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Article focus
 � Is a high-fat diet (HFD) related to the 

onset of osteoarthritis (oA)?
 � Is a HFD related to the progression of oA?
 � Which inflammatory factors are seen in 

the HFD mouse model that might be 
linked to the development and progres-
sion of oA?

Key messages
 � A HFD accelerates the progression of sur-

gically induced oA.
 � A HFD proved capable of inducing oA in 

the mouse model; however, this effect 

was manifested inconsistently among the 
papers included in this systematic review. 
Honing this model to make it more repro-
ducible could help elucidate mechanisms 
that link diets high in fat to oA.

 � Inflammatory cytokines (tumour necrosis 
factor alpha (TNF-α), interleukin (Il)-1β, 
IL-13, Il-6, Il-8), adipokine (leptin), and 
cartilage metabolism proteins (vascular 
endothelial growth factor-a (VEGF-a), 
transforming growth factor-beta 1 (TGF-
β1), and matrix metallopeptidase (MMP)-
13) increased in mice fed a HFD compared 
with mice fed a control diet.

Does a high-fat diet affect the 
development and progression of 
osteoarthritis in mice? 
A sysTEMATIC REvIEW

Aims
The aim of this study was to systematically review the literature for evidence of the effect of 
a high-fat diet (HFD) on the onset or progression of osteoarthritis (oA) in mice.

Methods
A literature search was performed in pubMed, embase, Web of science, and scopus to find 
all studies on mice investigating the effects of HFD or Western-type diet on oA when com-
pared with a control diet (cD). The primary outcome was the determination of cartilage loss 
and alteration. secondary outcomes regarding local and systemic levels of proteins involved 
in inflammatory processes or cartilage metabolism were also examined when reported.

Results
In total, 14 publications met our inclusion criteria and were included in our review. our meta-
analysis showed that, when measured by the modified Mankin Histological-Histochemical 
Grading system, there was a significantly higher rate of oA in mice fed a HFD than in mice 
on a cD (standardized mean difference (sMD) 1.27, 95% confidence interval (cI) 0.63 to 
1.91). Using the osteoarthritis Research society International (oARsI) score, there was a 
trend towards HFD causing oA (sMD 0.78, 95% cI -0.04 to 1.61). In terms of oA progres-
sion, a HFD consistently worsened the progression of surgically induced oA when compared 
with a cD. Finally, numerous inflammatory cytokines such as tumour necrosis factor alpha 
(TnF-α), interleukin (IL)-1β, and leptin, among others, were found to be altered by a HFD.

Conclusion
A HFD seems to induce or exacerbate the progression of oA in mice. The metabolic changes 
and systemic inflammation brought about by a HFD appear to be key players in the onset 
and progression of oA.
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strengths and limitations
 � This review compiles the latest information regarding 

the effect of a HFD on oA in the mouse model.
 � There was substantial heterogeneity in the oA scoring 

methods used in the included studies.

introduction
Despite the prevalence of osteoarthritis (oA), especially 
in the adult and older adult populations,1 the aetiology 
of this disease remains incompletely understood, 
although a complex, multifactorial origin is now well 
established. However, the mechanisms by which the 
mechanical, genetic, environmental, and metabolic risk 
factors interact in inducing progressive degradation of 
the involved joints is still open to question. obesity is an 
increasingly frequent condition that is widely accepted 
as a risk factor in both the incidence and progression of 
oA.1,2 A twofold higher risk of knee arthroplasty has 
been reported in obese patients when compared with 
normal-weight subjects.3 Beyond the obvious mechani-
cal overload that can cause excessive stress on large 
weight-bearing joints, inducing articular degradation, 
recent research has revealed an enlarging role of meta-
bolic factors independent of mechanical loading.4-6 
Furthermore, several epidemiological studies found that, 
aside from knee and hip joints, obese people are also 
frequently affected by oA in non-weight-bearing joints 
such as those of the hands.7-10 some experimental stud-
ies have also shown that morbidly obese mice do not 
develop oA when fed standard chow.11 These findings 
suggest that factors other than adiposity or body weight, 
such as dietary content or systemic and local levels of 
inflammation, may contribute to oA.6,12

In addition, many epidemiological and experimental 
studies in humans and animals have shown an associa-
tion of oA with cardiovascular-related conditions, such as 
hypertension, hypercholesterolaemia, abdominal obe-
sity, dyslipidaemia, and type 2 diabetes.13

supported by numerous in vivo and in vitro studies, a 
common biochemical and pathophysiological milieu 
shared by oA and metabolic syndrome has hence been 
hypothesized, in which several biochemical, cellular, and 
molecular mediators, such as glucose, fatty acids, hor-
mones, growth factors, transcription factors, nitric oxide, 
cytokines, and oxygen radicals may also participate in the 
chondrocyte damage.14

