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A B S T R A C T

Osteoarthritis (OA) is largely associated with chronic pain, and it is a social and economic problem worldwide. 
OA pain can lead to psychiatric symptom onset, such as anxiety and depression. Emerging evidence suggest 
neuroinflammation as a common denominator between OA pain and mood disorders. OA pain pharmacological 
strategies are often ineffective or cause side effects, therefore, identifying novel non-pharmacological therapeutic 
approaches, like diet and exercise, could be important.

Here, using 8-month-old male C57BL/6 J mice, we evaluated the effect of regular physical exercise on OA pain 
and related comorbidities. OA was induced by monoiodoacetate-(MIA) administration in knee joint in mice that 
had undergone physical exercise-(PE) or a sedentary lifestyle-(SL) for two months. After OA induction, mice 
continued the exercise/not-exercise protocol for another month and subsequently all animals were sacrificed. An 
in-depth biochemical evaluation (RT-qPCR) was performed at the level of the knee joint, sciatic nerve, dorsal root 
ganglia, spinal cord and brain areas (brainstem, hypothalamus and hippocampus) and myenteric plexus to 
evaluate the effect of both OA and exercise on (neuro)inflammation in regions involved in pain and mood 
regulation. Throughout the experimental protocol, pain-like behavior and motor performance were evaluated, 
and before sacrifice, mood alterations and metabolic changes were also assessed.

Our results showed that OA_SL mice exhibit painful symptoms and mood disturbances. These alterations were 
also associated with (neuro)inflammation. PE mitigates pain-like behavior and mood alterations and reduces 
(neuro)inflammation, suggesting that a healthy and active lifestyle may have a positive impact in preventing 
and/or counteracting OA onset and related comorbidities.

1. Introduction

Osteoarthritis (OA) affects millions of people worldwide [1]. OA is 
more prevalent in older people (about 70 % are over the age of 55), even 
if the World Health Organization has stated that its onset is lowering, 
around the fourth decade of life. OA leads to bone changes, deterioration 
of connective tissue, and initial inflammation of the joint lining, which 
triggers a systemic inflammatory condition and chronic pain [2]. Recent 
studies highlight the critical role of synovial inflammation in OA pro
gression and pain development [3–5]. This inflammation causes the 
release of chemokines, cytokines, and proteases, sensitizing primary 
afferent fibers in both the joint and adjacent tissues [4,6–8]. This, in 
turn, determines a central sensitization in the dorsal horns of the spinal 
cord, where neurons heightened responses to stimuli in both nearby and 

distant regions from the joint, expanding the receptive field. These 
changes represent the neuronal basis of primary (at the disease site) and 
secondary (in distant areas from the joint) nociceptive alterations [7]. 
Therefore, OA is a degenerative disease that worsens over time, and 
chronic pain can become severe enough to make patients' daily activities 
difficult. Moreover, anxiety, depression and sleep disturbances are also 
present [9–11], impacting the patient's quality of life and further 
aggravating pain perception, leading to the establishment of a self- 
perpetuating vicious circle [12,13]. The relationship between OA pain 
and mood disorders is reported not only in clinical, but also in some 
preclinical studies, including in OA murine models [14–20]. Chronic 
pain triggers neural changes likely responsible for affective and cogni
tive alterations [21–23], where the common denominator seems to be 
(neuro)inflammation [3,24,25]. Indeed, also in brain areas, increased 
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levels of pro-inflammatory molecules, including cytokines [26–28], may 
participate in maladaptive neural reorganization, contributing to both 
the sensory and affective components of chronic pain [24,29]. Recent 
evidence indicates that OA progression may also be related to the 
establishment of chronic/persistent and low-grade systemic inflamma
tion. This inflammatory condition could trigger generalized metabolic 
stress, which negatively may worsen OA itself and aggravating systemic 
inflammation, lead to the development of other pathologies [30,31]. 
Controlling inflammation may be a winning strategy to modulate both 
OA progression and neuroinflammation onset (thereby controlling pain 
and related mood disorders). Currently, OA treatment includes surgery, 
drug therapy and physical therapy [32]. In recent years, the treatment of 
some diseases by exercise has been receiving more and more attention 
among researchers. Exercise is a cost-effective and efficacious treatment 
[33]. In addition to the noted positive effect of regular physical exercise 
[34], it can also relieve pain [35–38] and could therefore counteract/ 
block the onset of related psychiatric disorders [39,40]. However, the 
underlying mechanisms are not yet fully understood [41]. Although the 
effects of different types of exercise on OA have been widely studied 
through observational clinical studies [33], preclinical studies offering 
the possibility of understanding the molecular processes involved are 
still lacking.

In this study, we investigated the effect of physical exercise on pain, 
mood alterations and (neuro)inflammation in monosodium-iodoacetate 
(MIA)-induced OA model, the most widely used model to evaluate pain 
and possible therapies in rodents [42].

2. Material and methods

In this study, 8-month-old C57BL/6 J male mice (n = 32 - Charles 
River Laboratories, Italy) were used. Animals were housed 2 per cage 
(Macrolon type II cages, equipped with sawdust bedding, nesting and 
environmental enrichment), in standard conditions (i.e. 12 h of light/ 
dark, temperature 22 ± 2 ◦C and humidity 55 ± 10 %) and with food 
and water ad libitum. All mice were acclimated for 2 weeks at the animal 
facility and accustomed to handling (few minutes/day). In addition, 
mice were subjected to periodic veterinary checks, to assess well-being 
and health conditions. In all experiments, ARRIVE guidelines and 3R 
principles were followed. All procedures were conducted in accordance 
with EU Directive 2010/63/EU and approved by the Committee for the 
Care and Use of Animals of the Italian Ministry of Health (authorization 
number 180/2020 to PS).

2.1. Experimental protocol

As reported in the schematic experimental protocol, Fig. 1, after two 
weeks of acclimatization to the animal facility, animals (n = 32) were 
randomized into two experimental groups (from the online source 
Graphpad - Randomly assign subjects to treatment groups). Half of the 
animals (n = 16) remained sedentary (sedentary lifestyle group, SL), 
while the remaining (n = 16) were subjected to active physical exercise 
(physical exercise group, PE). In detail, SL mice were not subjected to 
forced physical activity/exercise; they were only placed in the switched- 
off treadmill and movement within the home cage remained free/stan
dard, without any limitation. Instead, PE animals were subjected to 
group running sessions 3 times a week for 8 weeks on a treadmill (see 
below for details). After this period, at the age of 10–11 months (i.e. 
transition from mature adult to middle age), OA was induced in half of 
the animals in each experimental group by intra-articular administra
tion of monoiodoacetate (MIA, 1 mg in 10 μl saline) in the right knee (n 
= 8 OA_SL group; n = 8 OA_PE group); the other half of the animals in 
each experimental group were treated with vehicle (saline, 10 μl; n = 8 
CTR_SL group; n = 8 CTR_PE group). After OA induction both OA_PE and 
CTR_PE experimental groups continued physical exercise for another 4 
weeks, while SL groups (OA_SL and CTR_SL) remained sedentary. At the 
end of the experimental protocol, i.e. 12 weeks after the start of PE or SL 
and 4 weeks after OA induction (animal aged 11–12 months), all mice 
were sacrificed for biochemical evaluations. Furthermore, before (week 
0) and at 4, 8, 9, 10, 11 and 12 weeks from the beginning of the 
experimental protocol, pain-like behavior (mechanical allodynia and 
thermal hyperalgesia) and motor performance (endurance, balance and 
muscle strength) were assessed in all mice. Additionally, the metabolic 
state and mood-like behavior (i.e., anxiety: open field test-OP, Elevated 
Plus Maze test-EPM and Light/Dark Box test-LDB; depression: Sucrose 
Preference test-SP, Tail Suspension test-TS and Force Swimming test-FS) 
were assessed, before sacrifice, in all mice.

