, the activation of
TLR4 and NF-xB increases oxidative stress and affects
the development of osteoblasts and osteoclasts, which in
turn boosts bone resorption and speeds up joint degrada-
tion. These interrelated pathways fuel immune dysfunc-
tion and tissue deterioration, making them important tar-
gets for treatment in RA [7,8]. As no proper treatments
are available, the current treatment intends to minimize
or alleviate symptoms using medications like analgesics,
steroids, nonsteroidal anti-inflammatory drugs (NSAIDs),
glucocorticoids, disease-modifying antirheumatic drugs
(DMARD:s), anti-cytokines [6], etc., regardless of their
side effects.

In recent years, an increasing number of studies have
highlighted the significant role of diet in the risk and pro-
gression of RA [9,10]. Lack of complete cure and unde-
sirable side effects of conventional medications lead RA
patients to seek dietary modifications as a key compo-
nent of disease management strategy by complementing
conventional therapies. The beneficial effects of a healthy
diet may include a reduced risk of disease progression,
with several studies recognizing the protective role of fish,
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vegetables, and Mediterranean-style diets in combating
rheumatoid arthritis [5,11].

Millets are small-seeded, drought-tolerant crops free
from gluten that belong to the Poaceae family [12]. They
are abundant in proteins, carbohydrates, fats, vitamins, mi-
nerals, phytochemicals, and antioxidants, making them a
comprehensive answer to a variety of health concerns [13].
Millet has been cultivated and used all over the world for
thousands of years and they were declared a nutri-cereal by
the Indian government in April 2018. The United Nations
General Assembly approved a resolution designating 2023
as the International Year of Millets, as proposed by India
to the Food and Agriculture Organization (FAO), to reco-
gnize the significance and advantages of these grains for
the global food system [14]. This research aims to explore
the effects of kodo millet consumption on rheumatoid ar-
thritis, focusing on its potential to reduce inflammation,
modulate immune function, and improve joint health. By
reviewing current literature and examining the underlying
mechanisms, this article seeks to assess the therapeutic
potential of Kodo millet (Paspalum scrobiculatum) as a
dietary intervention for female Wistar rat models with RA,
ultimately contributing to a more holistic approach to ma-
naging this debilitating condition.

2. Materials and methods
2.1. Collection of the millets

Kodo millet was purchased from ICAR — Indian Insti-
tute of Millet Research, Hyderabad.

2.2. Induction of animal model and treatment

Female Wistar rats (15010 g, Age 1-2 months), which
were bred in the Department animal house, were divided
into three groups of six animals each as follows.

Group I — Normal rats

Group II- Collagen-induced arthritis (CIA) rats

Group III- CIA rats supplemented with 10% Cooked
Kodo Millet (KM) in normal rat feed

Arthritis was induced in Groups II and III by immuni-
zation with 100pl Bovine type II collagen (4 mg/ml) dis-
solved in 0.1 M acetic acid and emulsified with an equal
volume of Complete Freund’s Adjuvant (CFA) at 4°C.
The animals received 2 doses of injections at 2 sites near
the tail on day 0 & booster dose on day 7. The animals
were kept in polypropylene cages set up in environments
with regulated humidity (55-60%), temperature (28-32
°C), and light-dark cycle (12:12 hours). The rats were
fed with a standard meal provided by VRK Nutritional
Solutions, Maharashtra, India and were allowed unlimited
access to water. Kodo millet grains were cleaned, soaked
overnight (8 hours) in distilled water, cooked and mixed
with laboratory animal feed to replace 10% of the total
diet by weight. Food intake was monitored to ensure uni-
form consumption. The animals of group I and II were
fed with normal rat chow and group III was supplemented
with 10% Cooked Kodo Millet (KM) in normal rat feed
for 45 days from day 15. After 60days, blood, spleen, car-
tilage, thymus, and liver were collected for various assays.
All experimental procedures used were approved and
strictly followed according to the guidelines of the animal
ethics committee, Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA)
(IAEC-16-KU-16/2022-BCH-AH (43)), according to the
Government of India accepted principles for laboratory

animal use and care.