Among the aforementioned metabolic conditions, 
much attention has been dedicated to the altered lipid 
metabolism. Recent studies found that high-density lipo-
protein cholesterol (HDl-C) is lower in the serum of oA 
patients when compared with individuals with no signs 
of oA, suggesting a potential relationship between HDl 
and oA aetiopathogenesis.15-17

Furthermore, in the literature there is an emerging 
body of evidence suggesting a potential role of a high-fat 
diet (HFD) or western-type diet (WTD) in the occurrence 

of oA. However, although the first observations that mice 
develop early-onset oA when fed a HFD date from more 
than 50 years ago,18 the link remains ambiguous.

To our knowledge, no prior systematic review has 
examined the evidence for the relationship between a 
HFD and the development of oA in mice. Thus, we aim to 
systematically evaluate the effects of a HFD on the onset 
and progression of oA in mice.

Materials and Methods
We followed the Preferred Reporting Items for systematic 
Reviews and Meta-analyses (PRIsMA) guidelines19 for 
reporting, and used the PICos (population, intervention, 
comparator, outcome, setting) criteria reported in 
supplementary Table i to perform this systematic review.
Eligibility criteria. We included studies matching the fol-
lowing criteria: 1) randomized controlled trials or con-
trolled observational studies; 2) enrolled mice strains to 
study oA; 3) compared a HFD, defined as at least 30% of 
caloric intake from fat, to a control diet (CD) consisting 
of a low-fat diet or standard chow; 4) measured cartilage 
damage or alteration; 5) published in English, spanish or 
Italian; and 6) full-text articles. We excluded studies with 
cointerventions (e.g. high-fat–high-sucrose diet), studies 
that included transgenic mice only, and studies without 
a control group.
search strategy. In order to identify all primary studies, 
we searched the following electronic databases: PubMed, 
Embase, Web of science, and scopus. The search strat-
egy was developed using the keywords “high-fat diet”, 
“osteoarthritis”, and “mice”, and was similar across all 
databases. The complete search strategies are shown in 
supplementary Table ii. We also examined the reference 
list of potentially eligible studies. The last search was run 
in April 2018.
Outcomes. Cartilage damage and alterations and pro-
gression of oA were the primary outcomes, measured in 
mice knee joints primarily according to the osteoarthritis 
Research society International (oARsI) score20 or the 
modified Mankin Histological-Histochemical Grading 
system (HHGs).21 In order to evaluate the link between a 
HFD and the onset and progression of oA, as a secondary 
outcome, data reported on cytokines and growth factors 
related to oA were extracted and an analysis of the prin-
ciple cytokines was conducted.

In detail, interleukin (Il)-1β, Il-6, Il-8, IL-13, interferon 
gamma (IFNγ), and tumour necrosis factor alpha (TNF-
α), representing the principally involved inflammatory 
cytokines in oA, were evaluated. Il-4, Il-10, and Il-1 
receptor antagonist (Il-1Ra), representing the anti-
inflammatory cytokines able to counteract the inflam-
matory status of cartilage, were also considered. 
Transforming growth factor-beta 1 (TGF-β1), vascular 
endothelial growth factor-a (VEGF-a), collagen X (ColX), 
sRy-Box Transcription Factor 9 (soX9), matrix metallo-
peptidase 13 (MMP)-13, and TIMP metallopeptidase 
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inhibitor 3 (TIMP-3) were selected for their direct involve-
ment in cartilage metabolism. Finally, the three main adi-
pokines involved in obesity and inflammatory processes 
– leptin, adiponectin, and resistin – were analyzed.22

study selection and data collection. Two researchers (vs, 
RCA) independently reviewed title and abstract for inclu-
sion according to eligibility criteria. Disagreements were 
resolved by consensus.

table i. study characteristics; all studies were conducted in male C57Bl/6 mice, except for Griffin et al,34 who used female C57Bl/6 mice, and Wu et al,6 who 
did not specify the strain of mice used

study Experimental model % of kcal from fat in 
hFD groups, % (n)

% of kcal from fat in 
CD groups, % (n)

starting age, 
wks

Duration of diet, 
wks

Barboza et al27 (2017) Diet 60 (13) 10.0 (12) 6 46
Datta et al4 (2017) Diet 60.3 (10) lFD: 10.2 (10); chow: 

