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Abstract

Complete Freund’s adjuvant (CFA) has been used to develop the arthritic or inflammatory
condition in the animal, but there is a lack of information concerning high CFA doses on noci-
ceptive behaviour and inflammatory parameters. This study aimed to compare the effects of
different high doses of CFA in rat to closely mimic nociceptive and inflammatory parameters
of rheumatoid arthritis (RA) in humans. Twenty-four male Sprague-Dawley rats were ran-
domly divided into four groups (n = 6): Control (C), CFA-induced polyarthritic groups at 5.0
mg/mL (CFA 5.0), 7.5 mg/mL (CFA 7.5) and 10.0mg/mL (CFA 10.0). The rats’ right hindpaw
was inoculated with CFA intradermally and developed into a polyarthritic state within 20
days. Nociceptive behavioural assessments, including von Frey and hot plate tests and
spontaneous activities, were conducted on day 0, 7, 15 and 20. Bilateral ankle joints diame-
ter and circumference, full blood count, joints and paw histological examinations were also
conducted throughout the study period. Based on the results, CFA 5.0 and CFA 7.5 groups
showed a significant increase in spontaneous activities and development of thermal hyper-
algesia but no change in body weight and food intake, no development of tactile allodynia
and haematological indices, and no significant morphological changes of joints histology.
Meanwhile, CFA 10.0 group demonstrated significant and constant changes in all nocicep-
tive and inflammatory parameters investigated. In conclusion, CFA at the dose of 10mg/mL
has the most potential and reliable dosage to develop polyarthritis in a rat model to mimic
RA condition in humans.
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Background

RA is an autoimmune disease in which synovila cells, cartilage and bone are attacked by the
pathologic immune responses resulting in joint damage and permanent disability [1]. In a sur-
vey conducted by the United States Health Interview Survey from 2013 to 2015, it was reported
that the annual prevalence of doctor-diagnosed arthritis was 22.7% [2]. The occurrence of RA
is reported to be more common in women than men, especially before menopause [3]. Ollier
et al. [4] suggested that men are protected from RA to a certain extent due to hormonal factors
and a strong genetic component for the disease development. RA is also defined as dysregu-
lated inflammatory processes in the joint synovium, destroying the joint cartilaginous and
bony elements, resulting in pain and disability [5]. The RA-associated pain, exhaustion and
joints impairment contribute to a major fall in health-related quality of life. The exact cause of
RA remains unclear, but some factors may increase the risk of disease development. Therefore,
lowering the prevalence and impact of arthritis is critical to plan future clinical and public
health needs [6].

Adjuvant-induced arthritis (ATA) animal model has been established for decades to study
the pathogenesis of arthritis, including rheumatoid arthritis (RA), gout and osteoarthritis, and
to evaluate the effectiveness of certain anti-arthritic drugs [7, 8]. According to Jeffery [9], the
RA models are relatively easy to execute, have good data reproducibility and generally short-
lived. There are several types of adjuvants suggested including complete Freund’s adjuvant
(CFA), incomplete Freund’s adjuvant (IFA), collagen and carrageenan [10, 11]. In order to
mimic certain disease, several important selection criteria should be considered such as mor-
phological similarities to present as in humans [11]. The animal models should have compara-
ble clinical features, including acute-to-enhanced inflammatory reactions at the joints and
periosteal or endosteal of the bone [12, 13] as well as pain such as allodynia, hyperalgesia and
spontaneous pain [14].

The administration of CFA has been known to cause a series of inflammatory reactions.
The injection of CFA at the rat’s footpad results in the cutaneous inflammation presented as
reddish and swollen [15, 16] beginning as early as 2 hours and peaks within 6 to 8 hours [17].
This acute inflammation occurs for 3-4 days [15] in which the levels of erythrocyte sedimenta-
tion rate (ESR), blood neutrophil and leukocyte counts start to increase on the fourth day
post-CFA injection [18, 19]. It is then followed by the development of hyperalgesia and
oedema in ankle and dorsal region of tarsus at 1-2 weeks post-CFA injection [17, 20] due to
the extensive infiltration of neutrophil and proliferation of synovial lining [21]. The inflamma-
tion starts to affect the adjacent joints [21] as macrophages release pro-inflammatory cytokines
such as tumor necrosis factor-o. (TNF-o) interleukin-1p (IL-1B). TNF-o. may work together
with IL-1 to induce intracellular adhesion and migration, production of acute-phase proteins,
proteolytic enzymes and angiogenesis [19, 22], monocyte-chemoattractant protein-1 (MCP-
1), macrophage-inflammatory protein-1lo. (MIP-1a), interleukins (i.e. IL-6 and IL-12) and epi-
thelial-neutrophil activating peptide-78 (ENA-78) in the affected joint synoviocytes [23-25].
The devastating inflammatory reactions eventually result in chronic arthritis due to positive
feedback mechanisms [21, 26].

