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Abstract

Objective. Obesity and associated low-level local systemic inflammation have been linked to an increased rate of developing
knee osteoarthritis (OA). Aerobic exercise has been shown to protect the knee from obesity-induced joint damage.
The aims of this study were to determine (I) if resistance training provides beneficial metabolic effects similar to those
previously observed with aerobic training in rats consuming a high-fat/high-sucrose (HFS) diet and (2) if these metabolic
effects mitigate knee OA in a diet-induced obesity model in rats. Design. Twelve-week-old Sprague-Dawley rats were
randomized into 4 groups: (1) a group fed an HFS diet subjected to aerobic exercise (HFS+Aer), (2) a group fed an HFS
diet subjected to resistance exercise (HFS+Res), (3) a group fed an HFS diet with no exercise (HFS+Sed), and (4) a
chow-fed sedentary control group (Chow+Sed). HFS+Sed animals were heavier and had greater body fat, higher levels
of triglycerides and total cholesterol, and more joint damage than Chow+Sed animals. Results. The HFS+Res group had
higher body mass and body fat than Chow+Sed animals and higher OA scores than animals from the HFS+Aer group.
Severe bone lesions were observed in the HFS+Sed and Chow+Sed animals at age 24 weeks, but not in the HFS+Res and
HFS+Aer group animals. Conclosion. In summary, aerobic training provided better protection against knee joint OA than
resistance training in this rat model of HFS-diet-induced obesity. Exposing rats to exercise, either aerobic or resistance
training, had a protective effect against the severe bone lesions observed in the nonexercised rats.
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rats to an HFS diet for 12 weeks increased body fat, blood
lipid levels, systemic inflammation, and knee joint dam-
age,'® and similar findings have been reported by other
groups in different rat strains and species.'*!2

Exercise is an effective method to control obesity and
related comorbidities by reducing body fat, sytemic inflam-
mation,'? and chronic inflammation and improving blood
circulation.'* Specifically, aerobic and resistance exercise
have been recommended as effective nonpharmacological
treatments for cardiovascular and metabolic diseases,> and
diet and exercise interventions have been effective in reduc-
ing weight and interleukin-6 levels in humans, but the
detailed mechanisms linking obesity and metabolic syn-
drome with knee OA remain unclear.'® Few studies have
been aimed at investigating the effects of different types of
exercise on knee joint damage associated with obesity in
metabolic OA. It has been reported that muscle strengthen-
ing and aerobic exercise improve pain and disability associ-
ated with everyday movements, such as walking and stair
climbing in patients with knee OA.'7" For example, de
Almeida et al.?*?! reported that the combination of aerobic
and resistance exercise (circuit periodized) reduced pain, fat
mass, and lipid profiles in patients with knee OA. Recently,
Rios et al.® reported that prebiotic fiber supplementation,
aerobic exercise, and the combination of exercise and fiber
supplementation interventions prevented knee OA in
Sprague-Dawley rats and resulted in decreased levels of
systematic inflammation, decreased body mass and body
fat percentage, reductions in leptin levels in serum and
synovial fluid, and promotion of gut health through a
diverse microbiome. Furthermore, Collins et al.?> suggested
that predominantly slow-twitch-fibred muscles with an
inherent high capacity for aerobic metabolism, in contrast
to fast-twitch-fibred muscles, are largely protected from
degeneration associated with diet-induced obesity. Skeletal
muscles are known to be effective endocrine organs produc-
ing and releasing myokines in response to exercise which,
in turn, influence metabolism in other tissues and organs.?

Resistance exercise intervention for 12 weeks has also
been shown to be effective in reducing weight and body fat
in obese women.?* Others reported an increase in muscular
strength and physical performance with resistance exercise
training in sarcopenic patients with obesity.?>?* However,
evidence of the effects of systematic resistance training on
histologically quantified knee OA is not available. In view of
the clinical importance of resistance/strength training in
musculoskeletal health and rehabilitation®” and current suc-
cesses with nonpharmacological exercise intervention,?® it is
important to determine the potential benefits of resistance
exercise in a well-controlled manner using preclinical mod-
els to explore the possible mechanistic pathways associated
with resistance training in preserving musculoskeletal health
and protecting against diet-induced metabolic knee OA.

