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Abstract
Ferulic acid (FA), a hydroxycinnamic acid, is an organic compound found in several plant species. Previous studies have 
shown that FA contains anti-inflammatory and anti-arthritic properties. This study aimed to investigate the anti-arthritic 
activity and possible mechanism(s) of action of FA in complete Freund’s adjuvant (CFA)-induced arthritis. The progres-
sion of rheumatoid arthritis (RA) involves the activation of the Janus kinase-signal transducer and activator of transcription 
(JAK/STAT) pathway by proinflammatory cytokines. Molecular docking of FA showed promising Janus kinase 2 (JAK2) 
inhibition with a docking score of − 6.7, which is comparable with that of ruxolitinib, a standard inhibitor. However, in vitro 
JAK2 inhibition assay showed a half maximal inhibitory concentration (IC50) of 6.67 ± 0.88 µg/ml. Both doses of FA (25 
and 50 mg/kg) significantly attenuated primary (volume of paw edema) and secondary lesions. CFA-induced arthritic rats 
showed a significant decrease in body weight, A/G ratio, and Hb but showed a greater arthritic index, ESR levels, and percent-
age of lymphocytes. These alterations were significantly reduced in rats treated with FA and prednisolone. FA also reversed 
changes to biochemical parameters and inflammatory markers, such as C-reactive protein (CRP) and rhematoid factor (RF). 
Additionally, we found CFA-induced arthritis triggered the secretion of TNF- α, increased JAK2 levels, and reduced TGF-β 
levels in tissue homogenates. However, in rats treated with FA, such alterations significantly improved. Thus, our results 
reveal that FA contains anti-arthritic activity, which is possibly mediated by the inhibition of the JAK/STAT pathway.
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Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflamma-
tory syndrome that mainly damages the articular cartilage 
and ankylosis of the joints by producing a nonsuppurative 
proliferative and inflammatory synovitis (McInnes and 
Schett 2011). Even though the etiological factors of RA 
remain unidentified, autoimmunity plays a crucial part in 
its evolution and duration. RA is associated with articular 
cartilage damage, reduced movement, progressive disa-
bility, systemic complications, high socioeconomic costs, 
and early death (McInnes and Schett 2011). In inflamed 
RA joints, the production of proinflammatory cytokines, 
tumour necrosis factor alpha (TNF- α) and interleukin-
1ß (IL-1ß), metalloproteinase, and free radicals by poly-
morphonucleate cells are responsible for cartilage and 
bone injury (McInnes and Schett 2011). Treatment of RA 
includes immunosuppressants, steroid and nonsteroidal 
anti-inflammatory drugs, and new biological drugs (Boyce 
2006). Biological drugs that target proinflammatory 
cytokines have transformed treatment and management 

of rheumatoid arthritis (RA), among other autoimmune 
diseases (Boyce 2006).

The evolution of RA involves the activation of several 
signal transduction pathways, such as the Janus kinase 
(JAK)-signal transducer and activator of transcription (JAK/
STAT) pathway by IL-6 and IFN-γ and the mitogen-acti-
vated protein kinase (MAPK) pathway by IL-1ß, IL-6, and 
IFN-γ (Ohori 2008; Heim 1999; Malemud 2009). TNF-α has 
also been reported to activate the MAPK pathway. Wajant 
et al. (2003) showed that recombinant human (rh)-TNF-α 
produced the phosphorylation of the STAT3 protein without 
altering its content. The activation of the JAK/STAT path-
way plays a crucial role in the treatment of RA, which was 
confirmed with the FDA approval of tofacitinib, a JAK3-
selective small molecule inhibitor (SMI). Undeniably, 
including tofacitinib as a treatment for RA has enabled the 
development of new drugs that target the JAK/STAT path-
way (Kaur et al. 2014; Malemud 2018).