18.0 (5)
9 18*

 Diet + surgery 60.3 (10) 10.2 (10) 9 18*
Kozijn et al28 (2018) Diet (study 1) 45.0 (12) 16.0 (12) 12 0, 6, 12, 24
 Diet (study 2) 45.0 (15) 16.0 (10) 12 24
 Diet (study 3) 45.0 (10 to 15) 10.0 (10 to 15) 12 52
Aibibula et al29 (2016) Diet 56.7 (10) 12.2 (10) 7 12
Asou et al5 (2016) Diet 56.7 (5†) 12.2 (5†) 7 12
Kc et al30 (2015) Diet 35.0 (5) 18.0 (5) 6 to 8 10
Wu et al6 (2015) Diet (sFA) ± surgery 60.0 (12‡) 10.0 (11‡) 4 20
 Diet (⍵-6 FA) ± surgery 60.0 (14‡) 10.0 (11‡) 4 20
 Diet (⍵-3 FA) ± surgery 60.0 (12‡) 10.0 (11‡) 4 20
Iwata et al31 (2013) Diet 56.7 (5) 12.2 (5) 7 12
o’Conor et al32 (2013) Diet 60.0 (9) 10.0 (9) 10 22
Triantaphyllidou et al17 
(2013)

Diet 42.0 (6) 10.6 (6) 10 to 12 24

Griffin et al33 (2012) Diet 60.0 (5) 13.5 (5) 12 12
louer et al12 (2012) Diet 60.0 (6) 13.5 (8) 4 20 to 23
 Diet + surgery 60.0 (6) 13.5 (9) 4 20
Mooney et al26 (2011) Diet ± surgery 60.0 (4 to 9‡) 10.0 (4 to 9‡) 5 28
Griffin et al34 (2010) Diet 45.0 (9) 10.0 (9) 9 45

*The intervention diets (HFD and lFD) were provided for only 18 weeks; mice were then returned to normal chow. Evaluation timepoints were at 18, 36, and 
52 weeks for the non-surgery groups and at 18, 28, and 38 weeks for the surgically induced oA groups
†Missing samples were explained in personal communication with authors
‡In each animal, one hind limb was operated and one hind limb was left intact, providing a non-operated control in the same mouse
HFD, high-fat diet; CD, control diet; lFD, low-fat diet; sFA, saturated fatty acids; ⍵-3 FA, omega-3 fatty acids; ⍵-6 FA, omega-6 fatty acids; oA, osteoarthritis

table ii. summary of results of interventions that induced oA via HFD alone; all studies were conducted in male C57Bl/6 mice, except for Griffin et al,34 who 
used female C57Bl/6 mice, and Wu et al,6 who did not specify the strain of mice used

study OA scoring system significantly higher OA score 
in hFD versus CD?

Osteophyte summary

Barboza et al27 (2017) Modified Mankin yes (p < 0.01) at 20 wks and 
46 wks

significantly higher osteophyte score at 20 wks but not at 46 
wks

Datta et al4 (2017) oARsI yes (p < 0.05) N/A
Kozijn et al28 (2018), study 1 oARsI No osteophyte score significantly greater at 12 wks and 24 wks
Kozijn et al28 (2018), study 2 oARsI No No significant difference in HFD and CD
Kozijn et al28 (2018), study 3 oARsI No No significant difference in HFD and CD
Aibibula et al29 (2016) oARsI yes (p < 0.05) osteophyte area was significantly greater in HFD (p < 0.05)
Asou et al5 (2016) oARsI yes (p < 0.05) HFD was associated with enhanced osteophyte formation 

from 8 wks
Kc et al30 (2015) oARsI No osteophytes were present primarily in the operated joints. 

sFA and ω-6 FA mice trended towards greater osteophyte 
severity

Wu et al6 (2015) Modified Mankin No osteophytes were present primarily in the operated joints. 
osteophyte score correlated positively with oA

Iwata et al31 (2013) Cartilage destruction 
score

yes (p < 0.05) osteophyte volume was significantly increased in HFD mice 
beginning at 8 wks (p < 0.05)

o'Conor et al32 (2013) Modified Mankin No N/A
Triantaphyllidou et al17 (2013) oARsI No N/A
Griffin et al33 (2012) Modified Mankin yes (p < 0.05) N/A
louer et al12 (2012) Modified Mankin No N/A
Mooney et al26 (2011) oARsI No In HFD groups, osteophytes were present in both surgery 

and sham conditions
Griffin et al34 (2010) Modified Mankin Non-significant trend (p = 0.10) N/A