Therefore, the purpose of this study was to determine if
a 12-week resistance exercise training program exhibits
similar beneficial metabolic effects and prevents knee joint
damage as observed for an aerobic training intervention in
an established rat model of diet-induced metabolic/obesity
knee OA.%%192° We hypothesized that the resistance exer-
cise program is as effective in preventing knee joint damage
as the aerobic exercise program in rats fed an HFS diet.

Methods

Animals and Diets

Twelve-week-old male Sprague-Dawley rats purchased
from the University of Calgary Life and Environmental
Sciences Animal Resource Center (LESARC) were fed
either an HFS diet (20% of total weight as fat, 50%
sucrose, 20% protein, and 10% fiber and micronutrients;
custom Diet #102412, Dyets, Inc., Bethlehem, PA) or a
chow diet (5% of total weight as fat, 47.5% carbohydrates
[only 4% from sucrose], 25% protein fiber and micronutri-
ents, and 10% moisture; Lab Diet 5001, St.Louis, Missouri,
United States). Rats were divided into 4 groups: (1) a
group fed an HFS diet and exposed to aerobic exercise
(HFS+Aer, n = 12), (2) a group fed an HFS diet and
exposed to resistance exercise training (HFS+Res, n = 7),
(3) a group fed an HFS diet with no exercise intervention/
sedentary (HFS+Sed, n = 12), and (4) a group fed the
chow/control diet with no exercise intervention/sedentary
(Chow+Sed, n = 8). To assess the degree of knee OA, the
following comparisons were made: (1) To test if exercise,
independent of its type, had a beneficial effect on knee
OA, the knee OA scores of the exercised animals
(HFS+ Aer and HFS+Res) were combined (EXE, n = 19)
and compared to those of nonexercised rats (HFS+Sed
and Chow+Sed). (2) In order to identify if one exercise
modality was more effective than the other in preventing
obesity-induced metabolic knee OA, the knee OA scores
of the HFS+Res group rats were compared to those of the
HFS+ Aer group rats. (3) To test if exercise had a benefi-
cial effect on knee OA independent of the diet, sedentary
group animals (HFS+Sed and Chow+Sed) were com-
pared as a combined sedentary group (SED, n = 20) to the
exercise group rats (EXE, n = 19).

All rats started the HFS diet and the exercise interven-
tions at 12 weeks of age, and all interventions lasted for 12
weeks. Animals were housed at 21 °C on a 12:12 light-dark
cycle and had access to diet and water ad libitum. All proto-
cols were approved by the University of Calgary Life and
Environmental Sciences Animal Care Committee. All
methods were conducted following the Guide for the Care
and Use of Laboratory Animals at the University of Calgary.
This study is reported in accordance with the ARRIVE
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(Animal Research: Reporting of /n Vivo Experiments)
guidelines.

Exercise Protocols

Aerobic Exercise

The aerobic exercise intervention consisted of progressive
treadmill training for 30 minutes each, 5 days per week,
reaching speeds of 25 m/min. Exercise intensity and dura-
tion were progressively increased over the first 4 weeks and
then maintained at 25 m/min for 30 minutes a day for the
last 8 weeks. This exercise protocol meets the minimal
physical activity guidelines recommended for humans*® and
has been used previously and shown to be safe for this rat
model.*!

Resistance Exercise

The resistance exercise consisted of a progressive ladder-
climbing exercise program performed 3 days per week.*>33
Rats were trained to climb a 1-m almost-vertical (80°
incline from horizontal) ladder with a weight attached at the
base of their tails. Each day of training consisted of the first
climb carried out with a load of 50% of body mass, the sec-
ond climb with 75%, the third climb with 90%, and the
fourth climb with 100%, after which 30 g was added to each
subsequent climb until failure to complete the ladder climb.
After each successful ladder climb, rats were given a 2-min-
ute rest. This procedure was repeated until the rats were
unable to complete the ladder climb, and the load for the
last successful ladder climb was designated as the maxi-
mum load. Animals started with an average load of 540 g
and ended up with 1,200 g by week 12. Rats using this pro-
tocol completed, on average, 5 (range 4-11) climbs per day.
The only stimulation necessary to encourage the rats to
climb was an occasional hand prod to the base of the tail.*>34
The rats’ ability to climb the ladder with additional weights
was continuously monitored by the greatest load carried
each week during training. This exercise protocol was
developed to simulate human progressive resistance
training.*

Body Composition

At the end of the 12-week intervention period, body compo-
sition was measured using dual-energy x-ray absorptiome-
try (GE Medical Systems Lunar, Madison, WI), with a
software program for small animals.