Amongst the commercially-available adjuvants, CFA is the most commonly opted by the
researchers to develop arthritic rat model [27, 28] or to be used as a vehicle for vaccination in
animals [29, 30]. The early proposed method on developing arthritic model was via intrader-
mal injection of CFA at the base of the rat’s tail which yields prolonged lapsing-remitting
arthritis involving several joints [20, 31, 32]. However, due to the multiple disadvantages of
this administration route that resulted in severe arthritis, it was progressively modified to
reduce the severity via local administration of CFA either into or around the tibiotarsal joint of
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the rodents (i.e development of monoarthritis models) [33-35]. In order to standardise the
arthritic progression in rodents as indicated in human, Costa et al. [7] categorises the disease
progression into several phases: 1) pre-clinical (1-10 days), 2) acute (15-30 days), 3) post-
acute (30-50 days) and 4) late (more than 50 days). In fact, several approaches of administer-
ing CFA were introduced to develop AIA model in the previous literature either single or dou-
ble inoculations which may involve one or two locations of CFA inoculations. The single
administration of CFA requires higher dosage ranging from 300 ug to 20 mg/mL to ensure the
prolonged occurrence of arthritic complications such as joints oedema with chronic hyperal-
gesia [15, 22, 33, 36-39]. However, the remission of CFA inoculation at a lower dosage is also
suggested by a number of studies to minimize the arthritic complications such as inoculation
of various dosage of CFA at the right food pad and base of the rat’s tail [16] or 0.5-1.0 mg/mL
of CFA at tibiotarsal or tibiofemoral joints [40]. Nonetheless, the different number of CFA
inoculations may bring different progression of disease development as the use of lower CFA
dosage is not sufficient to cause arthritic pain unless the second CFA inoculation is adminis-
tered to the rat [40]. Although several approaches and dosage of CFA are suggested in the pre-
vious literature, the severity of arthritic complications experienced by the rat associated with
CFA dosage seems to be less attentive and focused. It is actually important if the lower dosage
of CFA that produce the similar presentation of arthritic complications in terms of inflamma-
tion and pain could be produced. Moreover, not a single study has looked at the effects of dif-
ferent CFA doses in inducing chronic polyarthritic condition mimicking RA in terms of
nociceptive behaviours and inflammatory parameters in rat. Therefore, the purpose of this
study was to compare the effects of CFA at different doses on nociceptive behaviour and
inflammatory markers in the polyarthritis rat model. This study is also aimed to identify the
optimal single dose of CFA to produce both inflammatory and nociceptive effects mimicking
RA in human. It is hypothesised that different dosages of CFA produce dose-dependent effects
on the nociceptive behaviours and inflammatory parameters in rats.

Methodology
Materials

CFA was purchased from Sigma-Aldrich (USA) ready-to-use, pale yellow liquid. Each 10 ml
CFA vial contained 10 mg heat-killed, dried Mycobacterium butyricum (strain H37Ra), 1.5 ml
mannide monooleate and 8.5 ml paraffin oil. The CFA liquid can sometimes appear cloudy
since it contains particulate matter.

Animals

Twenty-four male Sprague-Dawley rats (270-300 g, 8-10 weeks old) were housed individually
in the animal room with a constant temperature of 22 + 1.0 °C and a 12-hour alternating light-
dark cycle. The sample size for each group of the animals (n = 6) was identified by using G*
power version 3.0.10 software with o (type-1 error) of 0.05, power of 0.8 and effect size of 0.85
(expert opinion) and 20% drop-out. The rats were fed with the standard food pellets and water
ad libitum. Then, they were randomly divided into four groups (n = 6): (a) Control (C), and
CFA-induced chronic polyarthritic groups at different doses (b) 5.0 mg/mL (CFA 5.0), (b) 7.5
mg/mL (CFA 7.5) and (c) 10.0mg/mL (CFA 10.0). The protocols of this study were designed
to minimise animal suffering has been approved by USM Institutional Animal Care and Use
Committee, Universiti Sains Malaysia, Malaysia (USM IACUC) [USM/IACUC/2019/ (116)
(984)].
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Induction of arthritis

Complete Freund’s adjuvant containing attenuated M. butyricum was dissolved in mineral oil
as a vehicle [15, 33, 41], and prepared in three doses: 5.0 mg/mL (low dose), 7.5 mg/mL (mod-
erate dose) and 10.0 mg/mL (high dose). The arthritis induction method was adapted from
Nasuti et al. [15] by injecting 100 uL of CFA intradermally at the right hind metatarsal footpad
under isoflurane anaesthetisation. The control (C) group was injected with the sterile vehicle
at the same site.

Change of body weight and total food intake

The rats” body weight was measured on day 0, 3, 6, 7, 9, 15 and 20 and expressed as the per-
centage of change in body weight relative to the baseline weight (day 0) as shown in the for-
mula:

BW on Day N — BW on Day 0

100
BW on Day 0 X @

% Change of body weight =

in which ‘N’ refers to the specific day when the body weight was recorded. Meanwhile, the
total food intake of the rats in each group was recorded for 20 days of experimentation.

Pain behaviour assessments

The behavioural assessments consisted of spontaneous activities, thermal hyperalgesia and tac-
tile allodynia. These tests were performed on day 0 (baseline), 7 and 20 due to the trend of
changes in joint inflammation on the specified days in the CFA-induced chronic arthritic
models as demonstrated by previous studies [7, 33, 42]. In addition, the evaluation of the pain
behaviours was performed by two persons who were blinded to the treatment groups to avoid
inter-observer bias [33].

Spontaneous activities assessment

The rats were placed separately in a Plexiglas chamber and allowed to acclimatise for 15 min-
utes. The standing and walking paw pressures representing the spontaneous activities adapting
from Coderre and Wall [43], Butler et al. [33] and Neugebauer et al. [18] were recorded for 5
minutes.

