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Abstract
Curcuma longa extract and its marker curcuminoids have potential use in inflammatory conditions. However, curcuminoids 
solubility and bioavailability are major hindrances to their bioactivity. The current study investigated green extraction-based 
curcuminoids-enriched extract (CRE) prepared from C. longa and its cyclodextrin inclusion complexes, i.e., binary inclu-
sion complexes (BC) and ternary inclusion complexes (TC), in complete Freund’s adjuvant (CFA)-induced mice for their 
comparative anti-arthritic efficacy. CRE, BC, and TC (2.5 and 5 mg/kg) with the standard drug diclofenac sodium (13.5 mg/
kg) were orally administered to mice for 4 weeks. Variations in body weight, hematological and biochemical parameters, 
along with gene expression analysis of arthritis biomarkers, were studied in animals. The histopathological analysis and 
radiographic examination of joints were also performed. CRE, BC and TC treatment significantly restored the arthritic index, 
histopathology and body weight changes. The concentration of C-reactive protein, rheumatoid factor and other liver function 
parameters were significantly recovered by curcuminoids formulations. The pro-inflammatory cytokines (NF-κB, COX-2, 
IL-6, IL-1β, and TNF-α) gene expression was considerably (p < 0.001) downregulated, while on the other side, the anti-
inflammatory genes IL-4 and IL-10 were upregulated by the use of CRE and its complexes. The concentration of antioxidant 
enzymes was considerably (P < 0.001) recovered by CRE, BC and TC with marked decrease in lipid peroxidation, erosion 
of bone, inflammation of joints and pannus formation in comparison to arthritic control animals. Therefore, it is concluded 
that green CRE and its cyclodextrin formulations with enhanced solubility could be considered as an applicable therapeutic 
choice to treat chronic polyarthritis.
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Introduction

Inflammation or degeneration of joints is the hallmark of 
arthritis, a disease that affects joints (Smolen et al. 2023). 
This disorder has a dynamic epidemiology and background 
all over the world. There are several types of osteoarthritis 
each with distinct characteristics and affected joints (Jang 
et al. 2022). The progression and severity of osteoarthritis 
can vary widely from person to person (Li et al. 2023). The 

development of osteoarthritis is influenced by factors such 
as genetics, age, joint use, and other underlying health con-
ditions. This disorder is more prevalent in women than in 
men (Sanchez-Lopez et al. 2022). Approximately, 54 million 
adults and 300,000 offspring have arthritis, but the exact 
numbers are not known because several people with the dis-
ease do not take the treatment until their condition becomes 
severe (Allen et al. 2022). In the US, 8 million adults com-
plain their limited ability to work is due to arthritis; they 
may have difficulty in walking from a parking deck to their 
workplace or climbing stairs (Kazeminasab et al. 2022). 
In the US, 1 in 4 children has this disease (Ardalan et al. 
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2022). According to the National Center for Chronic Disease 
Prevention and Health Promotion, a number of guidelines 
and approaches can be used to cure arthritis through active 
lifestyles, weight management, joint care and protection, 
consultation with specialists, and participation in self-man-
agement training programs (Hawk et al. 2012). Indications 
of joint inflammation are aching, pain, swelling, and stiffness 
in or around the joints.

This condition is symptomatically treated with nonsteroi-
dal anti-inflammatory drugs that relieve inflammation and 
reduce pain, but also raise the risk of adverse effects such 
as hypertension, stroke, heart attack, and trigger stomach 
irritation (Gu et al. 2017). Current medications like corti-
costeroids reduce pain, inflammation, and reduce the joint 
damage; however, these medications are also associated with 
adverse effects such as thinning of bones, weight gain, dia-
betes, and the risk of infections (Ebada et al. 2022). There-
fore, a current necessary clinical need is for safe alternative 
therapy options and natural treatment methods. Despite the 
advancements in a medical field, the necessity for plant-
based treatments is growing worldwide. The majority of 
plants displayed impressive phytochemical components that 
are unique, exceptional source of efficient, and secure anti-
arthritic agents (Farooq et al. 2022).

Turmeric is conventionally used as a regular food in 
developing countries, holding remarkable therapeutic poten-
tial against lethal diseases (Tsuda 2018). Turmeric has dif-
ferent organic effects including antitumor, antimicrobial, 
anti-inflammatory, and anti-hyperlipidemic activity (Gul 
and Bakht 2015; Farjam et al. 2014; Mehrabani et al. 2015). 
Curcumin (as the very unique component of turmeric) is 
an amazing typical therapeutic agent against inflammation, 
making it possible to be used as a protective agent for the 
development of novel anti-arthritic and anti-inflammatory 
agents (Babu and Srinivasan 1997; Sharma et al. 2005). It 
has a prolonged practice history in conventional medicines 
and is used to cure inflammatory disorders. Curcumins 
modulated the pro-inflammatory marker and the signaling 
pathways. Its therapeutic efficacy is reduced due to its weak 
bioavailability, and it has lower water miscibility in acidic 
and neutral mediums. Pharmacokinetic studies of curcumin 
show that it has rapid metabolism and low intestinal absorp-
tion, which limits its efficacy. The curcuminoids-rich extract 
(CRE) was prepared by the green extraction method (88% 
curcuminoids contents). In order to enhance curcuminoids’ 
therapeutic efficacy and solubility, CRE, hydroxypropyl-
cyclodextrin (binary) and CRE, hydroxypropyl-cyclodextrin, 
and polyvinylpyrrolidone K30 (ternary) inclusion complexes 
of cyclodextrin (CD) were developed (Gould et al. 2005; 
Lateh et al. 2019b).