oA, osteoarthritis; HFD, high-fat diet; CD, control diet; oARsI, osteoarthritis Research society International; sFA, saturated fatty acids; ⍵-6 FA, omega-6 fatty 
acids; N/A, not applicable in article nor in supplement
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Two authors (RCA, vP) independently extracted the 
data in an extraction form. The following information 
were recorded: 1) characteristics of animals (age, sex, 
strain); 2) characteristics of the studies (study design); 3) 
data about cartilage damage or alteration (oARsI score or 
modified Mankin HHGs score); and 4) indications of sys-
temic and local inflammation or changes in cartilage 
metabolism. When the data were not directly available, 
we contacted the authors to request it.
Risk of bias assessment. Two reviewers (vP, RCA) indepen-
dently evaluated the studies’ quality using the systematic 
Review Centre for laboratory Animal Experimentation 
(syRClE) risk of bias tool for animal studies.23 This tool 
contains nine domains (sequence generation, baseline 
mice characteristics, allocation concealment, housing, 
blinding researchers, random outcome assessment, 
blinding outcome assessors, incomplete outcome data, 
and selective outcome reporting) relating to five types 
of bias: selection, performance, detection, attrition, and 
reporting bias. Furthermore, it contains another domain 
to state any important concerns bias not covered by 
the other domains. Thus, we evaluated other possible 
methodological flow considering the four items from 
the Animals in Research: Reporting In vivo Experiments 
(ARRIvE) guidelines for reporting animal experiments.24 
The quality items were as follows: 1) ethical statement 
(ethical review permissions and national or institutional 

guidelines for the care and use of animals); 2) experi-
mental procedures description (precise details of all pro-
cedures performed); 3) experimental animals’ details 
(including number of mice, strain, and age); and 4) 
financial conflicts of interest. Every domain was classified 
as having either “low”, “high”, or “unclear” risk of bias 
based on the information reported in each study.
statistical analysis. To quantify the pooled effects of the 
primary outcome, we used standardized mean difference 
(sMD) with a 95% confidence interval (CI) according to 
the two principal scales that were used to measure the 
onset of oA. As there was a great degree of heterogene-
ity regarding the methods used for scoring among the 
papers included in the meta-analysis, data were meta-
analyzed using the random effect models.

If the meta-analysis was not appropriate due to a high 
statistical heterogeneity (I2 > 80%)25 or an insufficient 
number of studies, we planned to present only a narra-
tive summary of studies. All analyses were conducted 
with Review Manager (RevMan5) software version 5.3 
(RevMan; Cochrane, london, uK).

Results
The search strategy identified a total of 2529 articles 
(Figure 1), of which 1324 were duplicates. of the 1205 
papers remaining after removing duplicates, 1163 papers 
were excluded on the basis of title and abstract. The 

Articles identified through database searching
(n = 2529):

Pubmed (n = 342); Embase (n = 892);
Scopus (n = 520); Web of Science (n = 775)

Number of articles
after removing duplicates

(n = 1205)

Possible relevant articles
(n = 42)

Excluded based on Title and Abstract
(n = 1163)

Excluded based on Methods (n = 28):
- not pertinent to the topic
- no high-fat diet group
- cointerventions
- no OA outcome measurement
- transgenic mice only
- abstracts

Duplicates removed
(n = 1324)

Full-text articles
included in the review

(n = 14)

Fig. 1

Preferred Reporting Items for systematic Reviews and Meta-analyses (PRIsMA) flow diagram of the study selection process for this systematic review. oA, 
osteoarthritis.
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remaining 42 publications were retrieved for full-text 
 evaluation, of which 14 papers met the inclusion criteria. 
of the 14 selected papers, only three aimed to evaluate 
the primary research question of determining whether a 
HFD correlates to the onset or progression of oA.12,26,27 In 
total, four of the 14 papers reported multiple intervention 
groups that met our inclusion criteria, allowing our review 
to assess data from 24 unique intervention groups (com-
pared with 20 control groups).4,6,12,26 Details of the 14 
included papers are outlined in Tables I to III.4-6,12,17,26-34

Characteristics of mice and diets
overall, 12 of the 14 papers were conducted in male 
C57Bl/6 mice.4,5,12,17,26-33 one paper used female 
C57Bl/6 mice,34 and one paper did not specify the strain 
nor sex of the mice.6 At baseline, the age of the mice var-
ied from four to 12 weeks with a mean age of eight 
weeks. The number of mice per diet group varied from 
five to 15; however, two studies32,34 did not report the 
number of mice per diet group. The maximum duration 
of the diets varied between ten and 52 weeks, and the 
mean percentage of calories derived from fat was 54.1% 
(35% to 60.3%) for the HFD and 11.6% (10% to 18%) for 
CD (Table I). More extensive diet content details can be 
found in supplementary Table iii.