2.3. Evaluation of body weight and paw swelling

Body weight and paw swelling of rats were measured
starting from the first day of experiment and at regular
intervals until the last day. A soft, non-stretchable thread
was gently wrapped around the paw, marked the point and
swelling was carefully measured with the ruler and repre-
sented as paw perimeter in centimeters [15]. The mea-
surements were compared with previous measurements to
assess the changes in swelling.

2.4. Immune organs index

After the experimental period, the spleen and thymus
of the rats were surgically removed. The spleen and thy-
mus index were calculated among the groups as the ratio
of organs to the body weight of animal [16] to evaluate
the impact of millet supplementation on the immune sys-
tem. The index was calculated using the formula “Organ
weight(mg)/ body weight(g)”.

2.5. Biochemical estimations

Rheumatoid factor levels were measured using turbi-
dimetric method by the RF Turbilatex kit from Euro Dia-
gnostic system Pvt. Ltd. C-reactive protein was estimated
in the Erba auto analyzer.

2.6. Assay of serum immunoglobulins

Immunoglobulin G (IgG), IgM and IgD levels in serum
were quantified by competitive inhibition enzyme immu-
noassay technique using an ELISA kit from Cloud-Clone
Corp.

2.7. Circulatory immune complex (CIC)

The level of CIC in the serum of all experimental
groups was determined by the method of Seth and Srini-
vas using Polyethylene glycol (PEG) based turbidimetric
assay. Serum was diluted in borate-buffered saline (BBS,
PH 8.4) and mixed with PEG, incubated at 25°C for 60 mi-
nutes and absorbance was measured at 450nm. The result
was calculated by the formula (A 450 PEG- A450 WITH
BBS) x 1000, expressed as PEG index [17].

2.8. Preparation of lymphocyte samples and lympho-
cyte proliferation assay

After the experimental period, spleens were excised
under sterile conditions and cell suspension was prepared
in 10 % Fetal bovine serum (FBS) (Gibco) RPMI 1640
medium (Sigma Aldrich) by passing through a stainless-
steel sieve. The medium was also supplemented with
1% antibiotic-antimycotic solution (Himedia). The cells
were centrifuged at 1000rpm for 5 minutes and pellet was
resuspended in 4 ml medium. The suspension was again
layered on an equal volume of Ficoll solution, centrifu-
ged at 2500 rpm for 20 minutes. A band obtained at the
interface was collected, washed and resuspended in RPMI
1640 medium. Lymphocyte proliferation assay was done
by the method described by Wang et al. [18]. 100 pl/well
(5x10° cells/ml) cells were incubated in 96 96-well culture
plate and lymphocyte proliferation was induced by adding
Concanavalin A purchased from Sigma (10pg/ml ,100ul/
well). The plates were incubated at 37°C with 5% CO2.
After 44 hours, 20 pl of MTT (5mg/ml, Himedia) was ad-
ded to all wells and incubated for 4 hours under the same
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conditions. The supernatant was removed and dimethyl
sulphoxide (DMSO) from Merck was added to solubilize
formazan crystals and absorbance was measured at 470
nm. The mean absorbance value represents T-lymphocyte
proliferation.

2.9. Cytokine estimation by Enzyme-Linked Immuno-
sorbent Assay (ELISA)

For immunological studies, splenocytes were incuba-
ted for 72 hours with pre-coated Anti-CD3 monoclonal an-
tibody and culture supernatants were collected to serve as
antigen and indirect ELISA was performed. Homogenate
from cartilage prepared in lysis buffer and used to analyze
the markers of inflammation. Interleukin-6 (IL-6), IL-17,
IL-4, IL-10 (cultured splenocytes), Receptor activator of
nuclear factor kappa-B ligand (RANKL), Nuclear factor
of activated T-cells (NFATc), Matrix metalloproteinase
9 (MMP-9) levels were estimated using specific antibo-
dies. Antibodies used were purchased from Abcam and
Cell Signaling Technology. The antigen on ELISA plates
was pre-coated with varying amounts of cell lysate and
culture supernatants. Following overnight incubation at
37°C, wells were washed with PBS. Free binding sites
were blocked with 0.2% gelatin in PBS with 0.05% Tween
20. Primary antibody (1:500 in PBS-Tween 20) was in-
cubated for 2 hours. Following a thorough PBS-Tween
20 washing, secondary antibody (1:1000) was added and
incubated for 1 hour. Immune complex was produced
by the O-dianisidine substrate and horseradish peroxidase
(HRP) along with 30% H202 system that was measured
spectrophotometrically using a microplate reader at 450
nm.