These curcuminoids-rich extract and its binary and ter-
nary inclusion complexes exhibited remarkable pharmaco-
logical activities like antioxidant, anti-inflammatory, and 

anticancer (Lateh et al. 2022). Sani et al. (2021) reported 
the therapeutic potential of these curcuminoids formulations 
in muscle atrophy through downregulation of Atrogin-1 
expression and MuRF-1 retarding protein degradation and 
upregulation of protein synthesis through Phospho-Akt path-
way stimulation. Pengjam et al. (2021a) reported the inhibi-
tory effect of curcuminoids ternary inclusion complexes on 
RANKL-induced osteoclastogenesis in RAW 264.7 cells. 
These complexes retarded the production of multinucleated 
osteoclasts, and raised the F4/80 contents, and suppressed 
the linked pathways of NF-κB and ERK components. Peng-
jam et al. (2021b) also reported the inhibitory effect of 
water-soluble curcuminoids ternary inclusion complexes 
on osteoclastogenesis through downregulation in mRNA 
expression of miR-21 through modulation of NFκB pathway. 
However, due to robust antioxidant and anti-inflammatory 
pursuits, in the haloperidol-induced Parkinson’s disease rat 
model, administration of these curcuminoid formulations 
markedly mitigated the catalepsy, cognitive decline, akinesia 
and also recovered the motor functions in other neurodegen-
erative disorders (Saleem et al. 2023). Therefore, in the light 
of reported work and due to curcuminoids formulations have 
remarkable effectiveness in osteoporosis, muscular atro-
phy, and movement disorders, this study was designed to 
investigate the therapeutic effect of curcuminoids and their 
formulations in complete Freund adjuvant (CFA)-induced 
rheumatoid arthritis (RA) in rodent model.

Materials and methods

CRE and cyclodextrin complexes preparation

The curcuminoid extracts, including CRE, BC, and TC, used 
in this study were previously prepared at Phytomedicines 
and Pharmaceutical Biotechnology Excellence Centre, Fac-
ulty of Pharmaceutical Sciences, Prince of Songkla Univer-
sity, Thailand (Lateh 2018). CRE extract was prepared using 
green solvent ethanol by microwave-assisted extraction tech-
nique, and semi-purified after treatment with Diaion HP-20 
bio-degradable resin, and eluted by hydro-ethanol (Lateh 
et al. 2019a). Curcuminoids binary complex was prepared 
using CRE and hydroxypropyl-β-cyclodextrin and ternary 
complex was prepared by mixing CRE, hydroxypropyl-β-
cyclodextrin and polyvinyl pyrrolidine K30 to increase the 
solubility, bioavailability, and ultimately therapeutic effi-
cacy. Based on HPLC analysis, the curcuminoids content of 
CRE (88%), BC (27%), and TC (14%) was estimated (Lateh 
et al. 2022).
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Animal husbandry

Healthy mice were kept in the animal house at Government 
College University in Faisalabad, Pakistan. The laboratory 
was set up at the recommended conditions of 25 ± 2 °C 
and 60% relative humidity. The mice were kept in cages 
made of polypropylene, provided free access of diet and 
water with 12 h dark/light cycles. The Institutional Review 
Board of Government College University in Faisalabad 
approved the recommendation of the Ethical Committee 
with Reference No. GCUF/ERC/106. The animals were 
acclimated for 2 weeks before the research began (Prager 
et al., 2011).

Experimental design

Nine groups of five healthy mice, each weighing 27–30 g 
was randomly assigned (n = 9). Mice outside the control 
group were given an intradermal 100 µL CFA on day 0 
to cause polyarthritis. Vernier calipers and an electrical 
weighing balance were used to measure the animal’s body 
weight and paw diameter prior to the CFA injection. Oral 
treatment with an extract and its formulation rich in cur-
cuminoids began after 1 week of CFA administration and 
continued for 4 weeks.

Healthy animals were kept in the control group and 
received only distilled water (Arham Shabbir et al. 2016). 
Animals in the arthritic control group received intrader-
mal CFA injection on day 0 only. Arthritic animals in the 
standard group received diclofenac sodium 13.5 mg/kg/
daily. Curcuminoids treatment to six groups of arthritic 
animals was given as 2.5 and 5 mg/kg of each formulation 
CRE, BC, and TC.

Arthritis scoring

Before starting the study, a Vernier caliper was used to 
measure the thickness of the animals’ paws. Similarly, 
their weights were recorded before applying the CFA 
injection. Paw edema was assessed on days 7, 14, 21, and 
28 after CFA infusion to induce acute inflammation. Each 
treated group’s percentage inhibition of paw edema was 
calculated.

According to the arthritic scoring system, paw erythema 
and edema were scored from 0 to 4, and the arthritic index 
was calculated as follows: (Qing Zhang et al. 2018)

0 = no inflammation and swelling.
1 = toe joint inflammation.
2 = inflammation of toe joints and toes.
3 = ankle joint inflammation.
4 = inflammation of the entire paw.

Hematological and biochemical markers evaluation

After a cardiac puncture, blood samples were taken on the 
29th day after anesthesia before the animals were killed. 
Using a widely available kit, the levels of hematologic 
parameters, including the total blood count, hemoglobin, 
and erythrocyte sedimentation rate, were estimated (Elab-
sciences). Serum samples were collected to investigate the 
level of C-reactive proteins, alkaline phosphate, rheumatoid 
factor, liver, and kidney function tests using commercial kit 
according to the manufacturer’s protocol by a biochemical 
analyser (Microlab 300®, Germany).