Standing paw pressure. In this test, the amount of weight (paw pressure) the rat was will-
ing to place on its inoculated hind paw was measured and graded according to the scores
adapted from Coderre and Wall [43] and Butler et al. [33] as the following:

0 = normal paw pressure, equal weight on both hind paws.
1 = slightly reduce paw pressure, the paw is completely on the floor, but toes are not spread.

2 = moderately reduce paw pressure, foot curls with only some parts of the foot lightly touch-
ing the floor.

3 = severely reduce paw pressure; foot elevates completely.

The higher score represents the increased severity of the paw pressure experienced by the
animal.

Walking paw pressure. In this assessment, the extent of the limp or gait in rats altered by
the CFA inoculation was evaluated. The scores for walking paw pressure assessment was based
on Coderre and Wall [43] and Butler et al. [33] as follows:
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0 = Normal gait.

1 = Slight limp, visible over-flexion of the injected limb.

2 = Moderate limp, the paw of injected hind limb only briefly touches the floor.
3 = Severe limp, three-legged gait.

The higher score indicates more severe walking paw pressure experienced by the animals.

Tactile allodynia

Tactile allodynia assessment was conducted on the rat following Naeini et al. [41] and Zulazmi
et al. [44]. The assessment was conducted in a quiet room to prevent any environmental-
induced emotional disruption. First, the rats were placed on the wire mesh floor separated by
compartments and acclimatised 15 minutes before the experiment. Then, the paw withdrawal
threshold was measured by applying the von Frey microfilament with a gradual increase in
force to the mid-plantar surface of the hind paw. The pressure that evoked paw withdrawal
represented maximal noxious threshold and expressed in gram [45]. The procedure was car-
ried out on the CFA-inoculated hind paw (ipsilateral hind paw) of the rat, followed by the
CFA non-inoculated hind paw (contralateral hind paw). The stimulus was given three times,
and the mean value of the paw withdrawal threshold was measured and recorded [44]. A
10-minute interval was allocated between mechanical stimulations to prevent sensitisation and
adaptation to the stimuli [46].

Thermal hyperalgesia

Thermal hyperalgesia in the rats was evaluated using a hot plate analgesia meter immediately
after the von Frey test. The animals were acclimatised to the examination room for 10 minutes
prior to test initiation. Several indicators were used to denote the animal’s thermal threshold:
the hind paw lick, back paw flick, or hop from the onset of the thermal stimulation. First, the
hot plate surface is continuously heated at 52.5 °C [47, 48], and a cut-off time of 12 s was set to
prevent any tissue damage in the absence of response [49]. The animal was immediately
removed from the hot plate analgesia meter after the test.

Sacrifice of the animals

On day 20, the rats were sacrificed by an overdose of sodium pentobarbitone intraperitoneally.
The rat’s bilateral ankle joints and the intraplantar surface of the injected hind paws were col-
lected for histology purpose.

Inflammatory parameters in the ankle joint and paw skin of the rat

Measurement of ankle joint circumference. Both ankle joints circumference and diame-
ter (representing oedema formation) were measured at several time points: day 0 (adjuvant
induction, baseline value), 3, 6, 7, 9, 15 and 20 to evaluate the trend of changes in inflammatory
conditions at the affected joints [41, 50, 51]. Each ankle joint (hind paw) was measured by
using a digital calliper (Duratool, China) for diameter (cm) and thread for circumference (cm)
measurements to assess the development of chronic inflammation. First, the circumference of
the joint was measured by looping the thread around the ankle joints and gently tightened.
Then, the thread was carefully removed and measured using a metric ruler. According to
Costa et al. [7] the occurrence of oedema, which marks the development of chronic arthritis in
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the ankle joint of the rats, begins to develop on day 7 and decreases slowly after day 20 follow-
ing the CFA injection.

Histology procedure for hind paw processing

Bilateral ankle joints and the intraplantar surface of the inoculated (ipsilateral) hind paw of the
rats were dissected and post-fixed in 4% formalin [50]. Only the joints were then placed in a
decalcifying solution (3% nitric acid solution) [51, 52] for 24-72 hours [50]. After that, both
tissues were embedded in paraffin, sectioned at 4 pum, stained with haematoxylin and eosin
(H&E) staining and observed under a light microscope connected to an image analyser. Then,
the qualitative assessment for both tissues were compared between groups to identify the pres-
ence of inflammatory cells (for hind paw and joint tissues), synovial hyperplasia and any alter-
ation of the joint space (for the joint tissues) based on Cui et al. [53] and Khader et al. [54].

Blood collection

Following the termination of the rat on day 20, a midline incision was made, and the blood
sample was taken from the rat’s heart via cardiac puncture. Blood samples (3 mL) were stored
in ethylenediaminetetraacetic acid (EDTA) tubes, centrifuged (2000 x g, 5 min) at 4 °C [55]
and subjected to a full blood count.

Statistical analysis

Repeated measures analysis of variance (ANOVA) was employed to analyse spontaneous activ-
ities (i.e. walking and standing paw pressures), tactile allodynia, thermal hyperalgesia and
ankle joints measurements with posthoc Bonferroni test. Meanwhile, one-way ANOVA was
utilised to analyse body weight changes, total food intake, and haematological analysis with
post hoc Scheffe’s test. All data were expressed as mean =+ standard error of the mean (SEM)
and analysed using the Statistical Package for the Social Sciences (SPSS) version 21 software
(IBM, United States). A value of p < 0.05 was considered statistically significant.