2.10. Protein extraction and Western blot analysis
Cartilage tissue was lysed in RIPA buffer containing
protease inhibitor cocktail, followed by centrifugation at
13,000 f for 15 minutes at 4° C. Protein concentration was
determined by Protein assay of the samples was done by
the method of Lowry O.H. et al. [19] using alkaline cop-
per reagent and Folin’s reagent. The color produced was
measured at 560nm. [-actin served as internal standard.
All samples were mixed with 6x sample loading dye and
boiled at 95 °C for 5 minutes and 40 pg of sample was
loaded on SDS-PAGE gels. After the run, proteins were
transferred to 0.45 pm nitrocellulose membrane in transfer
buffer for 1 and half hours. The membranes were bloc-
ked with 5% skim milk powder (Fluka Analytical) for 1
hour and after washing, incubated with primary antibody
(RANKL-1:1000) overnight at 4°C. HRP-conjugated
secondary antibodies were incubated for 1 hour at 37°C.
Bands were visualized using ECL-substrate (BIO-RAD)
and quantified using Image Lab 6.1 software (Bio-Rad).

2.11. RNA preparation and Reverse Transcriptase Po-
lymerase Chain Reaction (RT-PCR)

RNA isolation was done by homogenizing 100 mg tis-
sue in 1 ml TRI reagent (Sigma Aldrich) and using chloro-
form-isopropanol method and quantified at 260nm. cDNA
synthesis was carried out in an Eppendorf master cycler
using Verso cDNA synthesis kit containing oligo dT pri-
mer, reaction buffer, RNase inhibitor, ANTPs and reverse
transcriptase enzyme following manufacturers instruc-
tions. Reverse transcription (RT) was performed with the
Reverse transcription system (Eppendorf master cycler)

using PCR master mix according to the protocol and Gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) ser-
ved as control. The PCR products were electrophoresed
on 1.5% agarose gel and stained with ethidium bromide.
The bands were observed and quantified by densitometry
in in Gel Documenter (BIO RAD) against internal stan-
dard GAPDH.

2.12. Oxidative stress and antioxidant markers

The level of markers of oxidative stress, i.e., Nitric
oxide (NO) in serum, Malondialdehyde (MDA), gluta-
thione (GSH) and antioxidant enzyme Superoxide dismu-
tase (SOD) in cartilage were determined in all experimen-
tal groups. The analysis of malondialdehyde (MDA), a
lipid peroxidation product, was done by TCA-TBA-HCl
reagent method described by Okhawa et al. [20]. The ab-
sorbance was measured at 530 nm and concentration of
MDA was expressed as mmol/g tissue. Superoxide dismu-
tase (SOD) activity was assayed by the method of Kakkar
et al. [21]. Absorbance was measured at 560nm. One Unit
of enzyme activity is expressed as Units/mg protein. Glu-
tathione (GSH) was estimated by the method of Benke et
al. [22]. Myeloperoxidase (MPO) in serum was estimated
by the method of Bradley et al. [23].

2.13. Dichloro-dihydro fluorescein diacetate (DCFH-
DA) Assay for ROS estimation by Flowcytometry

The reactive oxygen species (ROS) levels in liver
samples were estimated using DCFH-DA. 250 g of liver
tissue was homogenized in PBS (PH 7.4) and processed
to obtain single cell suspensions through cell strainer of
40pm. The cells were incubated with 10uM DCFH-DA
at 37°C for 30 minutes in dark [24,25]. Upon oxidation
by ROS, DCFH gets converted to fluorescent compound
DCF and its intensity was measured using flow cytometer
with excitation and emission wavelengths of 485 nm and
535 nm, respectively, as an indicator of intracellular ROS
level.

2.14. Hematoxylin-Eosin staining

The spleen was fixed in 10% formalin solution, em-
bedded in paraffin, and sectioned at Sum thickness. The
sections were then stained with hematoxylin to visualize
nuclei and eosin to stain the cytoplasmic components to
analyze inflammation and overall tissue architecture [26].
Stained sections were viewed under light microscope.