Histopathological assessment

10% formalin solution was used to preserve the isolated 
ankle and right rear paw joints. Treatment with 10% EDTA 
for 1 month helped to decalcify the joints. Joint sections 
were examined under a microscope for histopathological 
alterations following hematoxylin and eosin staining. The 
appearances of pannus, bone erosion, and inflammation were 
looked for on the slides 10 X magnification (Shabbir et al. 
2018).

Radiographic assessment

After the completion of 28 days, animals were killed under 
anesthesia, and hind limbs were isolated for radiographic 
analysis (Uttra and Hasan 2017).

Estimation of pro‑inflammatory cytokines by ELISA

Using commercial kits (Elabsciences Biotechnology® China, 
IL-6 (Catalog No: E-EL-R0015), TNF-α (Catalog No: 
E-EL-R0019), serum samples were analyzed to determine 
the presence of pro-inflammatory biomarkers TNF-α and 
IL-6 in accordance with vendor procedure.

Estimation of real‑time quantitative polymerase 
chain reaction (RT‑PCR)

EDTA-containing tubes were used to gather blood sam-
ples for the quantitative estimation of arthritis biomarkers. 
Blood was treated with RBC's lysis buffer before RNA was 
removed using the Trizol technique. Nanodrop was used 
to measure the extracted RNA yield. The manufacturer’s 
instructions were followed when using the Revert Aid cDNA 
Synthesis Kit to convert RNA to cDNA. For analyzing gene 
expression, real-time PCR equipment (the Bio-Rad® sys-
tem) was employed, and 40 successions of quantitative ther-
mal cycling were run. As a maintenance or internal con-
trol gene, glyceraldehyde-3-phosphate dehydrogenase was 
used. A list of genes used with expected product length is 
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presented in Table 1. The threshold cycle (CT) method was 
used by Realplex software to estimate the relative quantifi-
cation of reference and target genes. By the Livak method, 
fold changes were calculated (Ammara Saleem et al. 2020).

Tissue homogenate preparation

Using a tissue homogenizer, liver homogenates (10%) were 
made in a solution of phosphate buffer, which has a 7.4 pH. 
A sterile tube was taken to isolate the supernatant layer 
following centrifugation at 3000 rpm for 20 min at 4 0C 
(Akhtar et al. 2016b, 2016a).

Appraisal of superoxide dismutase level

The superoxide dismutase activity was determined after 
taking 0.1 mL of tissue homogenate and combining it with 
1.2 mL of 0.05 M sodium phosphate solution at a 7.4 pH. 
Then, this combination was mixed with phenazine methosul-
phate (0.1 mL) and nitro blue tetrazolium (0.3 mL) and incu-
bated for 90 min at 30°C. After vigorous stirring, 0.4 mL of 
n-butanol and glacial acetic acid (0.1 mL) were combined. 
After centrifugation, the absorbance at 560 nm of the super-
natant layer was determined, and the concentration of pro-
tein was noted as units/mg (Mir et al. 2019).

Catalase level

Phosphate buffer (1.95 mL) and 30 mM hydrogen perox-
ide (1 mL) were mixed with 0.05 mL of tissue homogenate 
to find out the catalase level. At 240 nm, the optical den-
sity was recorded, and the following formula was applied 
(Bhangale and Acharya 2016):

Catalase level = OD/E × sample (mL) × protein (mg).

Malondialdehyde level

The determination of lipid peroxidation level in brain 
homogenate was carried out by measuring the level of 
malondialdehyde. Tissue homogenate (0.2 mL) was added 
to 200 μl of sodium dodecyl sulfate, acetic acid, (1.5 mL) 
and 1.5 mL of thiobarbituric acid. This mixture was mixed 
with 4 mL purified water and warmed up to 90°C in a water 
bath for about 1 h. After cooling, 5 mL n-butanol and 1 mL 
of distilled water were added until a yellow color appeared. 
For 10 min, centrifugation of the mixture was performed at 
4000 rpm. The supernatant was separated and the value of 
absorbance was noted at 532 nm and the MDA level was 
expressed as μg/mg protein (Saleem et al. 2014).

The concentration of MDA is measured using the 
formula:

Here, Vt is the mixture volume, 1.56 × 105 = molar extinc-
tion coefficient, and W is the weight of test compound.

Statistical data study

GraphPad Prism version 5 was applied to analyze the 
data, and the final values were represented in terms of 
mean ± SEM. One-way ANOVA tailed by the Tukey test 
was applied for statistical analysis.