Knee Joint Histology

At the end of the experimental period (12 weeks), rats were
anesthetized using 5% isoflurane, then euthanized by

severing the aorta and vena cava. Knee joints were harvested,
the excess muscle was removed, and joints were fixed in a
10% neutral buffered formalin solution for 2-4 weeks. Knee
joints were then decalcified in Cal-x-1I (Fisher Scientific,
Ottawa, Ontario, Canada) at room temperature for 4 weeks,
with daily changes in the first 2 weeks, then changes every 2
days. The endpoint of decalcification was determined by
chemical testing using a 5% ammonium oxalate solution.
The joints were then dehydrated in a graded series of alcohol,
cleared in xylene, and infiltrated with paraffin using a Leica
TP1020 automated processor (Leica Biosystems, Nussloch,
Germany). Knee Joints were then embedded in a mix of
Paraffin Plus and Paraffin Xtra wax (Fisher Scientific). Serial
sagittal sections of 10 pm were obtained and mounted on
Superfrost Plus slides (Fisherbrand, Canada). Slides were
stained with hematoxylin, fast green, and safranin-O using
Leica Autostainer XL (Leica Biosystems, Nussloch,
Germany). Sections were scored using a modified Mankin
score for cartilage (0-14) and a modified (0-22) Osteoarthritis
Research Society International histological bone score.’
Scores for synovium thickening (0-4) and meniscus damage
(0-3) were added. The total score for each knee was obtained
by summing the scores from the tibia and femur in the medial
and lateral compartments, respectively. Scores for synovium
and menisci were also added to make up the total score. Knee
joints from all groups were scored by 2 independent and
blinded assessors.

Blood Lipid Profile

Following 16 hours of food deprivation, immediately before
sacrifice, cardiac blood samples were collected. Serum
samples were analyzed for lipid profile (total cholesterol,
high-density lipoprotein [HDL] cholesterol, and triglycer-
ides) using a colorimetric assay (Calgary Lab Service,
Calgary, AB, Canada).

Statistical Analysis

Mann-Whitney U tests and Kruskal-Wallis with Bonferroni
correction were used to compare knee joint scores, body
composition, and serum lipid profiles across experimental
groups. Comparisons were made using IBM SPSS statistic
V26 (IBM SPSS, Armonk, NY). Significance was accepted
for P < 0.05, 2-tailed test.

Results

Body Composition and Body Mass

At the end of the experimental period, animals in the
HFS+Res and HFS+Sed groups were heavier and had a
higher percentage of body fat than the Chow+Sed group
rats (P = 0.001 and P = 0.0001, respectively) (Table 1).
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Table |. Body Mass, Body Fat Mass, and Lean Body Mass.

Body Mass (g)  Body Fat (g)  Body Lean (g)

Chow+Sed 564 = 47 107 = 25 468 = 30
HFS+Sed 719 = 39° 203 = 60? 499 = 59
HFS+Aer 671 = 67 177 = 53 493 = 32
HFS+Res 759 = 92° 236 = 75° 523 = 100

Data displayed are means = SD of Chow+Sed, HFS+Sed, HFS+Aer,
and HFS+Res animals.

HFS = high fat/high sucrose; Chow+Sed = chow diet with no exercise;
HFS+Sed = HFS diet with no exercise; HFS+Aer = fed an HFS diet
and subjected to aerobic exercise; HFS+Res = fed an HFS diet and
subjected to resistance exercise.

2A significant difference compared to Chow+Sed animals at P < 0.05.