2.15. Statistical Analysis

Data are expressed as mean + standard error of the
mean (SEM) values. The results from all the experiments
were statistically analyzed by One-way ANOVA (analy-
sis of variance) followed by Tukey’s multiple-range tests
using GraphPad Prism 5 software. P-value < 0.05 was
considered significant.

3. Results
3.1. Effect of Kodo millet on body weight changes and
paw edema inhibition

Changes in body weight and paw perimeter were mea-
sured on days 0,7,14,21,28,45 and 60. After collagen in-
duction, a gradual increase in paw perimeter was obser-
ved in normal rats, indicating inflammation and swelling,
while the experimental groups receiving 10% Kodo millet
supplementation along with normal feed showed a signi-
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ficant decrease in inflammation gradually (Fig.1A & C).
Additionally, CIA induction led to noticeable weight loss
observed as part of disease progression. However, dietary
intervention with millet feed mitigated these changes and
balanced a healthy body weight (Fig.1B).

3.2. Effect of Kodo millet on markers of RA

The Kodo millet supplementation led to a significant
decrease in serum arthritic markers like rheumatoid factor
(RF), cyclic citrullinated protein (CCP) antibody and uric
acid (Fig.1D). The RF levels in CIA rats significantly re-
duced (p<0.05) on millet supplementation. Similarly, uric
acid levels were significantly reduced in millet-fed rats.
The reduction in these markers indicated potential ame-
lioration of autoantibody-mediated response and improve-
ment in purine metabolism related to arthritis progression.

3.3. Effect of Kodo millet on spleen and thymus indices

Spleen and thymus are important immune organs and
their indices serve as an important parameter for assessing
immune status and organ responsiveness in animal models
on supplementation of kodo millet. The results of both
indices showed a significant reduction (p<0.05) compared
to disease models after 45 days of millet supplementation
(Fig.1E & F).

3.4. Histopathology of spleen

The histopathology of spleen tissue from normal group
exhibited normal spleen architecture along with no signs
of inflammatory infiltration. CIA groups showed signi-
ficant architectural changes, such as splenic hyperplasia
and immune cell infiltration, along with increased sinusoi-
dal density with prominent germinal centers, which might
be due to prolonged immune cell activation. After millet
supplementation, sinusoid density, germ center size, and
white pulp cellularity were decreased that supporting the

-+ NoRu
o - .
L e

NORMAL 847=036 1.38+0.06* 0.740.03

CIA 16.39:0.82 3.74£0.17 3.0920.10°

CIA+KM  10.37£0.61 1.8140.14* 1.39=0.04%4

0.0
e NORVIAL

Groups

[STENYS i

Groups

CIAKM

Fig. 1. A. Effect of kodo millet on body weight at regular intervals to
assess overall physiological changes. B. Changes in paw perimeter
after CIA induction to evaluate inflammation and edema. C. Photo of
the hind paw at the end of experiment. D. RF (Rheumatoid factor),
CCP (Cyclic citrullinated protein) are antibodies measured to evaluate
changes in autoimmune responses and uric acid levels are measured to
analyse metabolic function and joint inflammation. E. Spleen index
and F. Thymus index were calculated as the ratio of organ weight
to body weight. Group I- Normal, Group II- CIA rats, Group III-
CIA+KM. Data are expressed as Mean + SEM values (n=6, p <0.05).
Results were statistically analysed by one-way ANOVA and Tukey’s
test. ‘a’-significant difference compared to Normal group, ‘b’- signifi-
cant difference compared to CIA group.

improvement of disease state by reducing inflammation
(Fig.2A).

3.5. Effect of Kodo millet on BAFF in serum

The levels of B cell activating factor (BAFF) in serum
were significantly (p<0.05) elevated in CIA rats compared
to healthy controls (Fig.2B), which promotes B cell acti-
vation and autoimmunity in CIA models and millet sup-
plementation significantly reduced serum BAFF levels,
which correlates with amelioration of disease progression.

3.6. Effect of Kodo millet on gene expression of APRIL
in spleen

A proliferation-inducing ligand (APRIL) expressed by
various immune and non-immune cells in the spleen and
the gene expression of APRIL was upregulated in CIA rats
(Fig.2C&D) compared to the normal rats, which supports
B cell promotion and immunoglobulin class switching.
After millet supplementation, gene expression was signifi-
cantly (p<0.05) downregulated by which disease environ-
ment was modified.