MDA level =
Absorbance × vt × 100

Vu × w × 1.56 × 105

Table 1   List of RT-PCR 
analysis’s genes

Biomarkers Forward genes/
reverse genes

Base sequence Succession number

GADPH Forward
Reverse

GGA​GTC​CCC​ATC​CCA​ACT​CA
GCC​CAT​AAC​CCC​CAC​AAC​AC

XM_017592435.1

NF-κB Forward
Reverse

AGG​CCA​TTG​AAG​TGA​TCC​AG
CAG​TGA​GGG​ACT​CCG​AGA​AG

NM_001276711.1

IL-β Forward
Reverse

GTC CTC TGC CAA GTC AGG TC
CAG GGA GGG AAA CAC ACG TT

NM_031512.2

IL-4 Forward
Reverse

CAA​CAA​GGA​ACA​CCA​CGG​AG
TTT​CAG​TGT​TGT​GAG​CGT​GG

NM_201270.1

IL-6 Forward
Reverse

CCC ACC AGG AAC GAA AGT CA
ACT GGC TGG AAG TCT CTT GC

NM_012589.2

IL-10 Forward
Reverse

ATA​ACT​GCA​CCC​ACT​TCC​CA
TTT​CTG​GGC​CAT​GGT​TCT​CT

XM_006249712.4

COX-2 Forward
Reverse

AAA​GGC​CTC​CAT​TGA​CCA​GA
TCG​ATG​TCA​TGG​TAG​AGG​GC

NM_017232.3

TNF-α Forward
Reverse

ATG GGC TCC CTC TCA TCA GT
GCT TGG TGG TTT GCT ACG AC

NM_012675.3
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Results

Measurement of paw inflammation

All treatment groups showed obvious swelling symptoms 
after 1 week of CFA, excluding normal control animals. 
The considerable increase (p < 0.001) in paw diameter of 
arthritic control group was noted after 1 week, and it con-
tinued till the last day of the study as compared to animals 
of normal control. The 13th day of the trial revealed exces-
sive inflammation. Animals treated with CRE, and its CD 
inclusion complexes expressively (P < 0.001) decreased 
inflammation in contrast to arthritic rodents (Fig. 1). Ter-
nary cyclodextrin inclusion complexes at a dose 2.5 mg/
kg markedly decreased the paw inflammation compared to 
all other treatment groups (Table 2).

Body weight determination

With the progression of arthritis, the body weight of ani-
mals was markedly decreased. A momentous (p < 0.001) 
reduction in weight after 1 week until last day of the study 
was observed in all arthritic animals, CRE, and complexes 
treated animal, while the treatment groups and the standard 
group showed dose-dependent considerable improvement in 
rebuilt the weight during the last week of the study (Table 3).

Arthritic scoring

No swelling or inflammation was observed in the control 
group, but the arthritic index increased continuously in the 
disease group. CRE and its CD inclusion complexes and 
diclofenac sodium markedly decreased arthritic index val-
ues from the 16th day to the end of the study as compared 
to animals in the disease group. The maximum arthritic 
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Fig. 1   Percentage of inhibition of paw inflammation after treatment with curcuminoids-rich extract (CRE) and cyclodextrin (CD) inclusion com-
plexes. The data are presented in the form of mean ± SEM, *** (P < 0.001), ** (P < 0.01) and *(P < 0.05) in contrast to arthritic control

Table 2   An evaluation of the effects of curcuminoids-rich extract (CRE) and inclusion complexes containing cyclodextrin (CD) on the diameter 
of paws (mm)

The data are presented in the form of mean ± SEM, *** (P < 0.001), ** (P < 0.01), and *(P < 0.05) in contrast to arthritic control, ^^^ (P< 
0.001), ^^ (P < 0.01), and ^ (P < 0.05) compared to the control group

Days Control Arthritic control Diclofenac 
treated

CRE Binary complexes (BC) Ternary complexes
(TC)

2.5 mg/kg 5 mg/kg 2.5 mg/kg 5 mg/kg 2.5 mg/kg 5 mg/kg

8 2.21 ± 0.01 4.26 ± 0.01^^^ 4.210 ± 0.16 ns 4.30 ± 0.04 ns 4.36 ± 0.01 ns 4.08 ± 0.04 ns 4.11 ± 0.1 ns 4.050 ± 0.02 ns 4.08 ± 0.5 ns

12 2.20 ± 0.04 4.32 ± 0.05^^^ 3.380 ± 0.01* 3.93 ± 0.03* 3.96 ± 0.02 ns 3.69 ± 0.01 3.84 ± 0.03 3.740 ± 0.03* 3.7 ± 0.01*
16 2.35 ± 0.03 4.43 ± 0.03^^^ 3.357 ± 0.02* 3.01 ± 0.02** 3.12 ± 0.03* 3.18 ± 0.03 3.18 ± 0.01* 3.177 ± 0.04* 2.66 ± 0.04***

20 2.37 ± 0.01 4.57 ± 0.01^^^ 2.98 ± 0.16*** 2.93 ± 0.01*** 3.02 ± 0.03** 2.92 ± 0.03 2.84 ± 0.16*** 2.78 ± 0.01*** 2.46 ± 0.05***

24 2.38 ± 0.12 4.64 ± 0.04^^^ 2.47 ± 0.15*** 2.83 ± 0.02*** 2.72 ± 0.02*** 2.50 ± 0.05 2.51 ± 0.02*** 2.48 ± 0.02*** 2.35 ± 0.03***

28 2.4 ± 0.31 4.71 ± 0.03^^^ 2.39 ± 0.05*** 2.58 ± 0.03*** 2.50 ± 0.01*** 2.6 ± 0.04 2.48 ± 0.16*** 2.33 ± 0.01*** 2.30 ± 0.01***
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index was seen at the end of the study on the 28th day 
in disease group animals. Figure 2 displays the effects of 
test compounds on the paw diameter of mice paws before 
slaughtering.