Results
Reduction of body weight in polyarthritic rats

There was a statistically significant difference between the groups as determined by one-way
ANOVA (F; 50 =4.318, p < 0.05) (Fig 1). Post-hoc Scheffe’s test revealed that the body weight
was significantly reduced following the arthritic induction in CFA 10 group (p < 0.05, 95% CI
-1.556 to -20.444) compared to control group with no significant different in other CFA
groups. No significant difference was detected between the CFA 5.0 and CFA 7.5 groups com-
pared to control group (p > 0.05) (Fig 1).

No change of total food intake in polyarthritic rats

There was no significant difference in the total food intake across the groups as reported by
one-way ANOVA (F; 5 = 1.397, p > 0.06) (Fig 2).

Reduced spontaneous activities in chronic polyarthritic rats

The standing paw pressure revealed the significant main effects of time (F3 5o = 12.7,

p < 0.001), group (F3 0 =43.2, p < 0.001), and a significant group by time interaction (F 5 =
34.6, p < 0.001). The post-hoc Bonferroni test reported significant increase in the standing
paw pressure in CFA 5.0 (p < 0.01, 95% CI 0.269 to 1.398), CFA 7.5 (p < 0.001, 95% CI 0.661
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100.0

\\ \I\ \\ \

50.0

Change of body weight (%g)

0.0

CONTROL CFA 5.0 CFA 7.5 CFA 10.0

Fig 1. Percentage of body weight changes in CFA treatment groups (n = 6). The data are presented as mean * standard error of the
mean (SEM). *p < 0.05 statistical comparison between the group receiving CFA injection at 10 mg/mL to the control group.

https://doi.org/10.1371/journal.pone.0260423.9001

to 1.923) and CFA 10.0 (p < 0.001, 95% CI 1.639 to 2.694) compared to control group. There
was no significant comparison in the standing paw pressure between CFA 5.0 and CFA 7.5
groups. However, the CFA 10.0 group showed the significant and constant increase of the
standing paw pressure scoring compared to CFA 5.0 (p < 0.001, 95% CI 0.806 to 1.861) and
CFA 7.5 (p < 0.01,95% CI 0.277 to 1.473) (Fig 3a).

315 T
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[®))
(9]

]
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-

360 + % / /T’ .

Total Food Intake (g)
W
|9,
|9,

345 1
340 +
335
CONTROL CFA 5.0 CFA 7.5 CFA 10.0
Fig 2. Total food intake in the groups for 20 days of experimentation. No significant changes were detected between the
groups.

https://doi.org/10.1371/journal.pone.0260423.9002
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Fig 3. Spontaneous activities as indicated by (a) standing paw pressure and (b) walking paw pressure in the groups on day 0, 7, 15 and
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The CFA 10 group showed the most consistent and the highest score for both standing and walking paw pressure compared to the control

group, especially on day 7, 15 and 20.

6). The data are presented as mean + standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 Statistical comparison to
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Meanwhile, the results of walking paw pressure demonstrated a significant difference of
time (F3 29 = 12.7, p < 0.001), group (F; 50 = 43.2, p < 0.001), and a significant group by time
interaction (F; 50 = 34.6, p < 0.001). Post-hoc Bonferroni test revealed a significant increase in
standing paw pressure in between CFA 5.0 (p < 0.01, 95% CI 0.234 to 1.349), CFA 7.5
(p < 0.001,95% CI 0.523 to 1.769) and CFA 10.0 (p < 0.001, 95% CI 1.468 to 2.511) compared
to control group. The higher scoring for walking paw pressure was demonstrated by CFA 10.0
group than the CFA 5.0 (p < 0.001, 95% CI 0.677 to 1.7192) and CFA 7.5 (p < 0.01, 95% CI
0.253 to 1.435) groups. There was no significant difference in walking paw pressure scoring
between CFA 5.0 and CFA 7.5 groups (Fig 3b).

According to the standing and walking paw pressure results, these remark the constant
occurrence of abnormal spontaneous activities in CFA 10.0 group especially on day 7, 15 and
20 without fluctuations as shown in the CFA 5.0 and CFA 7.5 groups indicating the optimal
dose of CFA to develop chronic polyarthritis mimicking RA in rat.

Development of tactile allodynia in chronic polyarthritic rats

It was revealed that there was a significant difference detected in the paw withdrawal threshold
at the ipsilateral hind paw between the time (F3 50 = 45.8, p < 0.05), group (F3 50 = 6.5,

p < 0.05), and a significant time by group interaction (F; 50 = 50.7, p < 0.001). The statistical
analysis with post-hoc Bonferroni test reported the significant reduction in the paw with-
drawal threshold in CFA 10.0 group compared to control group (p < 0.05, 95% CI -6.795 to
-0.63) and CFA 5.0 group (p < 0.05, 95% CI -6.612 to -0.448) whilst CFA 5.0 and CFA 7.5
groups showed no significant difference in the paw withdrawal threshold compared to control
group (Fig 4a).