3.7. Effect of Kodo millet on Serum immunoglobulins

Serum levels of IgG, IgM and IgD were estimated by
the ELISA method and their levels were significantly ele-
vated (p<0.05) in the arthritic model, which is consistent
with hyperactivation of humoral immunity. 45 days of
Kodo millet supplementation significantly (p< 0.05) re-
duced immunoglobulin levels compared to untreated di-
sease control (Fig.2E). This reduction indicates millet’s
potential to alleviate autoantibody production and humo-
ral immunity response.
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Fig. 2. Effect of KM on humoral immunity. A. Histopathology of
spleen tissue section stained with haematoxylin and eosin (H&E)
stains. Images were captured under light microscope with 40X ma-
gnification. The black arrow represents the white pulp. B. B- cell
activating factor (BAFF) levels in serum were analysed by ELISA
to assess B cell survival and immune response. C. Gene expression
of A-proliferation inducing ligand (APRIL) to understand its role in
antibody production. D. Relative density in arbitrary units. E. Serum
Immunoglobulin concentration was estimated by ELISA to analyse
humoral immune modulation. F. Turbidimetric estimation of Circu-
lating immune complex (CIC) to analyse immune-complex medi-
ated inflammation. Group I- Normal, Group II- CIA rats, Group III-
CIA+KM. All Data are expressed as Mean = SEM values (n=6, p
<0.05). Results were statistically analysed by one-way ANOVA and
Tukey’s test. ‘a’-significant difference compared to Normal group,
‘b’- significant difference compared to CIA group.
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3.8. Effect of Kodo millet on circulating immune com-
plex

During arthritic progression, immune complexes are
formed as a result of interaction between autoantibodies
and self-antigens. Fig.2F illustrates the effect of kodo mil-
let on circulating immune complex (CIC) in serum and
it is shown that it was significantly increased in sera of
diseased group compared to normal group. However, 10%
millet supplementation significantly (p<0.05) reduced CIC
levels compared to arthritic rats, indicating its potential to
modulate immune responses.

3.9. Effect of Kodo millets on lymphocyte proliferation

Immune activation in different groups was further
confirmed and quantified by lymphocyte proliferation as-
say, providing a detailed assessment of cellular response.
Lymphocytes have been isolated from spleen and stimula-
ted with the mitogen concanavalin. The proliferation was
estimated using MTT and changes in absorbance were
measured at A470 represented in Fig.3A. A470 values of
CIA groups were significantly elevated compared to nor-
mal control an indicative of enhanced immune activation
and after 10% kodo millet supplementation, it is signifi-
cantly (p<0.05) decreased.

3.10. Effect of Kodo millet on Th17 cell types

Retinoic acid receptor-related orphan nuclear receptor
(RORY) is the specific transcription factor for Th17 cells
and its expression was significantly (p<0.05) upregula-
ted in CIA groups. Th 17 cells produce proinflammatory
cytokines IL-17A and IL-6, which were also increased in
diseased group. After millet supplementation, the levels
of IL-17A and IL-6 were significantly reduced along with
downregulation of RORY, depicted in Fig.3B, C&D.

3.11. Effect of Kodo millet on Th2 cell types

Th2 cells take part in immune regulation by suppres-
sing excessive inflammation and GATA-3 is the regulatory
transcription factor. Collagen induction downregulated
GATA-3 expression compared to healthy rats and after
millet supplementation, it was significantly upregulated
(p<0.05) (Fig.4B&E). Th2 cells produce important anti-
inflammatory cytokines IL-4 and IL-10 that suppress Th17
cells types. The levels of these cytokines declined in CIA
rats and after 45 days of kodo millet supplementation, their
levels were significantly (p<0.05) elevated (Figure 3F).

3.12. Effect of Kodo millet on RANKL-NFATc media-
ted osteoclastogenesis

The protein levels of RANKL were significantly
(p<0.05) elevated in CIA groups compared to normal
group by ELISA and western blot and after millet supple-
mentation, the protein was significantly (p<0.05) reduced
in Group III (Fig.4A, B&C). During RA progression,
elevated RANKL levels produced by synovial fibroblasts
lead to overactivation of NFAT (Nuclear factor of activa-
ted T-cells) and our results show increased levels of NFAT
in CIA groups. After millet supplementation, the levels of
NFAT significantly (p<0.05) reduced (Fig.4D), supporting
the ameliorative effect of millet on joint damage.