2.2. Physical exercise protocol

Physical exercise (PE) was performed using a treadmill (47,300 - Ugo 
Basile, Italy). Three days before the start of the experimental protocol, 
all animals underwent a daily training session to accustom them to 
future PE sessions. Subsequently, the animals were subjected to PE for 
12 weeks according to the following protocol: speed of the treadmill set 
to 10 m/min, 3 days/week for 20 min/day (corresponding to moderate 
activity in humans) [43–48]. PE on the treadmill was always voluntary 
(without stimulating the animals with shocks or air puffs). In order to 

Fig. 1. Experimental protocol timeline.
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encourage mice to complete the running session, the animals of the same 
experimental group were made to run in groups of 2 on a single running 
lane (each lane measuring w 45 x l 11 x h 15 cm, with transparent 
cover), since in previous experiments (unpublished data), we observed 
that running in a group, compared to running alone, stimulates animals 
to exercise. Additionally, SL mice were placed in the switched-off 
treadmill, for the same time (3 days per week, 20 min/day) as the PE 
animals.

2.3. Induction of osteoarthritis

After 8 weeks of physical activity (PE group) or sedentary lifestyle 
(SL group), mice were injected with a single intra-articular (IA) 
administration into the right knee with 1 mg of MIA (Sigma-Aldrich, 
Italy) in 10 μl of sterile saline (OA_PE group, n = 8; OA_SL group, n = 8) 
or with vehicle (CTR_PE group, n = 8; CTR_SL group, n = 8) under 
general anesthesia [15,16,49]. MIA was injected by expert researchers, 
using great attention to avoid substance leakage from the articular 
capsule, which would cause systemic toxicity with consequent animal 
death.

2.4. Behavioral tests

Before each behavioral test session, all animals were acclimated in 
the new room for 30 min and tests were performed from the least to the 
most impacting for the animal. Between one test and the next, the mice 
were given an adequate amount of time for rest. The tests were per
formed in the light phase, always in the morning, by blind researchers.

2.4.1. Pain-like behavior
For all nociceptive assessments, both ipsilateral (IA injection in the 

respective knee) and the contralateral (without IA injection) paw was 
tested (3 measurements for each paw). No nociceptive alterations were 
observed on the contralateral paw, therefore only the mean value ob
tained from the ipsilateral paw was calculated and used for statistical 
analysis.

2.4.1.1. Von Frey test. To assess mechanical allodynia, a dynamic 
plantar aesthesiometer (Model: 37550 – Ugo Basile, Italy) was used. 
Briefly, mice were accommodated in a single-chamber plexiglass box (w 
85 x l 85 x h 100 mm) placed on a wire mesh. To assess sensitivity to 
mechanical touch (punctate stimulus), the stiff and blunt tip of a von 
Frey filament (Ø 0.5 mm) was applied, with increasing force (up to 10 g 
in 10 s), to the mid-plantar surface of the hind paws. The test ended 
when the cut-off (10 g) was reached or when the animal removed the 
paw. The measurement was recorded in grams (paw withdrawal 
threshold, PWT) [15,16,49].

2.4.1.2. Plantar test. Thermal hyperalgesia was tested using the Har
greaves apparatus (Model 37,570 – Ugo Basile, Italy). Briefly, mice were 
placed in a modular plexiglass enclosure (1 mouse per module, di
mensions of each module in mm: w 96 x l 96 x h 140) positioned over an 
opaque glass plate. A constant thermal stimulus, generated by a focused 
light source (beam Ø 0.5 cm; intensity 20 I.R.), was applied through the 
glass pane to the plantar surface of the hind paw. The test ended when 
the cut-off (22 s) was reached or when the animal removed the paw. The 
measurement was recorded in seconds (paw withdrawal latency, PWL) 
[49].

2.4.2. Locomotion performance

2.4.2.1. Rotarod test. Before the start of the experimental protocol 
(before week 0), all mice were trained on the rotarod apparatus (47,650 
- Ugo Basile, Italy), as previously described [49]. Subsequently, during 
the test days, two protocols were performed:

- Fixed rotation protocol (12 rpm, cut-off 300 s) for endurance 
assessments.

- Acceleration protocol (4–30 rpm in 300 s) for coordination 
assessments.

For both protocols, animals were tested three times with 15-min 
intervals between tests. The test ended when the cut-off (300 s) was 
reached or when the animal fell from the rod. Furthermore, if during the 
test the animal remained on the rod but performed 3 consecutive passive 
rotations, the test was considered terminated [49]. For each animal, the 
results of the three tests for both protocols, expressed in seconds, were 
averaged and used for statistical analysis.

2.4.2.2. Grip strength meter test. It was used to measure the muscle 
strength of the forelimbs, hindlimbs and all four limbs (47,200 - Ugo 
Basile, Italy). Briefly, the grip grid was mounted on a force sensor con
nected to the peak amplifier, which allowed the automatic detection of 
the mice response (detected force range: 0.1–1500 g). The test was 
repeated 3 consecutive times for each animal [49] and the values ob
tained were averaged and used for statistical analyses.

2.4.3. Mood-like behaviors
All depression- and anxiety-behavior tests were recorded and 

analyzed by ANY-maze video tracking software (v 7.1).

2.4.3.1. Anxiety-like behavior

2.4.3.1.1. Open field test – OF. The apparatus (47150-Ugo Basile, Italy) 
was composed of 4 arenas (w 46x l 46 x h 40 cm) made of grey plastic. 
The mouse was placed in the middle of the arena (1 mouse per arena) 
and allowed to roam around freely for 10 min. The total distance trav
elled in the arena (in meters) and both the total time spent (in seconds) 
and the transitions (in number) in the center zone were used for statis
tical analysis [15].

2.4.3.1.2. Light/dark box test – LDB. The apparatus (47,445 – Ugo 
Basile, Italy) consisted of 4 plastic arenas (w 44 × l 44 x h 40 cm). Each 
arena was in turn divided in two chambers communicating through a 
door (5 × 5 cm). One chamber was black and not exposed to light (w 
14.5xl 44x h 40 cm, 1/3 of the box), while another chamber was white 
and exposed to light (w 29x l 44 xh 40 cm, 2/3 of the box). The mouse 
was put in the white chamber and allowed freely move between the two 
chambers for 5 min. The latency (i.e. the time spent in the light chamber 
before first entering the dark room, in seconds), the total time spent in 
the white chamber (in seconds) and the transitions between chambers 
(in number) were used for statistical analysis. Classically, a decrease in 
these parameters reflects anxiety-like behavior [15,50].

2.4.3.1.3. Elevated Plus Maze – EPM. The apparatus consisted of two 
arms without walls (open arms) and two with walls (closed arms) 40 cm 
long each and connected by a central zone. The structure was raised 
from the floor by about 60 cm (40,143 - Ugo Basile, Italy). During the 
test session, the mouse was positioned in the center zone and left free to 
explore the apparatus for 5 min. The total distance travelled (in meters), 
the total time spent in the open arms (in seconds) and the transitions in 
the open arms (in number) were analyzed [16].