Ferulic acid (FA), a hydroxycinnamic acid, is an organic 
compound present in several plant species, with particu-
larly high concentrations in grains, such as rice and corn 
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(Zhang et al. 2010). Oral administration of ferulic acid has 
a low degree of toxicity. An acute LD50 of 3200 mg/kg 
was calculated in mice (Wang and Ou-Yang 2005), whereas 
LD50 values for male and female rats were calculated as 
2445 mg/kg and 2113 mg/kg, respectively (Tada et al. 1999; 
Ou and Kwok 2004). This low toxicity has been confirmed 
by numerous experimental studies (Mancuso and Santangelo 
2014) FA has been reported to have antioxidant and anti-
inflammatory properties (Zhang et al. 2018) and to be effec-
tive in treating ulcerative colitis (Thyagaraju 2008), epilepsy 
(Hassanzadeh et al. 2017), arthritis (Cunha et al. 2015), liver 
disease (Panneerselvam et al. 2013), and Alzheimer’s dis-
ease (Sultana et al. 2005; Zeni et al. 2017) Other studies have 
reported that substances derived from ferulic acid exhibit 
free radical scavenger activity as they increase the expres-
sion of antioxidant proteins via the activation of nuclear fac-
tor kappa B (NF-kB) and Cyclo-oxygenase-2 (COX-2) and 
the inhibition of Nitric oxide synthases (iNOS) (Islam et al. 
2009; Bolling et al. 2011; Sultana 2012).

This study sought to investigate whether orally adminis-
trated FA affects complete Freund’s adjuvant (CFA)-induced 
arthritis in rats. We also aimed to evaluate whether the 
effect, if present, is mediated by the inhibition of the JAK/
STAT pathway.

Materials and methods

Materials used

FA was purchased from Sigma Aldrich, USA. The JAK2 
ELISA kit (MBS2019409), the rat transforming growth 
factor beta (TGF-β) ELISA Kit (MBS260302), and the rat 
rheumatoid factor (RF) ELISA Kit (1906410B) were pur-
chased from MyBioSource, California, USA. The rat TNF-α 
ELISA Kit (ELR- TNF-α) and the rat C-reactive protein 
(CRP) ELISA Kit (ELR-CRP) were purchased from Ray-
Bio, Georgia, USA.

In silico study

Predicting biological activity

The web resource PASS Online was used to predict the bio-
logical activity of small organic molecules with an average 
accuracy above 95% (https​://www.way2d​rug.com/passo​
nline​). To predict the pharmacological activity of the fer-
ulic acid, we uploaded its structures using the file format 
“.mol” in PASS online and registered the corresponding Pa 

(probability to be active) and Pi (probability to be inactive) 
values, based on Lagunin et al. (2011) and Poroikov et al. 
(2003).

Ligand

The chemical structure of the 4-hydroxy-3-methoxycinnamic 
acid was accessed from Pubchem (https​://pubch​em.ncbi.nlm.
nih.gov/).

Target

The three-dimensional structure of the target Janus-kinase 
enzyme was retrieved from the Protein Data Bank (PDB) using 
the PDB ID: 2B7A (https​://www.rcsb.org/pdb). We used Chi-
mera software to identify different residues, structure clarifica-
tions, and molecular properties.

Molecular docking

Mcule.com (1-Click Dockings) was used for molecular 
docking of the target and the ligand. The target protein was 
uploaded using a PDB format, downloaded from PDB. Only 
one ligand can be uploaded for docking at a time, thus the 
MOL2 file of only one ligand was uploaded at a given time. 
The docked score was compared with standard inhibitor 
ruxolitinib.

JAK2 assays

The JAK2 assay was performed using a commercial ELISA 
kit. Briefly, the test compound (1 mg/ml) was dissolved in 
dimethyl sulfoxide and successively diluted with a kinase 
assay buffer to achieve the following concentrations: 0.001, 
0.01, 0.1, 1, and 10 µg/ml. We then prepared a master mix-
ture as follows: 6 µl 5 × kinase assay buffer 1 + 1 µl of ATP 
(500 µM) + 1 µl 50X Poly (Glu: Tyr, 4:1) + 17 µl distilled 
water. The kinase assay buffer, ATP, and Poly (Glu:Tyr, 4:1) 
were thawed before being used in the mixture. We added 
25 µl of the mixture to every well. We then thawed the JAK2 
enzyme on ice. Upon first thawing, the tube having the enzyme 
was briefly whirled to recover the full content of the tube. The 
enzyme was then diluted to ~ 2.5 ng/µl with a 1 × kinase assay 
buffer. The remaining undiluted enzyme was stored at -80 °C. 
The reaction was initiated by adding 20 µl of the diluted JAK2 
enzyme to the wells. The wells were then incubated at 30 °C 
for 45 min. After which, we added 50 µl of a Kinase-Glo Max 
reagent, previously thawed at room temperature, to each well. 
We covered the plates with aluminium foil and incubated them 
at room temperature for 15 min. Luminescence was measured 
using BMG Fluostar microplate reader.