3.13. Effect of Kodo millet on MMP-9
The activity of MMP9 (Gelatinase B) was significantly

(p<0.05) elevated in CIA rats detected by qPCR (Fig.4E)
and ELISA (Fig.4F), in the synovial joint might cause
ECM degradation and bone damage. After 45 days of
kodo millet supplementation, it markedly reduced the acti-
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Fig. 3. Effect of KM on T helper cell subtypes. After 60 days of ex-
perimental period, splenocytes were isolated and cultured in RPMI
1640 medium, and cells and supernatants were collected. A. Lympho-
cyte proliferation was analysed using MTT to evaluate cell viability,
which indicates immune response modulation under different condi-
tions. B. mRNA expressions of Retinoic acid receptor-related orphan
receptor Y (ROR-y) and GATA3 on agarose gel compared to internal
control GAPDH. They regulate Th17 and Th2 cell differentiations,
respectively and orchestrate pro- and anti-inflammatory cytokine pro-
duction. C. Relative density of ROR-y in arbitrary units. D. Proin-
flammatory cytokines, IL-17A and IL-6 levels by ELISA. E. Relative
density of GATA3 in arbitrary units. F. Anti-inflammatory cytokines
IL-4 and IL-10 levels by ELISA. Group I- Normal, Group II- CIA
rats, Group III- CIA+KM. All Data are expressed as Mean + SEM
values (n=6, p <0.05). Results were statistically analysed by one-way
ANOVA and Tukey’s test. ‘a’-significant difference compared to Nor-
mal group, ‘b’- significant difference compared to CIA group.
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Fig. 4. Effect of KM on RANKL-mediated osteoclastogenesis in car-
tilage. Receptor activator of nuclear factor kappa-B ligand (RANKL)
binds to the surface of osteoclast precursors in cartilage and causes
downstream signalling for bone degradation. A. Estimation of protein
levels of RANKL in cartilage by ELISA. B. Western blot analysis of
RANKL protein and housekeeping gene B-actin. C. Relative quantifi-
cation of RANKL from western blot D. Estimation of (nuclear factor
of activated T-cells) NFATc by ELISA. E. Relative Matrix metallopro-
teinase 9 (MMP9) expression by qPCR, F. Protein levels of MMP9 by
ELISA. Group I- Normal, Group II- CIA rats, Group III- CIA+KM. |
All Data are expressed as Mean + SEM values (n=6, p <0.05). Results
were statistically analysed by one-way ANOVA and Tukey’s test. ‘a’-
significant difference compared to Normal group, ‘b’- significant dif-

ference compared to CIA group.
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vity of MMP9, suggesting the inhibitory activity of kodo
millet on its proteolytic function.

3.14. Effect of Kodo millet on ROS generation

FACS analysis confirmed elevated ROS generation in
single cell suspension of liver cells from CIA rats. 45 days
of millet supplementation to collagen-induced groups si-
gnificantly reduced systemic inflammation or oxidative
stress, significantly reduced hepatic ROS levels, which
were estimated using DCFHDA (Fig.5A).

3.15. Effect of Kodo millet on antioxidants and oxida-
tive stress indicators

Oxidative stress indicators and lipid peroxidation pro-
ducts, such as MDA and NO levels, were significantly
(p<0.05) elevated in serum of CIA rats compared to nor-
mal rats. Similarly, proinflammatory enzyme MPO was
elevated and antioxidant enzymes SOD and GSH were
significantly (p<0.05) decreased after CIA induction. Af-
ter kodo millet supplementation, there was a significant
decrease in MPO and MDA along with improved levels of
SOD and GSH (Fig.5B-F).