2.4.3.2. Depression-like behavior 
2.4.3.2.1. Sucrose preference test – SP. Mice were habituated for 48 h 

to the presence of two bottles filled with tap water (habituation period). 
Subsequently, mice were exposed for 24 h to two bottles, one filled with 
tap water and the other with 2 % sucrose solution (test period). The 
bottles were positioned at 7 a.m. and after approximately 12 h (7 p.m.) 
they were inverted to reduce any confusion produced by lateral bias. Tap 
water or sucrose solution consumption was measured the next morning 
(after 24 h). Both bottles were weighed before and after the test period. 
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For each cage (2 animals for cage), sucrose preference was calculated as 
a percentage of: volume of sucrose intake / (volume of sucrose intake +
volume of water intake) [15,50].

2.4.3.2.2. Tail suspension test – TS. The apparatus consisted of 6 
rectangular, three-walled, grey plastic chambers (l 20 x w 12 × h 55 cm), 
each equipped with a stainless-steel suspension bar (Ø 1 cm) positioned 
on top. Each mouse was attached by the tail to the suspension bar (with 
adhesive tape) in the center of the chamber (1 animal/chamber). The 
distance between the mouse's nose and the floor was about 20 cm. The 
duration of the test was 6 min, during which surrender-to-escape be
haviors (immobility, in seconds) were scored and used for statistical 
analysis [15].

2.4.3.2.3. Forced swim test – FS. 3-l glass beakers (h 27 cm, Ø 14.5 
cm) approximately 2/3 filled with water (23 ± 2 ◦C) were used. The 
animal was gently placed in the water and allowed to swim undisturbed 
for 6 min. After this period, it was removed, dried and returned to its 
home cage. The latency (i.e. the first moment of prolonged immobility 
>10 s) and the total immobility time during both the first 2 min (real
ization time) and the last 4 min (test time) of the test were used for 
statistical analysis [15,50].

2.5. Metabolic evaluations

Analyses were performed using metabolic cages through indirect 
calorimetry (Promethion Metabolic Screening, Sable Systems Interna
tional, USA). The mice, placed one per metabolic cage, were left to ac
climatize for 48 h before acquiring the experimental data, used for 
statistical analysis, for the following 24 h. During the entire session, the 
animals had ad libitum access to food and water. The processing of all 
parameters under study (i.e. food intake, locomotor activity, total en
ergy expenditure and oxygen consumption) were recorded and analyzed 
(web software Indirect Calorimetry Experiments CalR17) [51].

2.6. Tissue sampling

At the end of the experimental protocol, all mice (n = 8/group) were 
sacrificed, and the following tissues were collected: ipsilateral tibialis, 
soleus, quadriceps and gastrocnemius muscles, ipsilateral knee, myen
teric plexus, nervous tissues involved in OA pain transmission, i.e. the 
ipsilateral sciatic nerve, ipsilateral dorsal root ganglia (DRGs, L3-L5) and 
spinal cord (L3-L5) as well as supraspinal areas involved in pain/mood 
pathways, i.e. brainstem, hypothalamus and hippocampus. All tissue 
were immediately frozen in liquid nitrogen and stored at − 80 ◦C until 
further biochemical analysis.

2.7. RT-qPCR

The RNA was extracted using TRIzol™ reagent (Invitrogen, USA) and 
subsequently reverse transcribed to cDNA with LunaScript® RT Super
Mix Kit (BioLabs, UK), according to the respective manufacturers' in
structions. Markers expression levels were analyzed by Real Time PCR 
(RT-qPCR, QuantStudio 5™ - Thermofisher Scientific, USA) using 
Luna® Universal qPCR Master Mix (BioLabs, UK) and TaqMan probes 
(Thermofisher Scientific, USA) specific for the genes under study (i.e. 
interleukin (IL)-1β - Mm00434228_m1; IL-6 -Mm00446190_m1; IL-10 - 
Mm00439616_m1; Tumor Necrosis factor (TNF)-α - Mm00443258_m1, 
Prokineticin (PK)2 - Mm01182450_g1, Cluster of Differentiation (CD)68 
- Mm_03047343, CD11b - Mm00434455_m1, CD86 - Mm00444540_m1, 
CD206 - Mm01329359_m1, Toll-like Receptor (TLR)4 - 
Mm00445274_m1, Glial fibrillary acidic protein (GFAP) - 
Mm01253033_m1, activating transcription factor (ATF)3 - 
Mm00476033_m1, Brain-derived neurotrophic factor (BDNF) - 
Mm04230607_s1, Matrix metalloproteinase (MMP)13 - 
Mm00439491_m1 and Doublecortin (DCX) - Mm00438400_m1), ac
cording to the manufacturers' instructions. Each sample was run in 
triplicates alongside non-template controls (NTC). The mRNA levels of 

the interest genes were normalized to endogenous gene (GAPDH - 
Mm99999915_g1) and expressed as 2 − ΔΔCt relative to the sedentary 
lifestyle control group (CTR_SL).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (v3, San 
Diego, CA). Data were analyzed using Three-way ANOVA for repeated 
measures followed by Tukey's post-test (Fig. 2; variables: time, pathol
ogy (CTR-healthy or OA-disease) and lifestyle (SL or PE)) or Two-Way 
ANOVA repeated measures followed by Tukey's post hoc test (Fig. 1S 
and Figs. 3– 11; variables: pathology (CTR-healthy or OA-disease) and 
lifestyle (SL or PE)). Data represent mean ± SEM of 8 animals/group. 
For all analyses, differences were considered significant at p ≤ 0.05.

3. Results

3.1. Regular physical exercise positively modulates pain and motor 
alterations induced by osteoarthritis

Throughout the experimental protocol we monitored pain-like be
haviors (Fig. 2). We observed that physical exercise did not alter either 
mechanical allodynia (Fig. 2 A) or thermal hyperalgesia (Fig. 2B) in 
healthy animals, since CTR_PE mice showed nociceptive thresholds like 
those of CTR_SL mice. However, although OA induction led to hyper
sensitivity in both pathological groups (OA_SL and OA_PE), OA_PE mice 
showed not only a lower reduction in nociceptive thresholds (OA_SL vs. 
OA_PE: mechanical allodynia, p < 0.05; thermal hyperalgesia, 
<0.0001), but also a significant recovery (9 vs. 12 weeks post-OA: 
OA_PE, p < 0.05 (von Frey test) and p < 0.0001 (plantar test); OA_SL, 
p > 0.05 (von Frey and plantar tests)). Additionally, body weight, lo
comotor performance and grip strength were also evaluated (Supple
mentary Fig. 1). Body weight variations were observed among the 
experimental groups, although none appeared statistically significant 
(Fig. S1A). Regarding motor (Fig. S1 B and C) and strength performance 
(Fig. S1 - D–F), only an increase in strength in the posterior limbs 
(Fig. S1E) and overall (Fig. S1F) between the SL and PE mice, regardless 
of OA induction was observed. Moreover, it can be observed that OA 
induced a reduction in total muscle mass of the ipsilateral limb in SL 
mice (Fig. S2A - vs. CTR_SL, p < 0.0001). In detail, no difference was 
observed in the tibialis and soleus muscles (Fig. S2B and S1C - vs. 
CTR_SL, p > 0.05), whereas both gastrocnemius and quadriceps muscle 
mass decreased (Fig. S2D and S2E - vs. CTR_SL, p < 0.0001 and p < 0.01 
respectively). Physical exercise determined an increase in total muscle 
mass in CTR mice (Fig. S2A – vs. CTR_SL, p < 0.05), attributable to the 
increase in the tibialis and quadriceps muscles (Fig. S2B and S2E - vs. 
CTR_SL, p < 0.05). It is interesting to note that physical activity was able 
to counteract the OA-induced loss of muscle mass in OA_PE mice (vs. 
CTR_PE, p > 0.05).