https://www.way2drug.com/passonline
https://www.way2drug.com/passonline
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/pdb
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In vivo methods

Animals

Male and female Wistar rats, weighing between 210 and 
250 g, were kept at 25 ± 1 °C with a 12 h light/12 h dark 
cycle and received standard chow and water ad libitum. The 
animals were treated according to their respective treat-
ment group (see below) with a vehicle solution (0.1%CMC 
in 0.9%NaCl solution), FA or prednisolone. Animals were 
not given food for 12 h prior to treatment. At the end of 
the study, the animals were euthanized with a thiopental 
sodium (100 mg/kg) overdose. The experimental protocol 
IAEC/05/2018 was approved by the Institutional Animal 
Ethical Committee (IAEC), on 18 August 2018.

Complete Freund’s adjuvant‑induced arthritic model

Rats were divided into five groups (n = 6 rats/group): group 
A: vehicle control—rats were given saline orally—10 ml/kg; 
group B: model control; group C: standard treatment—rats 
were given prednisolone orally—5 mg/kg; group D: ferulic 
acid (FA)—rats were given a dosage of 25 mg/kg of FA; 
group E: ferulic acid (FA)—rats were given a dosage of 
50 mg/kg of FA; group F: ferulic acid (FA)—rats were given 
a dosage of 100 mg/kg of FA. Arthritis was induced in all 
rats, except for those in the vehicle control group (group A), 
by injecting them with 0.1 ml of Freund’s complete adjuvant 
(Sigma, Germany). The injection was given in the left hind 
paw (subplantar region) on day 0. This adjuvant is composed 
of dead Mycobacterium tuberculosis suspended in heavy 
paraffin oil to achieve a final concentration of 0.5 mg/ml. 
Treatments (FA—25 mg/kg, 50 mg/kg and 100 mg/kg—or 
prednisolone) were administered orally once a day according 
to Vogel and Vogel (2002). The anti-arthritic effect of FA 
and prednisolone was evaluated by determining paw volume 
of the injected paw with a Plethysmometer on day 3, 5, 9, 
13, and 21 of our study.

The percentage inhibition of paw edema in treated groups 
was calculated using the formula:

where Vt is the edema volume in the drug-treated group and 
Vc is the edema volume in the model control group.

Body weight changes were recorded daily; primary and 
secondary lesions were also measured daily. The edema 
formed in the injected paw peaked 3–5 days after the injec-
tion and was measured on day 5. The percent inhibition of 
the edema, calculated using the formula described above, 
was considered as a primary lesion. While immunologi-
cal mediated alterations, such as inflammation of non-
injected sites (hindleg, forepaw, ears, nose, and tail) and 

Percentage inhibition =
(

1 −Vt∕Vc

)

× 100,

body weight changes, were considered secondary lesions. 
Secondary lesions were assessed with an arthritic index, 
defined as the sum of scores according to Vogel and Vogel 
(2002; Table 1). Radiographic images were taken on day 
21. For such, two animals were anesthetized with an intra-
muscular injection containing ketamine (50 mg/kg) and 
xylazine (5 mg/kg). On day 22, blood samples were col-
lected from each animal through the retro-orbital plexus; 
for such, the animals were anesthetized with ether. The 
blood samples collected were put in an EDTA test tube 
and a simple test tube. The blood of the simple test tube 
was kept for 30 min to coagulate, allowing the serum to 
be isolated and removed. The serum was then centrifuged 
at 4000 rpm, after which total WBC count, differential 
WBC count, ESR, C-reactive protein (CRP), RF, TNF α, 
and TGF- β were examined. After blood collection, ani-
mals were euthanized with a high dose of thiopental and 
the paws were excised to estimate JAK2 levels in the paw 
tissues.