Risk of bias assessment
The majority of studies were judged at low risk of bias 
(Figure 2). Four studies were randomized and were 
judged at low risk of detection bias, but none described 
the methods used to generate and conceal the allocation 
sequence. They were therefore classified as having an 
unclear risk of selection bias. only three studies reported 
the baseline characteristics of mice included. In total, 12 
of the 14 studies reported measures used to house the 
animals within the animal room. Researchers were 
blinded in one study, and were unclear in six studies; 
seven studies were at high risk of performance bias. 

However, outcome assessors were blinded in six studies, 
so they were judged as low risk of detection bias. Ten 
studies describe the details of each main outcome, so 
they were at low risk of attrition bias. A total of 11 studies 
reported animal details, two did not report the number 
of mice included, and one neglected to mention the 
strain and number of mice used. All studies described 
details of experimental procedures, reported financial 
conflict of interest and ethical statement, and were at low 
risk of reporting bias.
the effects of hFD on the onset of osteoarthritis. overall, 
seven of the 14 papers used oARsI to measure the onset 
of oA induced by the HFD;4,5,17,26,28-30 six used a modi-
fied Mankin grading system;6,12,27,32-34 and one used a 
cartilage destruction score and terminal deoxynucleo-
tidyl transferase duTP nick end labelling (TuNEl) assay 
(Table II).31

our meta-analysis showed that when measured via 
the modified Mankin score, mice fed a HFD are more 
likely to develop oA when compared with controls (sMD 
1.27, 95% CI 0.63 to 1.91; p < 0.001, Z-test) (Figure 3). 
No heterogeneity was found in the modified Mankin data 
(I2 = 0%). However, when oA was measured via the 
oARsI score, only a trend towards HFD mice developing 
more oA than controls was found (sMD 0.78, 95% CI 
-0.04 to 1.61; p = 0.06, Z test) (Figure 4). substantial het-
erogeneity was also found (I2 = 76%).

All studies measured oA at the medial femoral con-
dyles and medial tibial plateau; some studies also meas-
ured oA of the lateral tibia and femur. one study specified 
that the measurements were made in the coronal plane;12 
two other studies specified using the sagittal plane for its 
sections.31,34

In six studies, HFD groups showed significantly higher 
oA scores when compared with controls (p < 
0.05).4,5,27,29,31,33 osteoarthritis was detectable after 
eight,31 12,5,29,31,33 18,4 and 4627 weeks of the interven-
tion diet.

table iii. summary of results on the progression of oA via HFD interventions in mice with surgically induced oA; all studies were conducted in male C57Bl/6 
mice, except for Griffin et al,34 who used female C57Bl/6 mice, and Wu et al,6 who did not specify the strain of mice used

study OA scoring 
system

significantly higher 
OA score in hFD 
versus CD?

Osteophyte 
summary

Local inflammation systemic inflammation (serum/
visceral fat)

Datta et al4 (2017) oARsI yes (p < 0.05) N/A ↑ leptin in the articular 
cartilage

No increase in leptin

Wu et al6 (2015) Modified 
Mankin

sFA: yes (p < 0.05); ⍵-6 
FA: yes (p < 0.05); ⍵-3 
FA: No

sFA and ω-6 FA mice 
trended towards 
greater osteophyte 
severity than control 
and ω-3 FA mice

Increased frequency 
of macrophages in the 
synovium of ω-6 FA 
mice

sFA and ω-6 FA mice had elevated 
leptin concentrations versus control and 
ω-3 FA mice, while ω-3 FA mice had 
higher adiponectin and PGE2 levels and 
lower resistin levels. leptin and resistin 
had a positive association with oA

louer et al12 (2012) Modified 
Mankin

yes (p < 0.05) N/A Increased synovial 
inflammation

↑ Il-6, KC, Il-12p70; ↓ adiponectin. No 
significant effects of Il-1β, Il-10, or IFNγ

Mooney et al26 (2011) oARsI yes (p < 0.01) osteophytes present 
in HFD

N/A N/A

oA, osteoarthritis; HFD, high-fat diet; CD, control diet; oARsI, osteoarthritis Research society International; N/A, not applicable in article nor in supplement; 
sFA, saturated fatty acids; ⍵-6 FA, omega-6 fatty acids; ⍵-3 FA, omega-3 fatty acids; PGE2, prostaglandin E2; Il, interleukin; KC, keratinocyte-derived 
chemokine; IFNγ, interferon gamma
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the effects of hFD on the progression of OA. Two of the 
four studies investigating the effect of a HFD on the 
progression of oA via a surgically induced model used 
oARsI to measure the progression of oA4,26 and two 

studies used modified Mankin (Table III).6,12 Datta et al4 
and Wu et al6 surgically induced oA by destabilizing the 
medial meniscus; louer et al12 made moderate articular 
fractures of the left tibial plateau; and Mooney et  al26 