4. Discussion

Rheumatoid arthritis is a multifactorial disease-causing
persistent inflammation and progressive joint damage, af-
fecting approximately 1% population in the world [27,28].
Most rheumatoid arthritis models exhibit similar clinical
and pathological features to human rheumatoid arthritis
and collagen-induced arthritis is a well-established model
in rats [29]. Even though pharmacological interventions,
including NSAIDs and DMARD:s, are the mainstay treat-
ment, dietary modifications and dietary therapy emerged
as complementary strategy to improve overall health
conditions in progression of RA. Hence, our study inves-
tigated the disease-modifying potential of kodo millet in
CIA models induced in female Wistar rats, focusing on the
pathway involved in immunomodulation, inflammation
and oxidative stress.

The animals induced with collagen cause significant
reduction in body weight, paw swelling and redness rela-
ted to increased metabolism and inflammation consistent
with previous studies on arthritis [1,30]. 10% kodo millet
supplementation for 45 days maintained a healthy body
weight, paw volume and erythema reduction and move-
ment of rats was improved as part of mitigative effect on
inflammation. Increased levels of RF, CCP and uric acid
are the progressive symptoms of RA and these were si-
gnificantly higher in the serum of arthritic groups. Hype-
ractivation of B cells and heightened antibody production
are indicated by RF rats, which play a crucial role in im-
mune complex formation. Kodo millet supplementation
to arthritic rats decreased the levels of RF, which agrees
with the research of Xiong, Ri-Bo et al. [31]. Significant
reduction in uric acid levels aligns with previous studies
in curcumin-treated collagen-induced arthritis [32]. CCP
antibodies are specific markers of RA and are elevated in
autoimmune conditions. Significant reduction in CCP was
also observed in research conducted by Mathew LE et al.
[33] who were studying about combination therapy using
fluvastatin and betulinic acid in RA rats.

The spleen and thymus are vital lymphoid organs that
play central roles in the immune system and a previous
study with celastrol treatment reduced the increased index
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Fig. 5. Effect of Kodo millet on oxidative stress parameters. A. Ef-
fect of KM on ROS production in liver. B. The activity of Superoxide
dismutase (SOD), an essential antioxidant that converts superoxide
radicals to hydrogen peroxide and protects the body from oxidative
stress. C. Concentration of Glutathione (GSH) in cartilage, an intra-
cellular antioxidant, plays a protective role from oxidative damage. D.
Myeloperoxidase (MPO) is a marker of nuclear infiltration and its ac-
tivity is estimated in serum. E. lipid peroxidation product malondial-
dehyde (MDA) concentration in serum. F. Nitric oxide (NO) is a gase-
ous inflammatory molecule produced from L-arginine by nitric oxide
synthase, which plays crucial role in oxidative stress and synovial
inflammation by modulating osteoclastogenic pathways and its con-
centration was estimated in serum. Group [- Normal, Group II- CIA
rats, Group III- CIA+KM. All Data are expressed as Mean = SEM
values (n=6, p <0.05). Results were statistically analysed by one-way
ANOVA and Tukey’s test. ‘a’-significant difference compared to Nor-
mal group, ‘b’- significant difference compared to CIA group.

of organ indices in CIA rats [34]. Similarly, in our study,
after millet supplementation spleen and thymus indices
were significantly reduced in collagen-induced rats, which
suggests effective suppression of enhanced production
of the immunocytes and ability to balance immune cell
homeostasis. Splenomegaly is the direct consequence of
expanded immune response [35,36] and histopathological
examination of CIA rats showed marked structural altera-
tions. Kodo millet supplementation to RA rats improved
hyperplasia and germinal center variations, highlighting
the immunomodulatory property of millet, aligning with
the findings of Chang Yan et al. [37], who also observed
similar effects of a novel compound against autoimmune
arthritis. To conduct a more comprehensive and systemic
investigation, we observed modulation of B-cell activation
factor (BAFF), A proliferation-inducing ligand (APRIL),
immunoglobulins like IgG, IgM and IgD and CIC by va-
rious techniques.