3.2. Regular physical exercise counteracts the development of mood 
disorders

At the end of the experimental protocol, i.e. after 12 weeks of SL or 
PE and 4 weeks post-OA induction, anxiety- (Fig. 3) and depression- 
(Fig. 4) like behaviors were assessed.

3.2.1. Effect on anxiety like-behavior
Physical exercise in control mice led to an improvement in open 

field-(OF) locomotion activity (Fig. 3A – CTR_PE vs. CTR_SL, p < 0.05) 
and this probably also positively impacted on the other parameters 
evaluated through this test, i.e. the number of transitions and time spent 
in the center zone (Fig. 3B and C, p < 0.01). However, for the other 
anxiety tests (i.e. light/dark box-(LDB) and elevated plus maze-(EPM) 
tests) no difference was observed between CTR groups (Fig. 3D - I, p >
0.05). OA induction promoted an anxiety-like behavior in SL mice 
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Fig. 2. Pain-like behavior. Control animals led either a sedentary lifestyle (CTR_SL, n = 16) or were subjected to physical exercise 3 times a week (CTR_PE, n = 16) 
for 8 weeks (week 0 to week 8). At week 8, osteoarthritis (OA) was induced in half of the animals of each experimental group by intra-articular administration of 
monoiodoacetate (MIA; 1 mg in 10 μl saline, right knee). Pathological animals that were sedentary continued to have the same lifestyle (OA_SL, n = 8), while 
exercised animals continued the activity 3 times/week until the end of the experimental protocol (OA_PE, n = 8). Throughout the study, in all experimental groups 
(A) mechanical allodynia and (B) thermal hyperalgesia were monitored. Data are expressed as mean ± SEM of 8 animals per group. Statistical analysis was performed 
by means of Three-way ANOVA followed by Tukey's post-test. ****p < 0.0001, ***p < 0.001 vs. respective CTR; $$$$p < 0.0001, $$$p < 0.001, $$p < 0.01, $p <
0.05 vs. respective SL group.

Fig. 3. Anxiety-like behavior. At the end of the experimental protocol, i.e. after 12 weeks of sedentary lifestyle (SL) or physical exercise (PE) and 4 weeks post- 
osteoarthritis (OA) induction (MIA, 1 mg in 10 μl saline, right knee), anxiety-like behaviors were assessed through the (A-C) open field test, (D–F) elevated plus 
maze test and (G-I) light/dark box test. In detail, for the open field test (A) the total distance travelled, (B) the number of transitions in center zone and (C) the time 
spent in center zone were evaluated; for the elevated plus maze (D) the total distance travelled, (E) the number of transitions in open arms and (F) the time spent in 
open arms were assessed; and for the light/dark box test (G) the latency, i.e. the first time needed to leave the light area to go into the dark area, (H) the transition 
between white and dark areas and (I) the time spent in white area were analyzed. Data are expressed as mean ± SEM of 8 animals per group. Statistical analysis was 
performed by means of Two-way ANOVA followed by Tukey's post-test. ****p < 0.0001, **p < 0.01, *p < 0.05 vs. respective CTR; $$$$p < 0.0001, $$$p < 0.001, $ 
$p < 0.01, $p < 0.05 vs. respective SL group.
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compared to their CTR, with a significant decrease in the number of 
transitions and in the time spent both in the center zone of the OF 
(Fig. 3B and C; p < 0.01), and in the open arms of EPM tests (Fig. 3E - p <
0.0001 and 3F - p < 0.05). In LDB test, the first latency to move into the 
dark compartment (Fig. 3G – vs. CTR_SL, p < 0.01) as well as the time 
spent in the light area (Fig. 3I - p < 0.01) were significantly decreased in 
OA_SL mice, even if the number of transitions did not appear to be 
altered by pathology (Fig. 3H). Interestingly, in both tests in which it 
was possible to track the total mice locomotion, i.e. OF and EPM (Fig. 3A 
and D, respectively), no significant differences were highlighted be
tween CTR_SL and OA_SL (p > 0.05), indicating that alterations found 
are attributable to anxiety condition and not to OA-induced reduced 
mobility. Conversely, it is interesting to note that no significant differ
ences were detected between CTR_PE and OA_PE mice (Fig. 3A-I, p >
0.05), indicating that physical exercise was able to counteract the 
development of pain-related anxiety typical of OA mice.

3.2.2. Effect on depressive-like behavior
Sedentary animals affected by OA displayed depressive-like 

behavior. OA_SL mice compared to CTR_SL showed a decreased prefer
ence for sucrose solution intake (Fig. 4B, p < 0.0001), a longer immo
bility time in both tail suspension (Fig. 4C, p < 0.0001) and the forced 
swim test (FS) (Fig. 4F, p < 0.0001), as well as an early first arrest time 
(latency) in the latter test (Fig. 4D, p < 0.0001). Again, it should be 
highlighted that the alterations found are likely linked to a depressive- 
like condition onset and not to motor impairments induced by OA, 
since no significant alterations were observed between sedentary CTR 
and OA animals, neither in the total amount of liquids taken in the su
crose preference test (Fig. 4A) nor in the immobility time in the first 2 
min of the FS test (habituation time/awareness of the new environment, 
Fig. 4E). However, it is very interesting to observe that exercise had a 
significantly beneficial impact on pathological animals, because it 
counteracted/prevented the onset of OA pain-related depressive condi
tion (Fig. 4A-F - CTR-PE vs. OA_PE, p > 0.05).

3.3. Effect of regular physical exercise on metabolism in OA

Additionally, at the end of the experimental protocol (following 
mood tests), metabolic evaluations were conducted. Since they involved 
a significant change in environment and sociality for the animals (from 
multiple to single cages), the observation period was 3 days (Fig. 5A, C, 
E and G). To avoid any bias, in the first 48 h animals were allowed to get 
used to the new condition and only the data of the last 24 h of testing 
were used for statistical analyses to evaluate possible differences among 
groups (Fig. 5B, D, F and H). The assessment of locomotor activity 
(Fig. 5B) confirmed previous data: no significant differences were 
observed between CTR and OA mice or between SL and PE animals, both 
in the light phase and, above all, in the night phase, when mice activity 
increased. CTR_SL, CTR_PE and OA_PE groups showed similar food 
consumption, reduced in the light hours and increased in the dark hours 
(Fig. 5C and D). On the contrary, in the OA_SL group there was a sig
nificant reduction in food consumption in the dark hours (Fig. 5D - 
CTR_SL vs. OA_SL, p < 0.01), which is responsible for the lower overall 
daily food intake recorded. We also measured total energy expenditure- 
TEE (Fig. 5E and F) and oxygen consumption (Fig. 5G and H). Physical 
exercise, compared to a sedentary lifestyle, increased TEE in CTR mice 
(Fig. 5F - CTR_SL vs. CTR_PE: all day, p < 0.0001; dark, p < 0.05). 
Interestingly, OA_SL mice also showed a significant increase in TEE 
(CTR_SL vs. OA_SL, p < 0.0001), which was not detected in OA_PE an
imals. Furthermore, while physical exercise did not alter oxygen con
sumption in CTR mice (CTR_SL vs. CTR_PE, p > 0.05), it was 
significantly increased in OA mice compared to their CTRs (Fig. 5H - all 
day: CTR_SL vs. OA_SL, p < 0.0001; CTR_PE vs. OA_PE, p < 0.05), a 
condition that however appeared more significant in OA_SL animals 
than in OA_PE (light: CTR_SL vs. OA_SL, p < 0,0001; CTR_PE vs. OA_PE, 
p > 0.05; dark: CTR_SL vs. OA_SL, p < 0,0001; CTR_PE vs. OA_PE, p >
0.05).