Std. mean difference
IV, random, 95% CIStudy or subgroup Mean SD Total Mean SD Total Weight 

Barboza et al 2017 7.95 1.47 10 6.42 1.08 10 44.2% 1.14 (0.18, 2.10)
Griffin et al 2010 21 2.1 9 18.19 1.5 9 35.5% 1.47 (0.40, 2.54)
Griffin et al 2012 36.67 9.1 5 26.67 5.14 5 20.3% 1.22 (-0.20, 2.64)

Total (95% CI)   24   24 100.0% 1.27 (0.63, 1.91)

Heterogeneity: Tau2 = 0.00; Chi2 = 0.21, df = 2 (p = 0.90);  I2 = 0%
 Test for overall effect: Z = 3.90 (p < 0.0001)

Std. mean difference
IV, random, 95% CI

CDHFD

-10 -5 0

higher OA in CD higher OA in HFD

5 10

Fig. 3

Forest plot of studies reporting data from modified Mankin scores. Iv, inverse variance; HFD, high-fat diet; CD, control diet; CI, confidence interval; oA, osteo-
arthritis.

Study or subgroup Mean SD Total Mean SD Total Weight 
Asou et al 2016 1.4 0.49 5 0.7 0.4 5 13.2% 1.41 (-0.06, 2.89)
Kc et al 2015 0.7 0.22 10 0.2 0.1 10 14.5% 2.80 (1.50, 4.11)
Kozijn et al 2018 (study 1) 4.38 1.29 12 5.51 3.22 12 18.7% -0.44 (-1.26, 0.37)
Kozijn et al 2018 (study 2) 4.22 1.15 15 4.19 1.37 10 18.8% 0.02 (-0.78, 0.82)
Kozijn et al 2018 (study 3) 5.2 1.58 15 4.12 1.65 15 19.4% 0.65 (-0.09, 1.39)
Triantahyllidou et al 2013 0.583 0.556 6 0.167 0.159 6 15.3% 0.94 (-0.28, 2.16)

Total (95% CI)   63   58 100.0% 0.78 (-0.04, 1.61)

Heterogeneity: Tau2 = 0.77; Chi2 = 20.61, df = 5 (p = 0.0010);  I2 = 76%
Test for overall effect: Z = 1.87 (p = 0.06)

Std. mean difference
IV, random, 95% CI

Std. mean difference
IV, random, 95% CI

CDHFD

-10 -5 0

higher OA in CD higher OA in HFD

5 10

Fig. 4

Forest plot of studies reporting data from osteoarthritis Research society International (oARsI) scores. Iv, inverse variance; HFD, high-fat diet; CD, control diet; 
CI, confidence interval; oA, osteoarthritis.

0

Sequence generation

Baseline characteristics

Allocation concealment

Housing

Blinding researchers

Randome outcome assessment

Blinding outcome assessment

Incomplete outcome data

Selective outcome reporting

Ethical statement

Experimental procedures description

Experimental animal details

Financial conflicts of interest

1 2 3 4 5 76 8 9 10 11 1312 14

low risk high risk unclear risk

Fig. 2

Risk of bias assessment.
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table iV. Table reporting the response of genes or proteins involved in oA for all studies in which data were reported, the source tissue for the analysis, and 
the detection methods

Gene/protein source tissue Method increase in hFD versus 
CD (p < 0.05)

No statistically 
significant difference 
between hFD and CD

Decrease in hFD 
versus CD (p < 0.05)

Proinflammatory cytokines  
Il-1α serum ElIsA N/A 2 studies33,34 N/A
Il-1β Knee joint GE 2 studies27,29 N/A N/A
Il-1β serum ElIsA N/A 2 studies12,33 N/A
Il-6 Knee joint;5 visceral adipose6 GE 1 study5 1 study6 N/A
Il-6 serum ElIsA 1 study12 N/A N/A
Il-8 or KC serum ElIsA N/A 1 study12 N/A
Il-13 Knee joint GE 1 study27 N/A N/A
IFNγ serum ElIsA N/A 3 studies12,33,34 N/A
TNF-α Knee joint GE 3 studies5,27,31 1 study6 N/A
TNF-α serum ElIsA Excluded N/A N/A
NlRP3 Knee joint GE 1 study29 N/A N/A
CCl2 or MCP-1 Knee joint;27 visceral adipose6 GE 1 study27 1 study6 N/A
CCl3 or MIP1α Knee joint GE 1 study27 1 study34 N/A
CCl7 or MCP-3 Knee joint GE 1 study27 N/A N/A
CD11c visceral adipose GE N/A 1 study6 N/A
Casp1 Knee joint GE 1 study27 N/A N/A
CCR1 or CD191 Knee joint GE N/A 1 study27 N/A
CCR3 Knee joint GE N/A 1 study27 N/A
CCR5 Knee joint GE N/A 1 study27 N/A
MIG or CXCl9 serum ElIsA 1 study33 N/A N/A
Il-12 serum ElIsA N/A 1 study34 N/A
Il-12p70 serum ElIsA 1 study12 N/A N/A
F4/80 visceral adipose GE N/A 1 study6 N/A
Anti-inflammatory cytokines  
Il-4 Knee joint GE N/A 1 study27 N/A
Il-4 serum ElIsA N/A N/A 1 study33