Histopathological assessment

Histopathological examination revealed joint degenerative 
hallmarks as the articular cartilage changes, formation of 
subchondral bone cysts, synovial hyperplasia, sclerosis, 

Table 3   Effects of 
curcuminoids-rich extract 
(CRE) and its cyclodextrin 
(CD) inclusion complexes on 
body weight

Data are presented in the form of mean ± SEM, *** (P< 0.001), ** (P<0.01), and *(P<0.05) in contrast to 
arthritic control, ^^^ (P < 0.001), ^^ (P < 0.01), and ^ (P < 0.05) as compared to the control group

Treatment Weight (gram)

Day 1 Day 7 Day 14 Day 21 Day 28

Control 36 ± 0.1 35 ± 0.02 37 ± 0.01 40 ± 0.03 42 ± 0.05
Arthritic control 41 ± 0.5^^^ 38 ± 0.01 ns 37 ± 0.04 ns 34 ± 0.02^^^ 27 ± 0.01^^^

Diclofenac treated 33 ± 0.02*** 35 ± 0.03 ns 36 ± 0.14 ns 38 ± 0.01*** 40 ± 0.01***

CRE
 2.5 mg/kg 33 ± 0.02*** 35 ± 0.153 ns 36 ± 0.15 ns 39 ± 0.04** 41 ± 0.02***

 5 mg/kg 31 ± 0.04*** 36 ± 0.384 ns 36 ± 0.384 ns 40 ± 0.05*** 42 ± 0.03***

BC complex
 2.5 mg/kg 26 ± 0.01*** 28 ± 0.05*** 30 ± 0.15* 32 ± 0.088 ns 35 ± 0.04***

 5 mg/kg 26 ± 0.03*** 27 ± 0.01 ns 29 ± 0.15 ns 30 ± 0.15*** 31 ± 0.01***

TC complex
 2.5 mg/kg 30 ± 0.02*** 34 ± 0.02 ns 35 ± 0.08 ns 37 ± 0.03* 39 ± 0.02***

 5 mg/kg 32 ± 0.01*** 35 ± 0.05 ns 36 ± 0.05 ns 37 ± 0.05** 40 ± 0.01***
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Fig. 2   Curcuminoids formulation effect on arthritic scoring. Data are shown as mean ± SEM, *** (P < 0.001), ** (P < 0.01), and *(P < 0.05) 
compared to arthritic control, ^^^ (P < 0.001), ^^ (P < 0.01), and ^ (P < 0.05) in contrast to the control group
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osteophyte formation, ligament hypertrophy and chondro-
cyte cluster in arthritic control group (Fig. 3).

However, treatment with curcuminoid rich extract, 
binary and ternary cyclodextrin inclusion complexes 
dose dependently (5 mg/kg ˃ 2.5 mg/kg) mitigated the 

pathological changes: bone erosion, hypergenesis of syno-
vial space, pannus development, and indefinite migration 
of inflammatory cells similar to diclofenac sodium-treated 
animals (Fig. 4).

Fig. 3   Effects of curcuminoids 
formulations on paw diameter 
against CFA-induced arthritis 
in mice which were recorded 
weekly. A Arthritis control; B 
standard drug treatment; C and 
E CRE 2.5 mg/kg and 5 mg/
kg; F and G BC 2.5 mg/kg and 
5 mg/kg; H and I TC 2.5 mg/kg 
and 5 mg/kg
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Radiographic image analysis

Radiographic image analysis revealed the acute soft tissue 
swelling, hardness of connective tissue, obvious joint space 
shrinkage, critical bone erosion, joint resorption, and joint 
deformity symptoms in arthritic mice compared to healthy 
control animals. Diclofenac sodium-treated animals showed 
the recovery from all symptoms such as inflammation of soft 
tissues, bone erosion, no joint spacing, and marked develop-
ment of the muscles across the joints. Animals taking the 
standard drug exhibited joint gap narrowing, marked con-
nective tissue development, erosion, and resorption of bones. 
Figure 5 shows dose-dependent recovery with CRE, BC, 
and TC recover the pathological features similar to those of 
healthy animals and diclofenac-treated groups.

Hematologic and biochemical examination

A cardiac puncture was used to collect blood samples for 
hematologic and biochemical analyses. We used manufac-
turer’s protocols and an automated biochemistry analyser 
to analyze C-reactive protein, rheumatoid factor, alkaline 

transaminases, alkaline phosphatases, alanine aminotrans-
ferases, creatinine, CBC, and urea levels. The CFA injec-
tion considerably (P < 0.001) decreased the hemoglobin and 
RBCs count (Figs. 6 and 7) in arthritic rodents in contrast to 
the animals in the control group. Healthy animals in a con-
trol group as compared to arthritic animals had significantly 
(p < 0.001) higher concentrations of CRP, WBCs, ALT, RF, 
AST, and ALP (Fig. 8). Anyhow, test formulations signifi-
cantly ameliorated the abnormal changes in hematologic 
and biochemical markers dose dependently. Furthermore, 
arthritic control animals that received CFA injections had 
significantly higher levels of blood urea nitrogen and creati-
nine than those that received other treatments.

Identifying first‑line antioxidant biomarkers

In the CFA injection model, first-line antioxidant enzymes 
decreased, an indicative of oxidative stress. As compared to 
control animals, arthritic control animals had considerably 
(p < 0.001) lower levels of superoxide dismutase (SOD) and 
catalase (CAT). Due to oxidative stress, the concentration of 
malondialdehyde (MDA) significantly increased in arthritic 

Fig. 4   Histopathological examination of ankle joints. A Control; B 
disease control; C diclofenac sodium treated; D and E CRE 2.5 mg/
kg and 5 mg/kg, F and G BC 2.5 mg/kg and 5 mg/kg; H and I TC 

2.5  mg/kg and 5  mg/kg. a: Synovial hyperplasia, b: sclerosis, c: 
aggregation of chondrocytes, d: calcification, e: infiltration of inflam-
matory mediators and scale bar of 100 μm
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animals compared to all other treatment groups. Treatment 
with CRE, BC, and TC cyclodextrin inclusion complexes 
notably (p < 0.001) decreased the level of lipid peroxidation 
and MDA level in contrast to the disease control group, but 
was similar to diclofenac-treated animals’ dose dependently 
(Table 4).