Meanwhile, the significant difference was also detected in the paw withdrawal threshold at
the contralateral hind paw between the time (F; ,; = 66.529, p < 0.001), group (F 3 ¢ = 6.555,
p < 0.05), and a significant time by group interaction (Fo 43 = 3.197, p < 0.05). Post-hoc Bon-
ferroni test also reported a significant increase in paw withdrawal threshold at the contralateral
hind paw in CFA 10.0 group compared to control group (p < 0.05, 95% CI -6.795 to -0.63)
and CFA 5.0 group (p < 0.05, 95% CFA -6.613 to -0.448) starting on day 7 to 20. Meanwhile,
no difference was found in other CFA groups for this parameter (Fig 4b). These results indi-
cate that the tactile allodynia was developed in the CFA 10.0 group affecting the non-injected
(contralateral) hind paw of the rat.

Development of thermal hyperalgesia in chronic polyarthritic rats

The analysis by one-way repeated measures ANOVA revealed a significant difference in ther-
mal withdrawal threshold of polyarthritic-induced rats in time (F; 5 = 59.0, p < 0.001), group
(F320=21.1, p < 0.001), and a significant time by group interaction (F; 5o = 5.3, p < 0.05). The
post-hoc Bonferroni test reported a significant decrease in thermal withdrawal threshold
between CFA 5.0 (p < 0.05, 95% CI 0.875 to 8.825) and CFA 7.5 (p < 0.001, 4.534 to 12.483)
groups to control group. Amongst the CFA dosage, the rat inoculated with 10 mg/mL dose
showed the significant gradual decrease in thermal withdrawal threshold compared to control
(p < 0.001, 95% CI 5.317 to 13.266) and CFA 5.0 groups (p < 0.05, 0.425 to 8.416) especially
on day 7 to 20 (Fig 5).

Development of inflammatory oedema in ankle joints of chronic
polyarthritic rats

Changes in ipsilateral joint circumference and diameter. One-way repeated measures
ANOVA revealed that there was a significant main effects in the time (Fg ;5 = 25.4, p < 0.001),
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Fig 4. Paw withdrawal threshold at the (a) ipsilateral (CFA-inoculated) hind paw and (b) contralateral (non-CFA-
inoculated) hind paw in the treatment groups on day 0, 7, 15 and 20 (n = 6). The values are presented as mean + standard
error of the mean (SEM). *p < 0.05 Statistical comparison to control group and *p < 0.05 Statistical comparison to CFA 7.5.
CFA 10.0 group showed a consistent significant reduction in paw withdrawal threshold compared to the control group,
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https://doi.org/10.1371/journal.pone.0260423.9005

group (F3,0=78.9, p < 0.001), and a significant group by time interaction (Fs ;; = 41.8,

p < 0.001) for the ankle joint circumference between the groups (Fig 5a). Post-hoc Bonferroni
test revealed a significant increase in the ipsilateral ankle joint circumference of CFA 10.0
group compared to control (p < 0.001, 95% CI 0.574 to 0.354), CFA 5.0 (p < 0.001, 95% CI
0.596 to 0.376) and CFA 7.5 (p < 0.001, 95% CI 0.493 to 0.273) groups. No significant compar-
ison was detected in the ankle joint circumference in CFA 5.0 and CFA 7.5 groups compared
to control group (Fig 6a).

Meanwhile, the significant main effects were also reported for the ipsilateral ankle joints
diameter by time (Fg 15 = 54.0, p < 0.001), group (F; 50 = 685.1, p < 0.001), and a significant
group by time interaction (Fs ;5 = 20733.2, p < 0.001) between the groups. Post-hoc Bonfer-
roni test also demonstrated the significant increase of ankle joint diameter at the ipsilateral
region between the CFA groups to control group (CFA 5.0: p < 0.001, 95% CI 1.174 to 1.112,
CFA 7.5: p < 0.001, 95% CI 3.89 to 3.29 and CFA 10.0: p < 0.001, 95% CI: 5.349 to 4.75). The
CFA 10.0 group demonstrated the highest increase of ankle joint diameter at the ipsilateral
side within the time frame compared to the other CFA groups (p < 0.001) (Fig 6b).

Changes in contralateral ankle joint circumference and diameter. The results analysed
by repeated measures ANOVA revealed significant differences in the contralateral ankle joint
circumference by time (Fg ;5 = 21.355, p < 0.001), group (F; 50 = 5.609, p < 0.05), and a signifi-
cant group by time interaction (Fs ;5 = 2.370, p < 0.05) between the groups. The post-hoc Bon-
ferroni test reported a significant increase in the ankle joint circumference at the ipsilateral
side in CFA 10.0 group compared to control group especially on day 6 to 20 (p < 0.05, 95% CI
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0.011 to 0.279) and CFA 5.0 (p < 0.01, 95% CI 0.399 to 0.308). No significant difference was
detected in the contralateral ankle joint circumference in CFA 5.0 and CFA 7.5 compared to
control group (Fig 7a).

Meanwhile, there was also significant main effects in the time (Fg ;5 = 24.837, p < 0.001),
group (F; 59 =17.603, p < 0.001), and a significant group by time interaction (Fs ;5 = 42.912,
p < 0.001) in the diameter of the contralateral ankle joint across the groups. The analysis by
post-hoc Bonferroni showed that the significant increase in contralateral ankle joint diameter
in CFA 7.5 and CFA 10.0 groups compared to control group especially on day 9, 15 and 20
(p < 0.05,95% CI 0.081 to 0.929 and p < 0.001, 95% CI 0.019 to 0.867, respectively). The ankle
joint diameter at the contralateral side was significantly higher in CFA 10.0 group in these
specified days compared to CFA 5.0 (p < 0.001, 95% CI 0.044 to 1.283) and CFA 7.5 (p < 0.05,
95% CI -0.077 to 0.84) groups (Fig 7b).