Statistical analysis

Values are expressed as mean ± SE. Data distribution was 
verified using the Shapiro–Wilk test. One-way ANOVA 
followed by Tukey’s post-hoc tests were used to compare 
paw edema, haematological parameters, and biochemi-
cal parameters among groups. Kruskal–Wallis followed 
by Dunn’s multiple comparison test was used to compare 
arthritic score (nonparametric variables) among groups. 
Significant differences were considered when p < 0.05. All 
analyses were carried out in the SPSS software.

Table 1   Scoring scheme for secondary lesions

Lesion site Nature of lesions Score

Ear a. Absence of nodules and redness 0
b. Presence of nodules and redness 1

Nose a. No swelling of connective tissue 0
b. Intense swelling of connective tissue 1

Tail a. Absence of nodules 0
b. Presence of nodules 1

Forepaw a. Absence of inflammation 0
b. Inflammation of at least one joint 1

Hind paw a. Absence of inflammation 0
b. Slight inflammation 1
c. Moderate inflammation 2
d. Marked inflammation 4
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Results

Pharmacological activity and molecular docking

We predicted the biological activity of ferulic acid (FA) 
and ruxolitinib using the PASS Online software. The results 
received were filtered to identify targets with higher Pa 

(probability to be active) values and lower Pi (probability 
to be inactive) values (Table 2). Additionally, the website 
“Mcule.com” was used for molecular docking of the JAK2 
protein (PDB ID: 2B7A), the target protein, and the ligand. 
Ferulic acid showed a docking score of − 6.7 (Table 2), 
which is comparable with the standard JAK2 inhibitor, rux-
olitinib, that has a docking score of − 7.8 (Fig. 1).

Table 2   PASS online prediction and molecular docking studies of ferulic acid and ruxolitinib

Sr. No Name of 
ligand

Structure Passonline Prediction Data Docking 
ScorePa Pi

1. Ferulic Acid 0.915 0.003 -6.7

2. Ruxolitinib 0.766 0.001 -7.8

Fig. 1   Complete docked a Ferulic acid and b Ruxolitinib with JAK2 protein (PDB Id: 2B7A)
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In vitro JAK2 assay

We evaluated how FA inhibits the JAK2 enzyme in vitro by 
measuring luminescence using the BMG Fluostar microplate 
reader. A commercial ELISA kit was treated with different 
concentrations (0.1, 0.01, 0.001, 1 and 10 µg/ml) of FA. FA 
showed a half maximal inhibitory concentration (IC50) of 
6.67 ± 0.88 µg/ml (Table 3).

CFA‑induced arthritic model

On day 3, we observed a substantial decrease of primary 
lesions (volume of paw edema) in rats treated with 25 mg/
kg of FA, 50 mg/kg of FA, and prednisolone (Table 4). On 
day 21, rats treated with 25 mg/kg and 50 mg/kg of FA 
showed a decrease in the edema volume of 46.25% and 60%, 
respectively in comparison to model control rats, while rats 
treated with 100 mg/kg of FA showed a decrease of 62.5% 
and rats treated with prednisolone showed a decrease of 65% 
(Table 4).

Percentage change in body weight

No change in body weight was observed during the acute 
stage of arthritis, however, as the disease evolved, signifi-
cant changes were observed. Rats treated with FA exhibited 
a progressive increase in body weight (Fig. 2), while rats 

from the model control group showed significant weight loss 
(− 5.71%) in comparison to rats from the vehicle control 
group. Treatment with 25 mg/kg, 50 mg/kg and 100 mg/kg 
of FA significantly improved body weight by 5.59%, 3.96%, 
and 3.69%, respectively, when compared to rats from the 
model control group.