Estimation of inflammatory biomarkers

The serum level of pro-inflammatory cytokines TNF-α 
and IL-6 was significantly raised in arthritic control ani-
mals compared to control group. However, treatment with 
curcumminoid rich extract and formulations markedly 
decreased the raised level of inflammatory cytokines com-
pared to arthritic control group.

Measurement of gene expression level by QRT‑PCR

After treatment with RBC lysis buffer, WBC pellets were 
isolated from whole blood samples, and mRNA expression 
of arthritis biomarkers was estimated. The mRNA expres-
sion of inflammatory biomarkers, IL-beta, TNF-α, NF-κB, 
IL-6, and COX-2, was markedly (p < 0.001) upregulated in 
rodents with disease as compared to healthy animals, while 
the expression of anti-inflammatory biomarkers such as IL-4 
and IL-10 was considerably downregulated in arthritic con-
trol group in contrast to other treatment groups. However, 
treatment with CRE, BC, and TC significantly recovered the 
raised levels of arthritis biomarkers in all treatment groups 
compared to arthritic group and approximated to stand-
ard drug-treated and healthy animals in the control group 
(Fig. 8).

Discussion

Turmeric oriented curcuminoids-rich extract, binary and 
ternary cyclodextrin inclusion complexes were prepared by 
green solvent microwave extraction to increase water solu-
bility, bioavailability, and therapeutic effectiveness. These 
curcuminoids formulations exhibited multiple pharmaco-
logical activities such as antioxidant, anti-inflammatory, 
anticancer, and many other medicinal activities (Ahmad 
et al. 2020; Pengjam et al. 2021a, 2021c). Curcuminoids are 
associated with robust anti-inflammatory, antioxidant, and 
antitumor activities (Hay et al. 2019). By keeping in view 
the promising health beneficial effects of curcuminoids, the 
current study as a pilot effort was designed to assess the 
efficacy of curcuminoids formulation in RA. RA is a medi-
cal problem characterized by the production of autoantibod-
ies, systemic inflammation, pannus development, chronic 
arthromeningitis, and extreme injury to cartilage and bone 
(McInnes and Schett 2011). This disease may cause joint 
dysfunction, pulmonary and cardiovascular diseases. In the 
pathogenesis of RA, a series of complex interactions are 
found between the environment and genes. Most genetic fac-
tors are involved in the pathogenesis of RA (Gibofsky 2012). 
Environmental factors include smoking, alcohol intake, poor 
education, more manual or laborious occupations, increased 
birth weight, and low or lack of breastfeeding after birth 
(Harris Jr 1990).

The current therapeutic options include NSAIDS, dis-
ease-modifying anti-rheumatic drugs, and corticosteroids, 
all of which have serious side effects and poor compliance 
from patients (Gaffo et al. 2006). Therefore, the development 
of novel and effective therapeutic strategies of natural origin 

Fig. 5   Evaluation of the limbs of CFA-induced arthritic mice by radiography. a control b arthritic control c standard, d and e CRE treatment 
groups 2.5 and 5 mg/kg, f and g BC 2.5 mg/kg and 5 mg/kg, h and i TC 2.5 mg/kg and 5 mg/kg
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to treat RA is an unfulfilled instant clinical need. Most of the 
remarkable therapeutic effects of curcumin are reported, but 
their role in the mitigation of arthritis is the least reported 
(Lestari and Indrayanto 2014).

CRE was prepared by green extraction and enriched with 
macroporous resin (Diaion® HP-20) column, containing 89% 
w/w curcuminoids. Binary and ternary inclusion complexes 
were prepared by solvent extraction method and character-
ized. The water solubility of curcuminoids was increased to 
70.3 µg/mL, and therefore, have more therapeutic efficacy 
compared to rich extract against cancer cell lines (Lateh 

et al. 2022). These curcuminoids formulations exhibit robust 
anticancer activity equal to marker curcuminoids com-
pounds, and have the nutraceutical industrial advantage of 
being low cost, simple, and environmental friendly (Lateh 
et al. 2019a). The CRE binary inclusion complexes exhibited 
sufficient water solubility to have the therapeutic applica-
tions in the treatment of osteoporosis.

Due to the phenolic compounds present in C. longa, it 
has anti-inflammatory and anti-arthritic effects. As a result 
of curcumin’s ability to inhibit pro-inflammatory biomark-
ers such as IL-6 and TNF-a, as well as delay the activation 