Inflammatory cells infiltration at the CFA-inoculated hind paw in chronic
polyarthritic rats

It is revealed that the infiltration of the inflammatory cells in the paw tissue of the chronic
polyarthritic rats in dose-dependent manner as the presence of inflammatory cells infiltration
including white blood cells was the mildest in CFA 5.0 group, moderate in CFA 7.5 group and
the highest in the CFA 10.0 group. The rats inoculated with 10 mg/mL of CFA showed the
most severe inflammation with the extensive cells infiltration (Fig 8).

Histological changes in the ipsilateral ankle joint of CFA-induced
polyarthritic rat

The histopathology analysis as evaluated by the H&E staining demonstrated the extensive
inflammatory cells infiltration in the synovial membrane especially in the ankle joint of CFA
10.0 group which was not found in the control group. The synovial hyperplasia was also prom-
inent in CFA 10.0 group compared to the groups inoculated at lower and moderate dosage
(CFA 5.0 and CFA 7.5 groups) (Fig 9). There was also the appearance of inflammatory cells
infiltration identified at the contralateral ankle joint in CFA 7.5 and CFA 10.0 groups although
the it was not as extensive as in the ipsilateral ankle joint (Fig 10).

Hematological analysis

The full blood count measurements revealed significant differences between the groups for
total white blood cells (WBCs, F; 59 = 3.271, p < 0.05), monocytes (F3 5o = 3.887, p < 0.05),
eosinophils (F; 5o = 4.617, p < 0.05), lymphocytes (F; 5o = 14.723, p < 0.001), platelet counts
(F320 = 24.414, p < 0.001), haematocrit (F; 50 = 11.434, p < 0.01), red cell distribution width
(RDW, F; 50 = 6.764, p < 0.01) and polymorphs (F; 5o = 22.182, p < 0.001). No significant
effects were detected between the groups for red blood cell count (RBCs), mean corpuscular
volume (MCV), mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin
concentration (MCHC) (Table 1). The CFA 7.5 group showed significant alteration in the
monocyte and lymphocyte counts, haematocrit, haemoglobin and polymorphs compared to
control group (p < 0.05). However, most of the haematological parameters investigated was
significantly changed in the group inoculated with CFA at 10 mg/mL (CFA 10.0) compared to
control group indicating the chronic inflammation occurs in this group (Table 1).
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Fig 8. Histological sections of the CFA-inoculated hind paw tissues in (A) control, (B) CFA 5.0, (C) CFA 7.5 and (D) CFA 10.0
subjected to haematoxylin and eosin (H&E) staining at 400x magnification. The control group demonstrated no significant lesion
appearance in the mineral oil-injected hind paw. Meanwhile, extensive inflammatory cells infiltration was observed in CFA 10.0 group, (D)
mild and moderate level of inflammatory cells infiltration were detected in CFA 5.0 (B) and CFA 7.5 (C), respectively. The arrow indicates
the extensive inflammatory cells infiltration at the injected hind paw tissue.

https://doi.org/10.1371/journal.pone.0260423.9008

Discussion

The CFA-induced arthritic model was first developed by Stoerk et al. [56] and has been exten-
sively modified for investigations on either acute or chronic, mono- or polyarthritis and
inflammatory mechanisms. Various CFA doses were tested to establish arthritic rat models in
earlier literature via subcutaneous, intradermal or intraarticular routes. However, few studies
included the nociceptive and inflammatory effects in identifying the optimal CFA dose for
developing a chronic polyarthritic rat model mimicking RA in humans. In this study, rats
were inoculated with high dosages of CFA, ranging from 5.0 mg/mL to 10.0 mg/mL; several
alterations were observed in the animals” body weight, spontaneous activities, development of
tactile allodynia, thermal hyperalgesia, joints inflammatory oedema, joint and hind paw mor-
phological structures and haematological indices.

According to Costa et al. [7], a clinical disease that develops after 15-30 days following
intradermal inoculation of 5.0 mg/mL CFA at the base of the tail in an arthritic rat is
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Fig 9. Representative histological sections of ipsilateral ankle joint by haematoxylin and eosin (H&E) staining at 100x magnification
in control (A), polyarthritic rat inoculated with CFA at 5.0 mg/mL (CFA 5.0) (B), 7.5 mg/mL (CFA 7.5) (C) and 10.0 mg/mL (CFA
10.0) (D). (A) In the control group, smooth articulation of the joint cartilage surface, regular joint space (JS) with the normal connective
tissue of the synovial membrane were observed. Meanwhile, ipsilateral ankle joint of rats in CFA 5.0 (B) and CFA 7.5 (C) groups showed
mild penetration of inflammatory cells into the synovial cavity, indicating suppressed joint pathology and less soft tissue swelling.
Additionally, the synovial hyperplasia with extensive inflammatory cells infiltration (as shown by the purplish stains), bone resorption and
severe cartilage destruction indicating the narrowing of the joint with inflammatory cell infiltration into the synovial cavity (arrow) were
found in the ipsilateral ankle joints of CFA 10.0 group.