C‑reactive protein (CRP) and Rheumatoid Factor (RF)

The CRP and RF are indicators of systemic inflammation 
and antibody production against the injected adjuvant. We 
observed elevated levels of CRP (13.14 ± 0.92) and RF 
(51.12 ± 0.28 IU/ml) in rats of the model control group. Rats 
treated with FA and prednisolone showed reduced levels of 
CRP and RF (Table 5).

Albumin–globulin ratio (A/G ratio)

Rats from the model control group showed a significant 
decrease in the A/G ratio in comparison to the vehicle con-
trol group (p < 0.05; Table 5). Such change was reversed by 
treating rats with either FA or prednisolone.

Arthritic score

Incidence of arthritis was observed in all rats that were 
given Freund’s adjuvant, indicating that all rats showed an 
arthritic scored > 1 when no anti-rheumatic treatment was 
administered. All experimental treatments used in this study 
showed a reduction in the arthritic score, which was eventu-
ally restored to scores indicating no arthritis (Table 5).

Haematological parameters

We observed a significant decrease in RBC and haemoglobin 
levels and an increase in WBC and ESR levels of arthritic 
rats in comparison to rats from the normal control group 

Table 3   In vitro JAK2 inhibition assay of ferulic acid

Concentration (ug/ml) FA (% inhibition)

10 58.305 ± 2.32
1 20.385 ± 1.04
0.1 15.075 ± 2.10
0.01 5.85 ± 1.53
0.001 1.715 ± 0.28
IC50 value ug/ml 6.67 ± 0.88

Table 4   Effects of pretreatment with ferulic acid on paw edema by CFA induced arthritis

n = 6, Each value was represented as mean ± SEM. #P < 0.05, when compared to vehicle control group
*P < 0.05, when compared to the model control group (one-way ANOVA followed by Tukey’s test)

Treatment Edema volume (ml) Percent-
age Inhibi-
tionDay 0 Day 3 Day 5 Day 9 Day 13 Day 21

Normal Control 0.22 ± 0.01 0.23 ± 0.02 0.21 ± 0.02 0.22 ± 0.03 0.21 ± 0.01 0.22 ± 0.02 –
Model Control 0.21 ± 0.02 0.48 ± 0.01# 0.57 ± 0.03# 0.64 ± 0.04# 0.71 ± 0.02# 0.80 ± 0.03# –
Prednisolone (5 mg/kg) 0.23 ± 0.01 0.39 ± 0.02* 0.41 ± 0.01* 0.44 ± 0.01* 0.39 ± 0.03* 0.28 ± 0.02* 65
Ferulic acid (25 mg/kg) 0.22 ± 0.02 0.37 ± 0.02* 0.48 ± 0.01* 0.45 ± 0.03* 0.45 ± 0.01* 0.43 ± 0.01* 46.25
Ferulic acid (50 mg/kg) 0.19 ± 0.02 0.42 ± 0.02* 0.47 ± 0.02* 0.46 ± 0.01* 0.42 ± 0.01* 0.32 ± 0.02* 60
Ferulic acid (100 mg/kg) 0.21 ± 0.02 0.39 ± 0.02* 0.44 ± 0.03* 0.41 ± 0.02* 0.37 ± 0.02* 0.30 ± 0.02* 62.5
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(Table 6). However, treatments (FA and prednisolone) were 
efficient and restored the haematological parameters.

Radiographic images

Radiographs of the arthritic paws were taken at the end of 
the experiment with a digital X-ray machine. We observed 

that the damage to the joints of CFA-induced arthritic rats 
treated with 25, 50 and 100 mg/kg of FA and 5 mg/kg of 
prednisolone was reduced. Rats treated with 25, 50 and 
100 mg/kg of FA, as well as rats treated with prednisolone, 
showed little bone erosion at the end of the experiment 
(Fig. 3).