During millet supplementation, the maintenance of
the aforementioned parameters supports the potential of
millets to suppress B-cell hyperactivity and inhibit the
overproduction of autoantibodies, highlighting their mul-
tifaceted role in humoral immunity. Elevated levels of
BAFF and APRIL in CIA rats indicate B-cell proliferation
and disease progression. However, 45 days of kodo millet
supplementation significantly reduced BAFF levels and
downregulated APRIL expression in spleen tissue. These
changes align with therapeutic modulation of BAFF and
APRIL, thereby ameliorating the autoimmune condition
[38]. Improved serum concentrations of IgG, IgM, and
IgD following dietary modification further indicate the
ability to suppress B-cell-mediated disease progression.
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Lymphocyte proliferation in the spleen plays a critical role
in autoimmune conditions, including antibody production;
therefore, we isolated and cultured splenocytes from all
experimental groups. CIA rats exhibited elevated lympho-
cyte proliferation and upregulation of the regulatory trans-
cription factor ROR-y, accompanied by increased levels
of proinflammatory cytokines IL-6 and IL-17A. Simulta-
neously, the anti-inflammatory system was disrupted, evi-
denced by downregulation of GATA3 and corresponding
decreases in anti-inflammatory cytokines IL-4 and IL-10.
Millet supplementation restored balance between T helper
(Th) cell subsets, improving homeostasis of inflammatory
mediators, lymphocyte proliferation, and regulatory gene
expression. These findings are consistent with the work of
Peter, Jasmine et al. [39].

In CIA rats, immunocyte activation and modulation are
primarily regulated by the spleen, with localized inflam-
mation occurring in other organs, including the joints [40].
We investigated the effect of kodo millet on the RANKL-
NFATc pathway and matrix metalloproteinase 9 (MMP9)
in the CIA model. RANKL binds to osteoclast precursor
surfaces in cartilage, activating the transcription factor
NFATc, which drives downstream signaling to increase the
expression of matrix metalloproteinases [41,42]. In our
study, the increased levels of RANKL in the synovial joint
were confirmed by Western blot in CIA rats compared to
normal rats. NFATc is the transcription factor regulating
this pathway and elevated levels of NFATc are found to be
lowered after kodo millet consumption, along with normal
levels of RANKL. MMP-9 is an important extracellular
matrix-degrading enzyme activated by NFATc that contri-
butes to joint destruction. In dietary modified groups, their
expression was downregulated, similar to a study conduc-
ted by Pu, Jiang, ef al. [43]. These findings highlight the
role of kodo millets in targeting the RANKL/NFATc/
MMP9 axis in RA.

In RA, elevated levels of reactive oxygen species have
arisen due to chronic inflammation, immune cell activation
and tissue damage. Proinflammatory mediators released
by the immunocytes in turn increase ROS production and
inhibit antioxidant system and contributing to oxidative
stress. After millet supplementation, MDA and NO were
reduced, along with the improved status of SOD and GSH
in cartilage tissues of CIA rats. SOD is the first antioxi-
dant system that works along with the co-substrate GSH
to inhibit oxidative stress and excessive ROS production.
Here, kodo millets are rich in bioactive compounds and
show similar effects as observed in the case of administra-
tion of Siweixizangmaoru decoction in CIA rats [44,45].
In addition, Elevated Serum MPO activity in CIA rats was
significantly reduced after kodo millet supplementation, as
in Sindhu et al. [46]

As a result, 45 days of millet supplementation in CIA
rats demonstrated its potential as a promising dietary inter-
vention for managing inflammatory conditions, including
rheumatoid arthritis. However, many people in modern
society are unfamiliar with the diversity of millets and
remain largely unaware of their health benefits. Further-
more, millets are often exclusively perceived as bird feed
rather than valuable human nutrition [47]. Incorporating
kodo millet into the diet can modulate oxidative stress,
reduce inflammation, and enhance immune regulation,
thereby improving overall symptoms and aiding disease
management, especially in populations with limited access

to other nutrient-rich foods.

Kodo millet demonstrates significant potential as a
functional food for dietary therapy in a rheumatoid arthri-
tis model, owing to its immunomodulatory properties,
ability to mitigate inflammatory pathways, and capacity
to improve antioxidant status, thereby protecting against
tissue damage. Our study highlights kodo millet’s role
in restoring redox balance by modulating Th2-Th17-me-
diated immune responses, targeting the RANKL/NFATc
signaling axis, inhibiting reactive oxygen species (ROS)
production, and enhancing antioxidant enzyme activity.
These findings underscore the therapeutic potential of
kodo millet in slowing inflammation progression and ma-
naging rheumatoid arthritis by correcting immune system
dysfunction.
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