https:/doi.org/10.1371/journal.pone.0260423.9g009

considered to be acute. On the other hand, Butler et al. [33] stated that the stable arthritic pro-
gression in rats for over six weeks could be classified as chronic. In the present study, the rats
were inoculated with 5 to 10 mg/mL of CFA at their hind paws, potentially producing more
chronic systemic effects in the rat’s body than Costa et al. [7]. In addition, Wauben et al. [57]
reported that the CFA dose ranging from 1.0 to 5.0 mg/mL might produce less severe effects,
while 10 mg/mL CFA may result in more severe effects, which aligned with the findings of the
current study. Since this study aimed to develop an arthritic rat model mimicking RA, the out-
come must be polyarthritic rather than monoarthritic rats, involving more than one affected
joint. Moreover, inoculating CFA at the hind paw may produce little systemic disturbance
compared to the inoculation of CFA at the base of the tail that resulted in more severe systemic
changes and poor rat health [33]. Therefore, this study may guide researchers in selecting the
optimal CFA dosage to be inoculated intradermally at the hind paw to establish a RA rat
model.
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Fig 10. Histological sections of contralateral ankle joint by haematoxylin and eosin (H&E) staining at 40x magnification in control
(A), polyarthritic rat inoculated with CFA at 5.0 mg/mL (CFA 5.0) (B), 7.5 mg/mL (CFA 7.5) (C) and 10.0 mg/mL (CFA 10.0) (D). (A)
Like the ipsilateral ankle joint, the control rat exhibited normal joint cartilage structure, regular joint space with the normal connective
tissue of the synovial membrane. CFA 5.0 group did not demonstrate prominent inflammatory cells penetration in the regular joint space.
Meanwhile, the inflammatory cells infiltration was identified between the joint space (arrow) of the CFA 7.5 (C) and CFA 10.0 (D) groups,
although it was not as extensive as the ipsilateral ankle joint.

https://doi.org/10.1371/journal.pone.0260423.9g010

Body weight change is one of the evaluation criteria in disease progression. The rats that
were inoculated with a high dose of CFA (10 mg/mL) showed substantial body weight loss, but
it was not significantly different from the lower and moderate doses groups. Nevertheless, it
indicates the active disease development contributed to the changes in body weight [58, 59]
since the total food intake was similar in both arthritic rats and normal rats. On top of that,
lower weight gain found in the CFA 10.0 group was consistent with the fact that RA is corre-
lated with the loss of lean body mass, referred to as rheumatoid cachexia (the loss of muscle
mass and strength due to RA development) [15]. It is believed that the reduced body weight
gain is implicated by the inflammation from the arthritic condition resulting in impaired
nutrients absorption in the small intestine of the rat [59, 60]. Furthermore, the abnormal neu-
roendocrine response to the prolonged inflammation in RA was characterised by the increased
catabolic hormones (i.e. glucocorticoids) and the decreased anabolic factors secretion (i.e.
insulin-like growth factor-1) with elevated inflammatory cytokines, leading to hypermetabo-
lism and a marked reduction in arthritic rat body mass [61].
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Table 1. Full blood count in the groups.

Haematological parameters

RBCs (10°/mcL)
Total WBCs (10°/uL)
Differential counts (%):
i) Monocytes
ii) Eosinophils
iii) Lymphocytes
iv) Basophils
Haemoglobin (g/dL)
Platelets (billion/L)
MCV (fL)
MCH (pg)
Haematocrit (L)
MCHC (g/L)
RDW (%)
Polymorphs (%)

Control CFA 5.0 CFA 7.5 CFA 10.0
7.77 £ 0.103 7.15+0.2 7.15+0.164 7.2+0.219
5.333£0.103 8.1 +3.834* 5.85+0.3 8.55 + 1.807*
7.03 £ 0.051 10.8 £ 0.876" 10 £ 1.095* 32 +28.48***
1.03 £ 0.051 0.00 + 0.00 0.0 £ 0.00 7.0 £7.67°*
77.92 +0.491 60.0 +21.81 59.5 + 4.93* 21.0 £ 11.9***
0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
163.0 + 0.00 146.0 + 5.477* 141.5 £+ 2.739* 142.0 + 4.93*
653.5 + 0.837 653.0 + 135.8* 751.8 + 0.408* 1061.5 + 135.3**
55.0 + 0.537 55.5+2.236 54.5+2.168 53.5+0.447
21.5 +0.447 20.5 + 0.447 20.75 + 1.084 20.0 £ 0.013
0.42 = 0.00 0.4 £0.00 0.377 + 0.004* 0.385+0.013
390 £ 10.00 370 £ 11.1 380+ 19.3 370 £ 12.8
14.95 £ 0.134 15.45+0.313 15.9 £ 0.563 15.95 + 0.581*
19.0 £ 4.472 11.0 £ 0.321 30.5 + 4.92* 44.67 + 13.692**

*p <0.05,**p < 0.01 and ***p < 0.001 significantly different compared to control group.
RBC = red blood cell count, WBCs = white blood cell counts, MCV = mean corpuscular volume, MCH = mean corpuscular haemoglobin, MCHC = mean corpuscular

haemoglobin concentration and RDW = red cell distribution width.