Fig. 2   Effect of Ferulic acid 
and Prednisolone on percent-
age body weight during CFA 
induced arthritis in the rat. The 
data represent the mean ± stand-
ard error of the mean (n = 6). 
Values are statistically sig-
nificant at *P < 0.05 compared 
with the vehicle model group, 
#P < 0.05 compared with the 
model control group (one way 
ANOVA followed by Tukey’s 
test)
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Table 5   Effects of pretreatment 
with ferulic acid on CRP, RF, 
A/G ratio and arthritic score 
of vehicle control and adjuvant 
induced arthritic rats

n = 6, Each value was represented as mean ± SEM. #P < 0.05, when compared to model control group, 
*P < 0.05, when compared to the vehicle control group (one way ANOVA followed by Tukey’s test and 
@P < 0.05, when compared to model control group, $P < 0.05, when compared to the Normal control 
group Kruskall–Wallis test followed by Dunn’s multiple comparison test for score)

Treatment C-reactive protein mg/L Serum Rheuma-
toid factor (IU/ml)

A/G ratio Arthritic score

Normal control 3.09 ± 0.21 23.98 ± 0.24 1.78 ± 0.09 0 ± 0
Model control 13.14 ± 0.92* 51.12 ± 0.28* 0.59 ± 0.08* 5.8 ± 0.37$
Prednisolone (5 mg/kg) 4.29 ± 0.26# 25.53 ± 0.27# 1.51 ± 0.18# 1.2 ± 0.2@
Ferulic acid (25 mg/kg) 6.98 ± 0.15# 30.35 ± 0.21# 1.19 ± 0.02# 1.8 ± 0.28@

Ferulic acid (50 mg/kg) 5.71 ± 0.19# 26.29 ± 0.16# 1.27 ± 0.11# 1.6 ± 0.2@

Ferulic acid (100 mg/kg) 5.32 ± 0.21# 27.12 ± 0.38# 0.99 ± 0.08# 1.4 ± 0.2@

Table 6   Effects of pretreatment 
with ferulic acid on 
haematological parameters of 
vehicle control and adjuvant 
induced arthritic rats

n = 6, Each value was represented as mean ± SEM. #P < 0.05, when compared to model control group, 
*P < 0.05, when compared to the vehicle control group (one way ANOVA followed by Tukey’s test)

Treatment Hb (g%) RBC count 
(million/cmm)

ESR (mm/h) Total WBC count (103/μl)

Normal control 15.4 ± 0.18 6.17 ± 0.41 0.72 ± 0.12 6.692 ± 0.023
Model control 12.7 ± 0.14* 4.98 ± 0.10* 4.89 ± 0.28* 9.178 ± 0.041*
Prednisolone (5 mg/kg) 15.1 ± 0.1# 5.93 ± 0.19# 1.11 ± 0.09# 6.378 ± 0.018#

Ferulic acid (25 mg/kg) 13.2 ± 0.10# 5.79 ± 0.73# 1.76 ± 0.38# 7.672 ± 0.034#

Ferulic acid (50 mg/kg) 14.6 ± 0.11# 5.90 ± 0.36# 1.52 ± 0.19# 6.982 ± 0.018#

Ferulic acid (100 mg/kg) 14.9 ± 0.25# 5.92 ± 0.27# 1.08 ± 0.08# 6.647 ± 0.082#
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TNF α and TGF β levels in serum

The sandwich ELISA method was used to measure TNF 
α and TGF β levels. TNF α levels of rats from the model 
control group were significantly greater in comparison to the 
vehicle control group (p < 0.05; Fig. 4). However, rats treated 
with 25, 50 and 100 mg/kg of FA showed significantly lower 
levels of TNF α. Conversely, TGF β levels of rats from the 
model control group were significantly lower in comparison 
to the vehicle control group (p < 0.05; Fig. 5), while rats 
treated with 25 and 50 mg/kg of FA showed significantly 
greater TGF β levels. Rats given prednisolone significantly 

reversed the levels of TNF α and TGF β in comparison with 
the model control. Thus, both FA and prednisolone showed 
better effects in rats with CFA-induced arthritis.

JAK2 levels in tissue homogenates

At the end of experiment (day 22), rat’s paws were excised to 
estimate JAK2 levels in tissue homogenates using the sand-
wich ELISA method. JAK2 levels of rats from the model 
control group were significantly greater compared to rats 
from the vehicle control group (p < 0.05; Fig. 6). However, 
JAK2 levels found in tissue homogenates of rats treated with 
25 and 50 mg/kg of FA were significantly lower to model 
control group.