3.4. (neuro)inflammation in OA pain and the effect of regular physical 
exercise

At the end of the in vivo evaluations, animals were sacrificed for 

Fig. 4. Depression-like behavior. At the end of the experimental protocol, i.e. after 12 weeks of sedentary lifestyle (SL) or physical exercise (PE); 4 weeks post- 
osteoarthritis (OA) induction (MIA, 1 mg in 10 μl saline, right knee), the presence of depression-like behaviors was examined. In detail, (A) total fluid intake 
(water +2 % sucrose solution) and (B) sucrose preference were evaluated by sucrose preference test (S = sucrose, W = water); (C) total immobility time was assessed 
by tail suspension test; and through the forced swim test (D) the latency, i.e. the first time to stop swimming for 10 consecutive seconds, and the immobility both (E) 
in the first 2 min and (F) in the last 4 min of the test were detected. Data are expressed as mean ± SEM of 4 cage/group (A-B) or 8 animals per group (C–F). 
Statistical analysis was performed by means of Two-way ANOVA followed by Tukey's post-test. **** p < 0.0001 vs. respective CTR; $$$$p < 0.0001, $$p < 0.01 vs. 
respective SL group.
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Fig. 5. Metabolic evaluations. Data were acquired at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical exercise-PE; 4 weeks 
after osteoarthritis-OA induction) using metabolic cages via indirect calorimetry for 3 consecutive days. Mice were placed one per metabolic cage and metabolic 
parameters, i.e. (A-B) locomotor activity, (C–D) food intake, (E-F) TEE - total energy expenditure and (G-H) oxygen consumption, were recorded. Panels A, C, E and 
G show the total hourly time course, while panels B, D, F and G represent the assessments of the last 24 h. Data are expressed as mean ± SEM of 8 animals per group. 
Statistical analysis was performed by Two-way ANOVA followed by Tukey's post-test. ****p < 0.0001, **p < 0.01, *p < 0.05 vs respective CTR; $$$$p < 0.0001, $ 
$p < 0.01, $p < 0.05 vs. respective SL group.
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tissue sampling and biochemical analyses.

3.4.1. Knee joint
In the right knee (Fig. 6), it is possible to observe that CTR_SL and 

CTR_PE did not show significant differences for any of the analyzed 
markers (Fig. 6A-J). Induction of OA led to significant inflammatory 
condition in SL mice with an increase in all analyzed parameters 
(Fig. 6A-C, E-J - p < 0.001), except for the anti-inflammatory cytokine 
IL-10 (Fig. 6D). Physical exercise in OA animals was able to mitigate this 
local inflammation. A statistically significant difference between OA_SL 
and OA_PE was observed for all the markers analyzed (p < 0.01), except 
for CD68 (Fig. 6F). Moreover, in OA_PE mice, the levels of both pro- 
inflammatory cytokines (Fig. 6A-C) and of the PK2 chemokine 
(Fig. 6E) as well as of markers of macrophage activation (CD68, Fig. 6F) 
and cell damage (ATF3, Fig. 6J) were comparable to CTR_PE mice. In OA 
mice, physical exercise also increased IL-10 levels (Fig. 6D, CTR_PE vs. 
OA_PE, p < 0.0001).

3.4.2. Sciatic nerve
Physical exercise in CTR animals did not modulate the expression 

levels of the analyzed parameters in the sciatic nerve (Fig. 7). In SL mice, 
OA induced a neuroinflammatory condition with a significant increase 
in all analyzed markers (p < 0.001). Physical exercise in OA animals 
positively modulated the neuroinflammatory condition in comparison to 

OA_SL mice. Therefore, the levels of all the markers analyzed in OA_PE 
mice appeared statistically lower than in OA_SL mice (p < 0.01). Addi
tionally, in OA_PE mice, the mRNA levels of IL-1β, TNFα and IL-10 cy
tokines, as well as of TLR4, GFAP and ATF3 markers were comparable to 
CTR_PE animals.

3.4.3. Dorsal root ganglia
In the DRGs (Fig. 8) of CTR_SL and CTR_PE only the marker of anti- 

inflammatory macrophage CD206 was significantly increased in CTR_PE 
(Fig. 8H, p < 0.05). In OA_SL mice, a clear neuroinflammatory state was 
detected, with increased levels of pro-inflammatory cytokines (Fig. 8A- 
C), the chemokine PK2 (Fig. 8E), macrophage markers CD11b and CD86 
(Fig. 8F and G), as well as the satellite glial cell marker GFAP (Fig. 8L). 
mRNA levels of CD206 were downregulated by the pathology (Fig. 8H - 
CTR_SL vs. OA_SL, p < 0.01), whereas the levels of anti-inflammatory 
cytokine IL-10 (Fig. 8D) and the damage marker ATF3 (Fig. 8M) were 
not altered by OA. Physical exercise positively modulated neuro
inflammation in the DRGs, as a significant difference was observed be
tween the pathological SL and PE mice in the levels of TNFα, CD11b, 
CD86, CD206, TLR4, and GFAP (p < 0.05). No significant difference was 
found between OA_SL and OA_PE for the mRNA levels of IL-1β, IL-6, and 
IL-PK2. However, it is worth noting that for the pro-inflammatory cy
tokines, the levels in OA_PE animals were comparable to those of 
CTR_PE animals.

Fig. 6. Knee biochemical evaluations. Tissues were obtained at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical exercise-PE; 
4 weeks after osteoarthritis-OA induction). mRNA levels of the pro-inflammatory cytokines (A) IL-1β, (B) IL-6 and (C) TNFα, (D) the anti-inflammatory cytokine IL- 
10, (E) the chemokine PK2, (F) the macrophage marker CD68, (G) toll-like receptor (TLR)-4, (H) the matrix metalloproteinase (MMP)-13, (I) neurogenesis marker 
(DCX) and (J) the cellular damage marker ATF3 were assessed by means of RT-qPCR. Data were normalized to GAPDH expression and presented as fold-changes over 
CTR_SL mice group. Data are expressed as mean ± SEM of 8 animals per group. Statistical analysis was performed by Two-way ANOVA followed by Tukey's post-test. 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 vs respective CTR; $$$$p < 0.0001, $$$p < 0.001, $$p < 0.01 vs. respective SL group.