The values are presented as mean + standard deviation (S.D.) (n = 6).

https://doi.org/10.1371/journal.pone.0260423.t001

The rats inoculated with CFA at all doses demonstrated a substantial increase in spontane-
ous activities indicated by walking difficulties with abnormal gait (i.e. limping to crawling in
animals with high disability). Similarly, Simjee et al. [62] reported the gradual decline of walk-
ing and standing paw pressures in the rats inoculated with CFA, especially in the CFA 10.0
group. However, it remains unclear how the mild to moderate CFA inoculation led to the
spontaneous activities fluctuation especially walking paw pressure, but it could be related to
the inflammatory reactions within the experimental period. Thus, it was postulated that the
mobility impediments could be an effect of joints pain, loss of functional balance or muscle
loss [63]. Besides, Hayer et al. [64] demonstrated a progressive decline in the mobility of
arthritic rat, suggested by gait patterns in the later phase of arthritis. Furthermore, the change
in mobility may imply acute inflammatory processes following the adjuvant induction since
several disease-modifying anti-rheumatoid drug treatments have been reported to improve the
mobility of arthritic rats [62].

Besides, the present study showed that the paw withdrawal threshold significantly decreased
at the ipsilateral and contralateral hind paws, especially in CFA 7.5 and CFA 10.0 groups, indi-
cating tactile allodynia development following the CFA inoculation [65]. Among all the CFA
doses, the inoculation of CFA at 10 mg/mL showed the best tactile allodynia progression in the
chronic polyarthritic rat. On top of that, the rats inoculated with 7.5 and 10.0 mg/mL CFA
showed a significant gradual decrease of thermal withdrawal threshold, which was a sign of
thermal hyperalgesia [65]. These observations implied that the chronic polyarthritic model
showed neuropathic-like symptoms, commonly found in RA patients of more than five years
[66]. Moreover, Gomes et al. [40] suggested that hyperalgesia and allodynia in arthritis patho-
genesis are the results of the extensive penetration of macrophages, lymphocytes, fibroblasts,
and leukocytes into the joints where the inflammatory mechanism is responsible for several
cytokines, prostaglandins, and proteolytic enzymes. These inflammatory mediators may have
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sensitised the peripheral nociceptors by inducing the phosphorylation of ligand-gated chan-
nels such as voltage-gated sodium channels, altering membrane properties, enhanced firing of
action potential and heightened the sensitivity to thermal or mechanical (tactile) stimuli [67].
Besides peripheral sensitisation, central sensitisation may also reduce the nociceptive neuron’s
threshold to fire the action potentials leading to hyperalgesia [67, 68].

Meanwhile, joint oedema at both ipsilateral and contralateral ankle joints strongly suggests
the development of chronic polyarthritis in the rat model that could mimic RA in humans.
Likewise, Mahdi et al. [39] reported dose-dependent joints oedema formation in their rat
model, as shown in the present study. Out of all the administered dosages, rats treated with 10
mg/mL CFA demonstrated a consistent and gradual increase in circumference and diameter
of both ankle joints throughout the experiment without fluctuations, proving the dosage effi-
cacy in establishing chronic polyarthritis in a rat model. Furthermore, the arthritic symptoms
were evident with hind paw swelling and reddening within 3-4 days following CFA inocula-
tion, signs of acute inflammation followed by chronic inflammation [15, 42]. Furthermore,
Szekanecz et al. [21] demonstrated that CFA inoculation contributed to joints oedema fol-
lowed by swelling of ankle tarsus and dorsal area on day 11 due to the neutrophil infiltration
and synovial lining proliferation, which correlates with the histological findings of the ankle
joints structures in the present study. Interestingly, extensive inflammatory cell infiltration
was detected in the hind paw tissue of CFA 10.0 rats compared to other treatment groups.
These extensive histological changes may be the effect of hyper-responsiveness of activated
macrophages at the affected site, leading to aberrant destructive outcomes [69]. Besides
oedema formation, the cartilage degeneration and substantial infiltration of the inflammatory
exudates into the articular surface also led to pannus formation [70]. These changes, which
were also evident in previous studies, are the probable cause of the prominent histopatholog-
ical changes in the CFA 10.0 group.

Based on the full blood count profile, there was a significant increase in total white blood
cells, especially monocyte, eosinophil and lymphocyte levels in CFA 10.0 group compared to
normal rats, indicating the prominent systematic inflammatory reactions in the arthritic rats.
These results actually confirmed the systemic occurrence of chronic inflammation in this
group, along with the presence of inflammatory cells infiltration at the hind paw and ankle
joints and the chronic inflammatory oedema at the ankle joints in this study. Despite the lack
of changes in RBC counts, the haemoglobin level in all CFA groups significantly declined, indi-
cating the anaemic condition in the polyarthritic rat, resembling the iron deficiency anaemia
in RA patients as previously reported by Mahdi et al. [39] and Paval et al. [71]. The anaemic
condition in the arthritic rat may be attributed to the impaired iron storage in the reticuloen-
dothelial system following arthritic development [72]. Meanwhile, the increased platelet
counts in the CFA groups were dose-dependent, similar to the study by Naz et al. [72]. There-
fore, the increased platelet count in the polyarthritic rat could be a consequence of the immune
system stimulation towards the attenuated M. butyricum antigens in the animal’s body.

Conclusion

In summary, CFA inoculation at 10 mg/mL in the rats’ hind paw was the optimal dose that
closely mimics the nociceptive and inflammatory complications shown in human RA patients.
Since its effects were the most distinct and consistent in terms of pain behaviour and inflam-
matory parameters, this dosage could be the most reliable and convincing in inducing RA in a
rat model. Further investigations, including the presence of rheumatoid factor, C-reactive pro-
tein in the blood, nociceptive and inflammatory markers in several related organs, should be
conducted in future studies to confirm the similarities of this model to RA in humans.
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