Discussion

Rheumatoid arthritis (RA) is a chronic and progressive auto-
immune disorder that damages multiple joints and leads to 
deformity, disability, and early death in most patients. The 
pathogenesis of RA involves a multifaceted development 
mediated by a symbiotic network of cytokines, proteolytic 
enzymes, and prostanoids. In Asian countries, traditional 
medicine is the prevalent and most effective treatment to 
manage RA. Thus, studies exploring what the herbal drugs 
are consisted of may ultimately provide additional therapeu-
tic agents for the treatment of RA. In this study, we evalu-
ated the pharmacological activity of an organic compound 
found in popcorn and bamboo shoots, ferulic acid (FA), 
using the PASS Online software. Fa showed pharmacologi-
cal activity for the JAK2 protein and had a docking score 
of − 6.7 (Table 2). In vitro assay is considered a tool for the 
broad selection of binding and to access the major targets for 

Fig. 3   FA effect on radiographic images of CFA-induced arthritis. 
Yellow arrows represent areas of arthritis

Fig. 4   Effects of ferulic acid 
on TNF α production in 
serum. The data represent the 
mean ± standard error of the 
mean (n = 6). Values are statisti-
cally significant at *P < 0.05 
compared with the vehicle con-
trol group, #P < 0.05 compared 
with the model control group 
(one way ANOVA followed by 
Tukey’s test)
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cross-target liability profiling. In this study, we screened FA 
to determine its potential to inhibit JAK2. JAK2 protein was 
treated with different concentrations (0.1, 0.01, 0.001, 1 and 
10 µg/ml) of FA; the percentage of inhibition was calculated 
and plotted according to the respective concentrations. IC50 
value for FA was found to be 6.67 ± 0.88 µg /ml.

Pearson (1956) developed a CFA-induced arthritic model, 
which has been used in several rat breeds by administering 
heat-killed Mycobacterium tuberculosis (Durai et al. 2004). 
The administration of CFA induces measurable polyarthri-
tis (Patel and Shah 2013). Notably, the joint morphology 
observed in the rat model shares the synovial hyperplasia and 
cartilage degradation seen in humans with RA (Andersen 
et al. 2004; Kim et al. 2016). In this study, we detected a sig-
nificant reduction of the edema in CFA-induced rats treated 
with FA, indicating FA has anti-inflammatory properties 

and the ability to attenuate immune system responses (Vogel 
and Vogel 2002). Additionally, most autoimmune disorders 
lead to reduced body weights, probably due to the release of 
inflammatory cytokines, loss of appetite, increased energy 
expenditure, and enhanced protein catabolism (Argiles and 
Lopez-Soriano 2002; Rall and Roubenoff 2004; Shelton 
et al. 2005). However, body weight of rats treated with 25 
and 50 mg/kg of FA increased when compared to those in 
the model control group.

Our results suggest that an anaemic condition evolves 
in rats with CFA-induced arthritis (model control), which 
could be due to an atypical storage of iron in the reticu-
loendothelial system and the failure of bone marrow to 
respond to anaemia (Mowat 1971). The substantial rise in 
white blood cells in CFA-induced arthritic rats, due to the 
activation of the immune system, and the corresponding 
reduction of white blood cells in FA treated rats indicate 
the immunomodulation effect of FA. The increased levels 
of ESR found in rats from the model control group was not 
observed in rats treated with FA and prednisolone, suggest-
ing that both FA and prednisolone are important in treating 
arthritis. Moreover, the increase in WBC and RF levels may 
be a consequence of immune system response to invading 
pathogenic microorganisms (Patel and Pundarikakshudu 
2016).