Il-10 Knee joint GE N/A 1 study27 N/A
Il-10 or CXCl10 serum ElIsA N/A 2 studies12,33 N/A
Il-1Ra serum ElIsA 1 study33 1 study33 N/A
Proteins directly involved 
with cartilage metabolism

 

TGF-β1 Knee joint GE 1 study5 N/A N/A
TGF-β1 serum ElIsA N/A 1 study6 N/A
vEGF-a Knee joint GE 2 studies5,31 N/A N/A
ColX Knee articular cartilage IHC N/A 1 study30 N/A
soX9 Knee articular cartilage IHC N/A 1 study30 N/A
MMP13 Knee articular cartilage IHC 1 study29 N/A N/A
MMP13 Knee articular cartilage IHC N/A 1 study30 N/A
MMP3 Knee joint GE 1 study27 N/A N/A
TIMP-3 Knee joint GE 1 study27 N/A N/A
TIMP-3 Knee articular cartilage IHC N/A 1 study30 N/A
lipocalin2 Knee joint GE 1 study31 N/A N/A
Nampt Knee joint GE 2 studies5,31 N/A N/A
PGE2 serum ElIsA N/A N/A N/A
p-PKCδ Knee articular cartilage IHC N/A 1 study30 N/A
p-ERK1/2 Knee articular cartilage IHC N/A 1 study30 N/A
RuNX2 Knee articular cartilage IHC N/A 1 study30 N/A
bFGF serum ElIsA N/A 1 study33 N/A
ADAMTs5 Knee articular cartilage IHC N/A 1 study30 N/A
iNos Knee joint GE 1 study29 N/A N/A
p-NF-κB Knee articular cartilage IHC N/A 1 study30 N/A
Adipokines involved in obesity 
and inflammatory processes

 

leptin Knee joint GE 2 studies5,31 N/A N/A
leptin serum ElIsA 3 studies4,6,33 1 study34 N/A
Adiponectin Knee joint GE N/A 1 study12 N/A
Adiponectin serum ElIsA 1 study33 N/A 1 study12

Resistin serum ElIsA N/A undetected12 N/A
Chemerin Knee joint GE 1 study31 N/A N/A
Insulin serum ElIsA 2 studies4,6 N/A N/A