There was no difference in lean body mass between the four
experimental groups (P > 0.05).

Knee Joint Damage

We first compared the knee damage between HFS+Sed
rats, Chow+ Sed rats, and the EXE group (HFS+Res and
HFS+Aer, n = 19) to investigate the effect of exercise
regardless of its type on joint degeneration. Four rats were
excluded from the Chow+Sed group (n = 4) and 2 rats
from the HFS+ Sed group (n = 10) because they had severe
bone lesions that have been reported previously to develop
in Sprague-Dawley rats with aging.®® Interestingly, these
bone lesions were not observed in any of the EXE group
animals (see the following paragraph).

OA scores were significantly greater in the HFS+Sed
group rats (median = 33, range = 47) than in the Chow + Sed
rats (median = 13, range = 29) (P = 0.05). There was no
difference in knee OA scores between the HFS+Sed and
the Chow+Sed animals compared to the EXE group ani-
mals, indicating that the knee OA score of the EXE group
animals was in between those of the HFS+Sed and the
Chow+Sed group animals (Fig. 1).

The HFS+Res group animals had significantly higher
knee joint scores than the Chow + Sed group animals (P =
0.03). No difference in joint scores was found between
HFS+ Aer and Chow+Sed groups. This suggests that the
aerobic training was more effective than the resistance
training in mitigating knee joint degeneration.

HFS+Res group rats had significantly higher knee joint
OA scores (median = 30, range = 20) than the HFS+ Aer
group rats (median = 19, range = 27; P = 0.028; Fig. 2).

Rats exposed to the HFS diet and exercise (either aerobic
or resistance; EXE) had significantly less knee joint degen-
eration (median = 22, range = 50) than sedentary group
animals exposed to the HFS or the chow diet when includ-
ing the age-related severe bone lesions that were observed
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Figure |. Knee joint damage represented by total knee joint
OA score. Data presented as box plots showing the median and
interquartile ranges and the individual values for rats fed the
chow diet (Chow+Sed), animals fed the HFS diet (HFS+Sed),
and animals fed the HFS diet and subjected to aerobic and
resistance exercise (EXE). OA = osteoarthritis; HFS = high
fat/high sucrose; Chow+Sed = chow diet with no exercise;
HFS+Sed = HFS diet with no exercise intervention.

?A significant difference compared to Chow+Sed at P < 0.05.
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Figure 2. Knee joint damage assessed using total knee joint
OA scores. Data presented as box plots showing the median
and interquartile ranges and the individual values for animals

fed an HFS diet subjected to aerobic exercise (HFS+Aer) and
animals fed an HFS diet subjected to resistance exercise training
(HFS+Res). OA = osteoarthritis; HFS = high fat/high sucrose;
HFS+Aer = HFS diet subjected to aerobic exercise; HFS+Res
= HFS diet subjected to resistance exercise.

?A significant difference at P < 0.05.



Abughazaleh et al.

457

80
70 .
60 LR &
-
@ 50 o T
{ . N v
S
(%]
2 40
o o (]
30 3 -
20 Yo -
10 } 1
0 + =
$ S0 B EXE

Figure 3. Knee joint damage assessed using total knee joint
OA scores. Data are presented as box plots showing the median
and interquartile ranges and the individual values for all animals
in the nonexercised/sedentary groups (SED = Chow+Sed

and HFS+Sed) and all animals fed an HFS diet and subjected

to resistance and aerobic exercise training (EXE). OA =
osteoarthritis; HFS = high fat/high sucrose; Chow+Sed = chow
diet with no exercise; HFS+Sed = HFS diet with no exercise
intervention.

?A significant difference at P < 0.05.

frequently in the sedentary group animals (median = 39,
range = 68, P = 0.022, Fig. 3 and Fig.4).