G. Amodeo et al.                                                                                                                                                                                                                                Life Sciences 374 (2025) 123710 

8 



3.4.4. Spinal cord
In the spinal cord, the CTR groups showed similar expression levels 

for all the markers analyzed, independent from the exercise (Fig. 9A-M). 
OA led to a neuroinflammatory condition in OA_SL animals, with a 
significant up-regulation of pro-inflammatory cytokines (Fig. 9A-C, p <
0.01), chemokine PK2 (Fig. 9E, p < 0.001), astrocytic marker GFAP 
(Fig. 9L, p < 0.01), as well as cellular damage marker ATF3 (Fig. 9M, p 
< 0.01). Interestingly, even if no microglia activation was detected since 
CD11b and TLR4 mRNA levels were not modulated by OA (Fig. 9F and I - 
CTR_SL vs. OA_SL, p > 0.05), it was clearly evident that an imbalance 
between pro- and anti-inflammatory microglia markers was present 
(Fig. 9G and H). Indeed, a significant increase in the microglia proin
flammatory marker CD86 (Fig. 9G, p < 0.01) was associated with a 
decreasing trend, even if not significant, of the anti-inflammatory 
marker CD206 (Fig. 9H, p = 0.0744). Besides, a significant down
regulation of IL-10 mRNA levels was detected in OA_SL mice (vs. 
CTR_SL, p < 0.05). Exercise counteracted OA-induced neuro
inflammation, as a significant difference was found in OA_PE mice 
compared to OA_SL mice in the levels of pro− /anti-inflammatory cy
tokines, macrophage markers CD86 and CD206, GFAP, and ATF3 (p <
0.05). Furthermore, in OA_PE mice, the mRNA levels of all studied 
markers were comparable to those of CTR_PE animals.

3.4.5. Brain areas
The expression levels of selected markers were also evaluated in 

brain areas involved in pain and mood alterations pathways, i.e. 
brainstem (Fig. 10A-10H), hypothalamus (Fig. 10I-10P) and hippo
campus (Fig. 10Q-10Z). In CTR animals, PE did not modify the expres
sion levels of the analyzed markers compared to SL, except for an up- 
regulation of IL-10 in all brain areas (Fig. 10D, L and T, p < 0.05) and 
an increase in the brainstem BDNF levels (Fig. 10H, p < 0.0001). In 
OA_SL mice, high levels of the pro-inflammatory cytokines IL-1β 
(Fig. 10A, I and Q, p < 0.05) and TNFα (Fig. 10C, K and S, p < 0.01) were 
detected in all supraspinal areas, as well as an upregulation of IL-6 in 
both brainstem and hippocampus (Fig. 10B and R, p < 0.05) and of the 
chemokine PK2 in brainstem and hypothalamus (Fig. 10E and M, p <
0.0001). In the brainstem we observed a significant upregulation of the 
anti-inflammatory cytokine IL-10 (Fig. 10D, p < 0.01), while a signifi
cant downregulation was detected in the hypothalamus (Fig. 10L, p <
0.05). Only in the brainstem the mRNA levels of microglia activation 
marker CD11b were overexpressed (Fig. 10F, p < 0.0001), while in the 
other brain areas CD11b was not modulated by the pathology (Fig. 10N 
and V, p > 0.05). Moreover, astrocytic activation (GFAP) was observed 
in the brainstem and hippocampus (Fig. 10G and W, p < 0.05). The 
expression levels of BDNF were significantly downregulated only in the 

Fig. 7. Sciatic nerve biochemical evaluations. Tissues were obtained at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical 
exercise-PE; 4 weeks after osteoarthritis-OA induction). mRNA levels of the pro-inflammatory cytokines (A) IL-1β, (B) IL-6 and (C) TNFα, (D) the anti-inflammatory 
cytokine IL-10, (E) the chemokine PK2, (F) the macrophage marker CD11b, (G) TLR4, (H) the Schwann cell marker GFAP and the (I) cellular damage marker ATF3 
were assessed by means of RT-qPCR. Data were normalized to GAPDH expression and presented as fold-changes over CTR_SL mice group. Data are expressed as mean 
± SEM of 8 animals per group. Statistical analysis was performed by Two-way ANOVA followed by Tukey's post-test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05 vs respective CTR; $$$$p < 0.0001, $$p < 0.01 vs. respective SL group.
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brainstem (Fig. 10H, p < 0.05), although a trend of reduction, although 
not statistically significant, was observed also in the hippocampus 
(Fig. 10Z, p = 0.0595). Therefore, all these alterations in OA_SL mice 
outline a clear neuroinflammatory condition also in brain areas, which 
was not present in OA_PE animals. Physical exercise in OA mice signif
icantly counteracted supraspinal neuroinflammation. Only a reduction 
in BDNF mRNA levels in the brainstem (Fig. 10H, p < 0.0001) and in IL- 
10 in the hippocampus (Fig. 10L, p < 0.05) was detected. However, both 
BDNF and IL-10 levels appeared significantly higher than in OA_SL mice 
(p < 0.0001 and p < 0.01, respectively).

3.4.6. Myenteric plexus
Finally, to begin investigating whether also the intestinal alterations 

that may affect OA patients could be traced back to a neuroinflammatory 
condition, the myenteric plexus was analyzed. Sedentary OA mice were 
characterized by a relevant neuroinflammatory state. The levels of all 
pro-inflammatory cytokines were upregulated by the pathology 
(Fig. 11A-11C, p < 0.05), as well as those of the chemokine PK2 
(Fig. 11E, p < 0.001), while the mRNA expression of the anti- 
inflammatory cytokine IL-10 appeared downregulated (Fig. 11 D, p <
0.01). It is interesting to note that although the expression levels of 
macrophage marker CD11b were not significantly modulated by the 
pathology (Fig. 11F), going into more detail and observing cell pheno
type, it appears that pro-inflammatory macrophages were abundant 
(CD86 – Fig. 11G, p < 0.0001) while the anti-inflammatory macrophage 
marker was decreased (CD206 – Fig. 11H, p < 0.05) in OA_SL mice. 

Fig. 8. Dorsal root ganglia biochemical evaluations. Tissues were obtained at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical 
exercise-PE; 4 weeks after osteoarthritis-OA induction). mRNA levels of the pro-inflammatory cytokines (A) IL-1β, (B) IL-6 and (C) TNFα, (D) the anti-inflammatory 
cytokine IL-10, (E) the chemokine PK2, (F–H) the macrophage markers CD11b, CD86, CD206, (I) TLR4, (L) satellite cell marker GFAP and (M) the cellular damage 
marker ATF3 were assessed by means of RT-qPCR. Data were normalized to GAPDH expression and presented as fold-changes over the levels of CTR_SL mice group. 
Data are expressed as mean ± SEM of 8 animals per group. Statistical analysis was performed by Two-way ANOVA followed by Tukey's post-test. ****p < 0.0001, 
**p < 0.01, *p < 0.05 vs respective CTR; $$$$p < 0.0001, $$$p < 0.001, $$p < 0.01, $p < 0.05 vs. respective SL group.
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Furthermore, in OA_SL animals a significant increase in both TLR4 
(Fig. 11I, vs. CTR_SL p < 0.05) and the enteric glia marker GFAP, was 
present (Fig. 11L, vs. CTR_SL p < 0.0001). Physical exercise in CTR 
animals did not significantly alter the expression levels of the studied 
markers, except for the upregulation of GFAP (Fig. 11L, vs. CTR_SL p <
0.0001). In OA animals, PE had a beneficial effect, as a significant dif
ference between OA_SL and OA_PE was observed in the mRNA levels of 
pro-inflammatory cytokines (Fig. 11A and B), chemokine (Fig. 11E), all 
glial markers (Fig. 11F-11H and 11L), as well as TLR4 (Fig. 11I). Indeed, 
only the levels of the pro-inflammatory cytokine IL-6 were still up- 
regulated by the pathology (Fig. 11B, vs. CTR_PE, p < 0.05).