Fig. 6   Effects of curcuminoids-rich extract CRE, cyclodextrin inclu-
sion complexes BC and TC on hemoglobin level, RBCs, WBCs, 
AST ALT, RA factor, CRP, and ALP level. Data are represented as 

mean ± SEM, *** (P < 0.001), ** (P < 0.01), and * (P < 0.05) in 
contrast to arthritic control, ^^^ (P < 0.001), ^^ (P < 0.01), and ^ (P 
< 0.05) compared to healthy animals
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of NF-kB and TNF-a, pain is lessened. Curcuminoids 
can reduce the body’s amount of C-reactive protein and 
slow down the production of IL-6 and NO (Saleem et al. 
2023; Paliwal and Paliwal). The CRE binary inclusion 
complexes exhibiting sufficient water solubility and have 
therapeutic applications in the treatment of osteoporosis. 
These formulations at a dose of 5 mg/mL raised the activ-
ity of alkaline phosphatase in MC3T3-E1 and C3H10T1/2 
cells. Curcuminoids formulations upregulated the mRNA 
and protein expression of Bmp-2, Runx2, and Collagen 1a 
dose dependently. Therefore, it is helpful to treat osteo-
porosis through modulation of Wnt/b-catenin and BMP 
signaling pathways (Pengjam et al. 2021c). It is reported 
that arthritis pathology starts when protein denaturation 
occurs at the CFA administration site, which causes auto-
antigens that induce arthritic symptoms such as inflam-
mation, joint pain, and paw edema (Harris Jr 1990). The 
CFA injection causes two stages of arthritis: the induction 
phase and the chronic phase. The first phase continues for 
only 10 days, during which the immune system secretes 
serotonin, histamine, and prostaglandin G without any 
indication of synovial inflammation. The second phase 
can continue for 11–28-day period, where pro-inflamma-
tory mediators showed the interruption and abstraction in 
normal physiology that results in bone erosion, synovial 
inflammation, and excessive growth of cells (Prabhu et al. 
2011). A reduction in paw inflammation and diameter due 
to a decline in liberation and production of inflammatory 
cytokines is the desired action of anti-inflammatory medi-
cations. Similar to previously reported anti-inflammatory 
activity of CRE and inclusion complexes, current find-
ings also augmented the supressant effect on inflammation 
through modulation of cytokines mediators. During the 
process of inflammation, macrophages and neutrophils are 
produced by the lysosomal components that are capable of 
killing the neighboring tissues and cells. Medications that 
have the anti-inflammatory properties prevent the process 

of inflammation by inhibiting the lysosomal enzymes and 
stabilize the membrane.

Findings from current work elaborated that CRE and its 
CD inclusion complex have significant dose-dependent anti-
arthritic potential. Ternary inclusion complexes (TC) were 
found to be more effective against arthritic hallmarks com-
pared to CRE and BC complexes.

In an in vitro human red blood cell assay, the membrane 
stabilizing action of CRE and its CD inclusion complex 
against membrane destructive aspects was reported (Oyeleke 
et al. 2018). Current findings annul the anti-inflammatory 
effect of CRE and inclusion complexes through reduction in 
paw inflammation and paw diameter dose dependent.

Oxidative stress subsidizes the pathogenesis of arthri-
tis, cancer, and neurodegenerative disorders (Khojah et al. 
2016). Therefore, compounds like curcuminoids exhibiting 
robust antioxidant potential can be considered reasonable 
therapeutic choices to treat arthritis (Adjimani and Asare 
2015). CRE and its formulations have beneficial effects on 
the body weight of arthritic animals, and through their sup-
pression of bone and cartilage deformation in the arthritis 
model caused by CFA were obvious. CRE, BC, and TC dose 
dependently through their anti-inflammatory action reduced 
the paw inflammation, arthritic index, and paw edema. The 
oxidative stress induced by CFA injection was also mitigated 
by curcuminoids formulation administration to arthritic ani-
mals. A reduction in weight is associated with the progres-
sion of rheumatoid arthritis (Thite et al. 2014). CRE and 
other cyclodextrin complex formulations rebuilt the body 
weight of animals and reduced the paw inflammation and 
arthritic index in treatment groups compared to arthritic 
animals.

One of the key features of RA is a decreased level of 
hemoglobin and erythrocytes as in anemia, while WBC’s 
count is increased in rheumatoid arthritis (Quintão et al. 
2012). The hematological testing showed that CRE and 
its CD inclusion complex appreciably restored levels of 

Fig. 7   Effects of curcuminoids-rich extract (CRE) and its formula-
tions on tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) 
inflammatory biomarkers. Data are shown as mean ± SEM, *** (P < 

0.001), ** (P < 0.01), and *(P < 0.05) compared to arthritic control, 
^^^ (P < 0.001), ^^ (P < 0.01), and ^ (P < 0.05) in contrast to the 
control group
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hemoglobin, RBC’s and WBC’s when compared to arthritic 
control group.

Liver damage is also related to arthritis, and higher level 
of ALP is a sign of osteoporosis and bone erosion. From the 
cells of impaired organs, AST was released which showed 
increased levels of AST. An incredible decrease in the ALP, 
AST, and ALT was observed after treatment with curcumi-
noids formulations, manifesting the hepato-protective, 
anti-inflammatory, and anti-arthritic activity of CRE and 
its CD inclusion complex (Rajkapoor et al. 2009). Arthritic 
score decreased after treatment with CRE and inclusion 
complexes. Advancement in disease stage and systemic 
inflammation are assessed by measurement of ESR rate, 

rheumatoid factor, and C-reactive protein values in serum 
(Arntz et al. 2018). Levels of these above mentioned mark-
ers were markedly raised in arthritic control group, how-
ever, CRE, BC, and TC recovered the level of these mark-
ers (Mbiantcha et al. 2017). Downregulation of mediators 
of pro-inflammation and decreased liberation at the site of 
injury prevented the destruction of joints (Voon et al. 2017). 
CRE and its formulations showed downregulation of many 
pro-inflammatory genes. Similar to previous studies that 
predicted the anti-arthritic activity of catechin and querce-
tin, these curcuminoids formulations also showed a notable 
anti-inflammatory and anti-arthritic effect (Abd Rani et al. 
2018; Lee et al. 2021).