Serum Lipid Profile

Rats from the HFS+Sed group had significantly greater
serum total cholesterol, triglyceride, and HDL levels than
Chow+Sed group rats (P = 0.007, P = 0.00, and P =
0.002, respectively; Table 2). HFS+ Aer group rats had sig-
nificantly lower triglyceride levels and triglyceride to HDL
cholesterol ratios than HFS+Sed group animals (P = 0.009
and P = 0.006, respectively) and higher levels of HDL cho-
lesterol than Chow+Sed group animals (P = 0.029).
HFS+Res group animals had lower levels of HDL choles-
terol than the HFS+Sed group rats (P = 0.011) and higher
levels of triglyceride to HDL cholesterol ratios than
Chow+Sed group animals (P = 0.00). Animals from the
HFS+Res group had greater triglyceride to HDL choles-
terol ratios than the HFS+ Aer group animals (P = 0.004).
No differences were found in serum total cholesterol, tri-
glyceride, and HDL levels between HFS+Aer and
HFS+Res group animals.

Discussion

The primary purpose of this study was to determine if resis-
tance training has similar beneficial effects in preventing

knee joint degeneration as those previously observed with
aerobic training in rats consuming an HFS diet for 12
weeks. The key findings of this study were that rats con-
suming an HFS diet for 12 weeks without any type of exer-
cise intervention had more severe joint OA, as assessed by
a validated OA scoring system, than control animals fed a
balanced chow diet. Rats in the HFS+ Aer group had lower
knee joint scores, indicating mild joint OA, than rats in the
HFS+Res group. An interesting result was the presence of
severe bone lesions at 24 weeks in both the Chow+Sed
control and the HFS+Sed group rats, that is, in the nonex-
ercised group rats regardless of diet.

The increase in knee joint OA score in the HFS+Res
animals compared to the HFS+ Aer may be explained by
the significantly greater amount of total body fat in
HFS+Res rats than in HFS+ Aer rats. Previous studies
showed that when lipids accumulate in adipose tissue due
to overnutrition, monocytes infiltrate the adipose tissue
and differentiate into macrophages which are responsible
for secreting pro-inflammatory cytokines,*® thereby
increasing the chronic low-grade inflammation observed
in animals with obesity. Moreover, recent studies suggest
that fat plays a critical role in the pathogenesis of carti-
lage damage by producing adipokines that increase sys-
temic inflammation and are associated with cartilage
degeneration and OA.%’

Acrobic exercise mitigated the increase in serum triglyc-
erides observed in the HFS+Sed group rats. Moreover, the
serum triglycerides to HDL cholesterol ratio was higher in
HFS+Res animals than in HFS+ Aer group animals, which
may explain the higher OA scores in the HFS+Res group
compared to those of the HFS+ Aer group rats. This finding
agrees with previous studies reporting that an increase in
circulating free fatty acids is associated with a decrease in
insulin resistance and metabolic syndrome. Free fatty acids
also act as pro-inflammatory cytokines that increase sys-
temic inflammation, which in turn affects knee joint
health.*® Our findings agree with previous studies where a
relationship was found between alterations in lipid metabo-
lism and joint damage.® Further studies are needed to inves-
tigate this relationship more carefully and directly,
determining differences in synovial fluid cytokines and adi-
pokines that may be related to the onset and progression of
knee joint OA.

The detailed mechanisms by which aerobic exercise
provided better protection against knee joint deterioration
with cartilage breakdown than resistance exercise training
are not known. However, it has been reported that oxygen
supply to the adipose tissue is decreased in obese rodents
compared to normal-weight ones.>**° These hypoxic con-
ditions have been associated with triggering pro-inflam-
matory responses from adipose tissues.*! We speculate
that aerobic exercise may stimulate adipose tissue angio-
genesis and increase blood flow and oxygen supply to the
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Table 2. Serum Lipid Profiles.

Chow+Sed HFS+Sed HFS+Aer HFS+Res
Group Mean = SD  Median (Range) Mean = SD Median (Range) Mean = SD  Median (Range) Mean = SD Median (Range)
Total cholesterol 1.27 = 0.29 1.26 (0.64) 1.86 = 0.2° 1.9 (0.4) 1.85 = 0.3 1.78 (0.81) 192 = 04 1.82 (1.08)
(mmol/L)
Triglyceride 0.53 £0.25 0.52 (0.6) 1.45 = 0.45* 1.5 (1.3) 0.81 +0.2° 0.85 (0.67) 1.16 = 0.4 1.05 (0.99)
(mmol/L)
HDL (mmol/L) 1.19 = 0.25 1.16 (0.1.2) 1.7 +0.20 1.6 (0.5) 1.64 = 0.2* 1.6 (0.47) 1.2 +03° 1.1(0.81)
Ratio: Tryg/HDL 043 +0.12 045 (0.31) 0.83 = 0.2 0.78 (0.6) 0.50 = 0.14°><  0.54 (0.38) 1.02 = 0.4 0.9 (0.93)

Data displayed are means = SD and median (range).