4. Discussion

Osteoarthritis (OA) is a chronic degenerative joint disease with a 
worldwide prevalence and with an increasingly higher rate of onset at 
younger age (around 4th life decade). In addition to experiencing motor 
disability, OA patients report chronic pain as a classic and highly 
debilitating symptom. Furthermore, these patients often report the 
presence of mood disorders, such as anxiety and depression [9–11], 
which can further aggravate pain perception, significantly affecting 
patient's quality of life. Low-grade systemic inflammation plays a key 
role in OA onset and propagation and a consequent development of a 
neuroinflammatory condition would drive the painful symptomatology 
and its comorbidities, like psychiatric disorders [14]. Moreover, 

Fig. 9. Spinal cord biochemical evaluations. Tissues were obtained at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical 
exercise-PE; 4 weeks after osteoarthritis-OA induction). mRNA levels of the pro-inflammatory cytokines (A) IL-1β, (B) IL-6 and (C) TNFα, (D) the anti-inflammatory 
cytokine IL-10, (E) the chemokine PK2, (F–H) the macrophage markers CD11b, CD86, CD206, (I) TLR4, (L) the astrocytic cell marker GFAP and (M) the cellular 
damage marker ATF3 were assessed by RT-qPCR. Data were normalized to GAPDH expression and presented as fold-changes over the levels of CTR_SL mice group. 
Data are expressed as mean ± SEM of 8 animals per group. Statistical analysis was performed by Two-way ANOVA followed by Tukey's post-test. ***p < 0.001, **p 
< 0.01, *p < 0.05 vs respective CTR; $$$$p < 0.0001, $$$p < 0.001, $$p < 0.01, $p < 0.05 vs. respective SL group.
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pharmacological strategies for OA pain management are ineffective and 
are often associated with serious side effects, in addition to being unable 
to simultaneously control nociceptive and affective manifestations. 
Therefore, OA pain treatment remains an unmet clinical need. Recently, 
therefore, there has been a growing interest in understanding alternative 
and/or complementary treatments. Among these, a healthy lifestyle is at 
the forefront. In particular, recent evidence in clinical and preclinical 
research show that physical activity reduces pain [45,52], neuro
inflammation [53–55], mood alterations [56,57] and even intestinal 
disturbances [58–60]. However, no study has been conducted to 
investigate the relationship among all these factors. For these reasons, 
here, we tested whether regular physical activity was able to prevent 
and/or counteract OA-induced pain and neuroinflammation and, 
therefore, put a brake on to the entire inflammatory cycle, also modu
lating psychiatric comorbidities. In this regard, we decided to consider a 
particularly sensitive age window in mice, corresponding to approxi
mately 35–45-year-old in humans. Before OA induction, some mice were 
subjected to a regular physical exercise protocol for 2 months, to test 
whether maintaining a healthy lifestyle could counteract OA and pre
vent the development of its comorbidities with respect to animals with a 
sedentary lifestyle. As expected, MIA-induced OA caused significant 
nociceptive alterations associated with a modest reduction in motor 
performance [15,16,49]. For the first time in a MIA model, we also 

performed in vivo metabolic analyses. We observed that OA_SL mice 
showed a lower food consumption associated with higher energy 
expenditure. Pathological conditions, like chronic pain, can determine a 
variation in the basal metabolism in both patients and animal models, 
which commonly leads to a greater energy expenditure with conse
quences that further aggravate the clinical overall condition [61–63]. In 
addition, OA_SL animals were also characterized by a higher oxygen 
consumption during breathing at rest which could be related to a con
dition of hyperventilation, which in subjects with chronic pain is well 
documented [64–66]. Our data clearly show that physical exercise was 
able to reduce OA-induced pain and pain-related metabolic alterations. 
Indeed, exercised OA animals showed food consumption, energy 
expenditure and oxygen consumption similar to CTRs. Lifestyle is 
therefore a key element for controlling pain and we confirm that 
modifying physical inactivity through regular exercise was an effective 
approach to counteract OA pain and other OA comorbidities [67–70].

However, the metabolic assessments we conducted were limited to a 
relatively short observation period (3 days). Considering the interesting 
data obtained, long-term or multiple time-point metabolic assessments 
could provide a more comprehensive understanding of the effects of 
exercise on energy expenditure and metabolic profiles in OA mice over 
time. This opens a field of investigation that should be addressed in 
future studies. It should be emphasized, however, that with our 

Fig. 10. Brain area biochemical evaluations. Tissues were obtained at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical 
exercise-PE; 4 weeks after osteoarthritis-OA induction). In (A-H) brainstem, (I–P) hypothalamus and (Q-Z) hippocampus the mRNA level of pro-inflammatory 
cytokines (A, I, Q) IL-1β, (B, J, R) IL-6 and (C, K, S) TNFα, (D, L, T) the anti-inflammatory cytokine IL-10, (E, M, U) the chemokine PK2, (F, N, V) the micro
glia marker CD11b, (G, O, W) the astrocytic marker GFAP and (H, P, Z) BDNF were assessed by means of RT-qPCR. Data were normalized to GAPDH expression and 
presented as fold-changes over the levels of CTR_SL mice group. Data are expressed as mean ± SEM of 8 animals per group. Statistical analysis was performed by 
Two-way ANOVA followed by Tukey's post-test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 vs respective CTR; $$$$p < 0.0001, $$$p < 0.001, $$p < 0.01, 
$p < 0.05 vs. respective SL group.
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experimental protocol, it is not possible to delineate whether the posi
tive effects induced by physical exercise are preventive or therapeutic. 
Further studies should be conducted to distinguish between them. 
However, it is known from the literature that physical exercise in the 
context of pathological pain, both when implemented as a preventive 
and therapeutic strategy in murine models, is always effective in posi
tively modulating the pathological symptoms [71–73]. Additionally, it is 
interesting to note that in patients with OA knee the leg muscles are 
compromised with a reduction in functionality and strength [74,75]. 
Our data demonstrated that a significant reduction in leg muscle mass 
with particular involvement of gastrocnemius and quadriceps muscles in 
OA and physical exercise was effective not only in reducing pain and 
improving motor function but also in significantly counteracting muscle 

wasting. However, in this study we limited ourselves to evaluating the 
weight of leg muscles, without analyzing the composition changes or 
molecular alterations. Thus, more detailed studies should be conducted. 
Furthermore, detailed analyses have been performed both at the knee 
joint level and at important stations in pain transmission. In the OA knee 
a significant inflammatory condition has been detected, with high levels 
of pro-inflammatory cytokines and chemokines associated with a sig
nificant macrophage infiltration. Our data indicate that the levels of 
MMP13 and ATF3, a key enzyme in cartilage degenerative processes and 
a cellular damage marker, respectively, are particularly high during OA 
and this up-regulation is also associated with an overexpression of the 
neurogenesis marker DCX. This confirms that during OA there is a 
continuous process of degradation and repair that leads to both new 