Fig. 8   Effects of curcuminoids-rich extract (CRE) and its formula-
tions on mRNA expression of arthritic biomarkers. Data are repre-
sented in the form of mean ± SEM, *** (P< 0.001), ** (P < 0.01), 

and *(P < 0.05) as compared to the arthritic control, ^^^ (P < 0.001), 
^^ (P < 0.01), and ^ (P < 0.05) control group
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Curcuminoids-rich extracts, binary and ternary inclu-
sion complexes through their modulatory effect on anti-
oxidant pathways mitigated the oxidative stress-induced 
neurodegenerative disorders in Alzheimer’s disease (AD) 
and Parkinson’s disease (PD) disease models. These formu-
lations downregulated the mRNA expression of neuroin-
flammatory markers such as IL-10, IL-1α, IL-1β, TNF-α, 
alpha-synuclein, and β-secretase (Anam Shabbir et al. 2022; 
Uzma Saleem et al. 2023). Ternary inclusion complexes of 
curcuminoids in liposomes formulation at dose of 20 μg/
ml markedly inhibited the formation of osteoclasts RAW 
264.7 cells induced by NF-κB receptor activator, through 
increasing F4/80 content, Tartrate-Resistant Acid Phos-
phatase Expression (TRAP) contents along with cathepsin 
K. curcuminoids treatment is effective to treat osteoporosis 
via suppression of NF-κB-p65, ERK, phospho-NF-κB-p65, 
and phospho-ERK pathways (Pengjam et al. 2021a). These 
formulations downregulated the mRNA expression of the 
miR-21 gene through modulation of NFκB-Akt-miR-21 
pathway: de novo mechanism (Pengjam et al. 2021b).

The gene expression of anti-inflammatory and pro-
inflammatory cytokines with transcription factors TNF-α, 
NF-κB, IL-4, COX-2, IL-10, IL-β and IL-6 was performed 
to perceive the moderating effect of CRE and its CD inclu-
sion complex. CRE, BC, and TC markedly recover the 
raised mRNA of arthritis biomarkers. Therefore, these cur-
cuminoids formulations can be considered promising anti-
arthritic therapeutic choices with maximum bioavailability 
at a low cost.

The current study demonstrates promising findings 
regarding the potential benefits of C. longa extract and 
its curcuminoids inclusion complexes in treating inflam-
matory conditions including arthritis; however, there are 
several limitations that should be acknowledged. The 
current study addressed the issue of curcuminoids’ solu-
bility and bioavailability by formulating their inclusion 

complexes, it is essential to conduct pharmacokinetic 
studies to assess how effectively these formulations are 
absorbed, distributed, metabolized, and eliminated in the 
body. The study examined the expression of various genes 
involved in arthritis. However, a more detailed understand-
ing of the molecular mechanisms underlying the observed 
effects would provide valuable insights into how C. longa 
extract and its complexes exert their anti-arthritic effects. 
The study compared the effects of C. longa extract and its 
complexes with diclofenac sodium. It would be valuable to 
conduct further comparative studies with other established 
anti-arthritic drugs to assess the relative efficacy and safety 
of these formulations. While the animal model provides 
important preliminary data, clinical trials involving human 
subjects are necessary to validate the effectiveness and 
safety of these formulations in a real-world setting.

Conclusion

It is deduced from current experimental work that TC, and 
BC formulations in comparison to CRE prepared from C. 
longa ameliorated the pathological features of RA such as 
loss of body weight, paw edema, bone erosion, and pannus 
development better due to their enhanced solubility. These 
curcuminoids formulations with enhanced bioavailability 
decelerated the disease advancement, mitigated the joint 
inflammation, and progression of polyarthritis through 
downregulation of pro-inflammatory mRNA expression 
and upregulation of mRNA expression of anti-inflamma-
tory mediators in treated arthritic animals. Based on the 
current preclinical results, it is recommended to conduct 
the clinical trials of TC and BC for their potential as a 
phytomedicine for arthritis.

Table 4   Effects of curcuminoids 
formulations on oxidative stress 
markers

Data are mentioned in the form of mean ± SEM, *** (P < 0.001), ** (P < 0.01), and * (P < 0.05) in con-
trast to the arthritic control, ^^^ (P < 0.001), ^^ (P < 0.01), and ^ (P < 0.05) control group

Groups Super oxide dismutase 
(SOD)

Catalases (CAT) Malondialdehyde (MDA)

Units µg/mg µmol/mg µg/mg

Control 0.36 ± 0.12*** 1.16 ± 0.04*** 0.238 ± 0.12***
Arthritic control 0.11 ± 0.03 0.05 ± 0.02 0.852 ± 0.2
Diclofenac treated 0.31 ± 0.02*** 0.91 ± 0.01*** 0.468 ± 0.01***
CRE 2.5 mg/kg 0.31 ± 0.1*** 0.96 ± 0.03*** 0.298 ± 0.03 ns

CRE 5 mg/kg 0.32 ± 0.15*** 1.0 ± 0.02*** 0.780 ± 0.01***

CD 2.5 mg/kg 0.29 ± 0.03*** 0.89 ± 0.01*** 0.840 ± 0.15***
CD 5 mg/kg 0.33 ± 0.01*** 0.93 ± 0.02*** 0.670 ± 0.02***
TER 2.5 mg/kg 0.33 ± 0.11*** 0.98 ± 0.03*** 0.650 ± 0.03***
TER 5 mg/kg 0.375 ± 0.15*** 1.15 ± 0.04*** 0.580 ± 0.06***
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