HFS = high fat/high sucrose; Chow+Sed = chow diet with no exercise; HFS+Sed = HFS diet with no exercise; HFS+Aer = fed an HFS diet and
subjected to aerobic exercise; HFS+Res = fed an HFS diet and subjected to resistance exercise; HDL = high-density lipoprotein; Tryg = triglycerides.
?A significant difference compared to the Chow+Sed group animals at P < 0.05.

°A significant difference compared to HFS+Sed at P < 0.05.
°A significant difference compared to HFS+Res at P < 0.05.

A: SED

B: EXE

Figure 4. Histological slides showing knee joint integrity. (A) Severe lesions commonly seen in the femur of rats in the nonexercised/
sedentary groups (Sed = Chow+Sed and HFS+Sed). OA femur score = 33 (maximum = 36). (B) Exemplar joint showing healthy
cartilage and bone of the rats subjected to aerobic or resistance exercise (EXE = HFS+Aer and HFS+Res). OA femur score = 2
(maximum = 36). The black arrow indicates a severe bone lesion and bone degeneration associated with a collapse of the adjacent
cartilage. OA = osteoarthritis; HFS = high fat/high sucrose; HFS+Aer = HFS diet and subjected to aerobic exercise; HFS+Res =

HFS diet and subjected to resistance exercise.

adipose tissues,* thus decreasing the levels of hypoxia
and associated inflammatory response.'* Moreover, aero-
bic exercise has been reported to modulate serum insulin
and leptin levels and to prevent increases in lipopolysac-
charide (LPS) levels associated with consuming an HFS
diet.® As a result, systemic inflammation and knee joint
OA are reduced. However, more studies are needed to elu-
cidate the exact mechanisms by which aerobic exercise
reduces LPS levels associated with obesity, thereby pre-
venting knee joint damage.

Severe bone lesions were observed in sedentary rats
(Chow+Sed and HFS+Sed) at 24 weeks of age regardless
of the type of diet they consumed. However, rats exposed
to the aerobic and resistance exercise interventions
were largely protected from bone lesions, suggesting that

exercise in general, independent of aerobic or resistance
type, provided a protective effect against these severe bone
lesions. The exact mechanism by which exercise protects
bone health in this rat model is not known. However, some
studies reported increased peak bone mass with increasing
muscle mass in response to exercise. Also, mechanical
stress on bones, as caused, for example, by exercise, has
been shown to result in increasing osteoblast activity and
calcium deposition in humans.* For example, 17 weeks of
treadmill exercise has been shown to improve bone mass
and body composition in ovariectomized female Sprague-
Dawley rats,* and Simas et al.** reported that ladder-climb-
ing exercise was effective in reversing the degenerative
effects of immobilization in the cortical bone in ovariecto-
mized Wistar rats. Our study showed that aerobic and
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resistance exercise reduced the severe bone lesions that
appear to be a genetic predisposition in male Sprague-
Dawley rats,* regardless of the diet consumed.

Conclusion

Aerobic exercise was better than resistance exercise at
controlling body mass, body fat, lipid profile, and knee
joint OA in an established model of HFS diet-induced
obesity in male Sprague-Dawley rats. Surprisingly, aero-
bic and resistance exercise interventions prevented the
severe bone lesions observed in aging male Sprague-
Dawley rats independent of diet exposure. Because these
bone lesions developed in Chow+Sed and HFS+Sed
rats, it appears that exercise protects or delays rats from
these genetically driven bone lesions, which is likely
caused by mechanisms different from the exercise protec-
tion provided to cartilage degeneration in typically devel-
oping knee joint OA.
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