Fig. 11. Myenteric plexus biochemical evaluations. Tissues were obtained at the end of the experimental protocol (i.e. after 12 weeks of sedentary life-SL or physical 
exercise-PE; 4 weeks after osteoarthritis-OA induction). mRNA levels of the pro-inflammatory cytokines (A) IL-1β, (B) IL-6 and (C) TNFα, (D) the anti-inflammatory 
cytokine IL-10, (E) the chemokine PK2, (F–H) the macrophage markers CD11b, CD86, CD206 (I) TLR4, (L) the enteric glia marker GFAP and (M) the cellular damage 
marker ATF3 were assessed by means of RT-qPCR. Data were normalized to GAPDH and presented as fold-changes over the levels of CTR_SL mice group. Data are 
expressed as mean ± SEM of 8 animals per group. Statistical analysis was performed by Two-way ANOVA followed by Tukey's post-test. ****p < 0.0001, ***p <
0.001, **p < 0.01, *p < 0.05 vs respective CTR; $$$$p < 0.0001, $$p < 0.01, $p < 0.05 vs. respective SL group.
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vessel formation and nerve sprouting [76]. Consistent physical exercise, 
before and after OA induction, was able to effectively counteract local 
inflammation and joint damage. Our data are also supported by other 
recent studies in animal OA models, where therapeutic exercise effec
tively: i. increased muscle cross-sectional area; ii. inhibited osteocyte 
death and B-type synovial cell dysfunction; iii. alleviated cartilage 
degeneration and subchondral bone remodeling, thus reprogramming 
the cartilage-subchondral unit, stabilizing the bone structure, and iv. 
reduced the levels of caspase-3, MMP-13 and MMP-2, as well as regu
lated JNK/NF-ΚB signaling, resulting in a decrease in IL-1β, IL-6 and 
TNF-α expression levels and counteracting inflammation [38,77–83]. 
Furthermore, a recent experimental study indicated that early inter
vention by physical exercise, i.e. in the very early stages of cartilage 
damage, provides better effects than late intervention when post- trau
matic OA is already under onset [84]. Both in the peripheral (i.e. sciatic 
nerve and DRGs) and central (i.e. spinal cord) nervous system, our data 
confirm what has already been observed in other studies [14]. Indeed, 
OA induced a neuroinflammatory condition in all nervous tissues, which 
moves from the periphery to the center. In sciatic nerve, significant 
cellular damage is observed associated with significant up-regulation of 
pro-inflammatory cytokines and of the chemokine PK2, as well as the 
anti-inflammatory cytokine IL-10. The increase in the latter could 
depend on a physiological mechanism of the organism to modulate 
neuroinflammation, that tries to rebalance the pro− /anti-inflammatory 
cytokine levels. Furthermore, it is possible to observe that there is a high 
recall of macrophages demonstrated by the increase in CD11b and TLR4, 
as well as a clear activation of Schwann cells characterized by higher 
GFAP expression.

In DRGs of OA_SL mice, the pro-inflammatory cytokines and PK2 
levels were up-regulated along with both satellite cell and resident and/ 
or recruited macrophage activation. Additionally, in DRGs, we further 
dissected macrophage phenotype, and we observed a significant over
expression of a pro-inflammatory marker (CD68) associated with a 
decrease in an anti-inflammatory marker (CD206). Recent evidence 
suggests a direct cross-talk between the joint and the spinal cord [76]. In 
this regard, a significant neuroinflammatory condition was present in 
the spinal cord of OA_SL mice. We observed not only an upregulation of 
mRNA levels of pro-inflammatory cytokines and PK2, but also signifi
cant cellular damage associated with astrogliosis. Furthermore, it is 
interesting to observe that microglia was shifted to a pro-inflammatory 
profile. Recent studies suggest that in addition to cytokines, chemokines 
are also reported as potential critical players [85]. Indeed, chemokines 
were consistently increased in several pain murine animal models 
[86,87] and among them we recently demonstrated that PK2 could play 
a key role in the onset and maintenance of neuroinflammation and OA 
pain [16]. In our experimental setting, we observed an extremely posi
tive effect of physical exercise that was able to abolish neuro
inflammation in all the peripheral and central nervous system areas that 
were evaluated. Additionally, our results indicate that apart from pain 
symptoms and neuroinflammation OA_SL mice also display anxiety- and 
depression-like behaviors. Previously published studies, including data 
from our group, have already shown that when persistent pain is pre
sent, including OA pain, alterations, including neuroinflammation, in 
several brain areas may be involved in affective and emotional responses 
[14–20,88–91]. Our present data show a neuroinflammatory condition 
at the level of the brainstem, hippocampus and hypothalamus in OA_SL 
mice. Although it has been demonstrated that an association between 
neuroinflammation and mood alterations, a causal relationship cannot 
yet be established [92–94]. Therefore, further studies will be necessary 
to confirm whether neuroinflammation determines the mood alterations 
observed in OA_SL animals. However, physical exercise was able to 
significantly ameliorate mood alterations and supraspinal neuro
inflammation in OA mice, confirming that the positive effects of physical 
exercise on health also extend to brain areas. Several preclinical and 
clinical studies demonstrated that physical exercise has a beneficial 
repercussion on both young and old people's mood and in both healthy 

subjects and patients [39,40,95–99]. Physical activity increases the 
neuronal release of serotonin and dopamine [100,101] and enhances 
neurogenesis, as well as increases the expression of growth and neuro
trophic factors, such as BDNF, VEGF, and GDNF [102,103]. Among the 
supraspinal areas that we evaluated, a central role is played by the 
brainstem, which is not only highly involved in nociception and pain 
processing [104] but also contains nuclei that directly project to the 
intestine and control gut function based on information coming from the 
cortex and the subcortical center [105]. Alterations at the brainstem 
level could therefore also have repercussions at the intestinal level, 
determining gut neuroinflammation onset. Emerging evidence suggests 
a close connection between the maintenance of OA inflammatory state 
and gastrointestinal alterations. In OA_SL mice, we observed consoli
dated intestinal neuroinflammation. The current understanding of gut 
alterations in OA patients is still unclear, but neuroinflammation may 
play an important role [106]. Interestingly, we demonstrated that 
physical exercise in OA animals was able to block gut neuro
inflammation. Therefore, it is tempting to hypothesize that by neutral
izing gut neuroinflammation, recurrent gastrointestinal problems in OA 
patients could also be counteracted.

In conclusion, our data show that in the presence of OA, there is a 
simultaneous development of pain, mood disorders, and neuro
inflammation. Anyhow, we demonstrated that regular physical activity 
alone, before and during a pathological context, without any concomi
tant pharmacological support, was able to successfully modulate neu
roinflammation, pain and mood alterations. Healthy lifestyle and active 
movement could be a winning strategy to mitigate both OA appearance 
and the sequelae that accompany this pathology.
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[17] G. Batallé, X. Bai, E. Pouso-Vázquez, G. Roch, L. Rodríguez, O. Pol, The recovery 
of cognitive and affective deficiencies linked with chronic osteoarthritis pain and 
implicated pathways by slow-releasing hydrogen sulfide treatment, Antioxidants 
(Basel). 10 (10) (2021) 1632, https://doi.org/10.3390/antiox10101632.
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