The release of degradative enzymes substantially alters 
the connective tissue, inducing an immune response in 
CFA-induced arthritic rats (Vetal et al. 2013). Further-
more, C-reactive protein (CRP), which has been recog-
nized as a biomarker for chronic RA (Gomes et al. 2010), 
was greater in rats from the model control group in com-
parison to FA treated groups, indicating that FA attenu-
ated CFA-induced alterations in CRP levels and could 
potentially recover its stability. The presence of RF, a 

Fig. 5   Effects of ferulic acid on 
TGF β production in serum. The 
data represent the mean ± stand-
ard error of the mean (n = 6). 
Values are statistically sig-
nificant at *P < 0.05 compared 
with the vehicle control group, 
#P < 0.05 compared with the 
model control group (one way 
ANOVA followed by Tukey’s 
test)
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Fig. 6   Effects of ferulic acid on estimate JAK2 levels in tissue (paw) 
homogenates. The data represent the mean ± standard error of the 
mean (n = 6). Values are statistically significant at *P < 0.05 com-
pared with the vehicle control group, #P < 0.05 compared with the 
model control group (one way ANOVA followed by Tukey’s test)
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diagnostic marker, is associated with an increased risk of 
developing RA in patients with mild arthritic symptoms 
(Jones et al. 1990; Nell et al. 2005). As expected, we 
observed significantly greater RF levels in rats from the 
model control group in comparison to the vehicle control, 
as RF levels in CFA induced arthritic rats are usually high 
(Nielen et al. 2006). However, RF levels were reduced in 
rats treated with prednisolone and FA (25 and 50 mg/kg). 
Thus, the ability of FA to protect cartilage and synovial 
membrane damage might additionally prevent systemic 
inflammation as it hinders injured synovial tissue from 
releasing cytokines.

Arthritic rats exhibited soft tissue swelling around the 
joints during the acute phase of the disease. Bones of rats 
from the model control group were unprotected as they 
were directly exposed to proteolytic enzymes that degrade 
cartilage (Bansod et al. 2011). Joint X-rays of rats from 
the FA and prednisolone treated groups showed reduced 
soft tissue inflammation and bone erosion, suggesting 
that FA can effectively treat the disease.

TGF-β, an immunosuppressive cytokine, inhibits 
the proliferation and production of cytokines and the 
cytotoxic activity of NK and T cells mediated by IL-12 
(Chantry et al. 1989; Fox et al. 1992; Bright and Sriram 
1998). Kuruvilla et al. (1991) reported that the systemic 
administration of TGF-β led to the prevention of Th1 
cell-mediated autoimmune diseases. Additionally, Bright 
and Sriram (1998) demonstrated TGF-β had an inhibi-
tory effect on IL-12-induced tyrosine phosphorylation 
and activation of JAK2 and tyrosine kinase 2 (TYK2) 
and STAT3 and STAT4 proteins in T cells. In the pre-
sent study, rats from the model control group showed 
decreased levels of TGF-β, causing the overexpression 
of IL-12, which might be responsible for induced arthritis 
(Scott 1993). Nonetheless, FA treatment was effective in 
restoring levels of TGF-β and JAK2.

Cytokines play a critical role in the pathogenesis of RA 
and preventing the production and activation of cytokines 
inhibition can provide therapeutic benefits. The role of 
cytokines (TNF-α and ILs), macrophage colony stimulat-
ing factor, interferon, and platelet-derived growth factors 
have been reported in the pathogenesis of RA (McInnes 
and Schett 2011). In this study, we found that TNF-α lev-
els were higher in CFA-induced arthritic rats, but such 
levels decreased when rats were treated with FA (25 and 
50 mg/kg). Further, JAK2 levels in paw tissue homogen-
ates were also reduced in FA treated groups. These results 
suggest that FA inhibits TNF induced alterations, such as 
tyrosine phosphorylation and activation of intracellular 
JAK2 (Guo et al. 1998). Thus, our results indicate that 
FA is an effective anti-arthritic agent.

Conclusion

Our results provide compelling evidence that FA exhibits 
anti-arthritic activity in CFA-induced arthritis by modu-
lating cytokines, such as TNF-α and TGF-β, which leads 
to the inhibition of intracellular levels of Janus tyrosine 
kinases (JAK2). Consequently, FA can be considered an 
additional or alternative treatment for arthritis.
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