oA, osteoarthritis; HFD, high-fat diet; CD, control diet; Il, interleukin; ElIsA, enzyme-linked immunosorbent assay; N/A, not applicable; GE, gene expression; KC, 
keratinocyte-derived chemokine; IFNγ, interferon gamma; TNF, tumor necrosis factor; NRlP3, NoD-like receptor family pyrin domain-containing 3; CCl, chemokine 
ligand; MCP, monocyte-chemotactic protein; MIP, macrophage inflammatory protein; CD11c, integrin alpha X; Casp1, caspase-1; CCR, C-C chemokine receptor; MIG, 
monokine induced by gamma; CXCl, chemokine (C-X-C motif) ligand; F4/80, adhesion G protein-coupled receptor E1; Il-1RA, interleukin-1 receptor antagonist; TGF-β1, 
transforming growth factor beta 1; vEGF-a, vascular endothelial growth factor-a; IHC, immunohistochemistry; ColX, collagen X; soX9, sRy-Box Transcription Factor 9; 
MMP, matrix metallopeptidase; TIMP-3, TIMP metallopeptidase inhibitor 3; Nampt, nicotinamide phosphoribosyltransferase; PGE2, prostaglandin E2; p-PKCδ, phospho-
protein kinase C delta; p-ERK1/2, phospho-extracellular signal-regulated protein kinases 1 and 2; RuNX2, Runt-related transcription factor 2; bFGF, basic fibroblast growth 
factor; ADAMTs5, a disintegrin-like and metalloproteinase with thrombospondin-1 motifs, member 5; iNos, inducible nitric oxide synthase; p-NF-κB; phospho-nuclear 
factor kappa-light-chain-enhancer of activated B cells
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induced oA by transecting the medial collateral liga-
ment and excising a segment of the medial meniscus of 
the knee. In five of six intervention pairs, a HFD com-
bined with surgically induced oA showed significantly 
higher oA scores when compared with CD surgically 
induced oA groups. of note, the sole HFD interven-
tion that did not find a significant correlation between 
a HFD and the progression of oA was part of a paper 
that included three diverse interventions with varying fat 
profiles. unlike two interventions by Wu et al6 contain-
ing saturated fatty acids (sFAs) and omega-6 fatty acids 
(⍵-6 FAs), which did show significant progression of oA 
when compared with controls, the HFD intervention 
with omega-3 fatty acids (⍵-3 FAs) – a deliberate attempt 
to mitigate the effects of the HFD – showed no differ-
ence when compared with the controls. osteoarthritis 
progression was measured at 18,4 20,6,12 and 2826 weeks 
of diet.
secondary outcomes. overall, 11 of the 14 papers 
included in this review reported data for cytokines in 
C57Bl/6 (wild type) mice. All of the data can be found 
in Table Iv. Below, the results are described for the most 
common cytokines and growth factors related to oA. 
Results are divided by the source; proteins from the 
serum and adipose tissue reflect levels of systemic inflam-
mation, whereas proteins or genes analyzed from articu-
lar knee tissues reflect levels of local inflammation. The 
proteins were quantified via various methods, including 
gene expression, enzyme-linked immunosorbent assay 
(ElIsA), and immunohistochemistry (IHC). All increases 
and decreases mentioned below were a result of the HFD 
intervention and were reported to have been statistically 
significant (p < 0.05) when compared with the CD.
Proteins originating from serum or adipose tissue.  
Regarding the principal proinflammatory cytokines, 
ElIsA analysis of serum samples showed that a HFD, in 
comparison with a CD, showed no statistically significant 
difference in proinflammatory Il-1β in two studies.12,33 
For Il-6, an increase was noted in one study.12 Neither 
Il-812 nor IFNγ12,33,34 showed any statistically significant 
differences. Finally, TNF-α was below the detectable limit 
and was excluded from the authors’ analysis.12

Regarding the most prevalently studied anti- 
inflammatory cytokines, when serum samples were ana-
lyzed by ElIsA, Il-4 decreased,33 while Il-10 showed no 
differences.12,33 last, Il1-Ra showed an increase in one 
study33 and no differences in another study.34

For the predominant proteins involved in cartilage 
metabolism, only TGF-β1 was measured via serum sam-
ple, and it showed no significant differences.6

As for the ElIsA serum sample quantification of the 
main adipokines involved in obesity and inflammatory 
processes, leptin increased in three studies,4,6,34 and adi-
ponectin increased in one study34 but decreased in 
another study.12 Finally, resistin was undetected.12

Gene or protein analysis from knee articular tissues. Gene 
expression of the infrapatellar fat pad (IPFP) showed that 
a HFD, compared with a CD, induced an increase of the 
proinflammatory gene IL-1β in two studies.27,29

IL-6 increased in one study5 and showed no statisti-
cally significant differences in another study.6 Il-8 also 
showed no statistically significant differences.12 last, TNF-
α increased in three studies,5,27,31 and in one study no 
statistically significant differences were found.6

When analyzed via gene expression of the local fat 
pads, the anti-inflammatory cytokines Il-4 and Il-10 
showed no statistical differences between HFD mice and 
CD mice; however, IL-13 increased in one study.27

Regarding the main proteins involved in the metabolic 
processes of knee cartilage, when comparing a HFD with 
a CD, TGF-β1 increased in one study,5 the angiogenic 
VEGF-a increased in two studies,5,31 MMP-13 increased in 
one study,29 and MMP-3 and TIMP-3 increased in one 
study.27 Collagen X, soX9, and TIMP-3 were analyzed via 
IHC staining of knee cartilage; none showed any statisti-
cally significant differences between a HFD and CD.30 In 
MMP-13, IHC showed no difference in one study30 and 
an increase in another study.29

For the adipokines detected in the local articular tis-
sue, leptin increased in two studies,5,31 and adiponectin 
showed no statistically significant differences in one 
study.31

Change in other indicators of inflammation. A HFD was 
associated with a significant macrophage infiltration6,27,31. 
Additionally, an HFD seems to induce chondrocyte apop-
tosis, which is known to be involved in oA develop-
ment,4,5,31 and it is linked to proteoglycan depletion.5,31

Discussion
hFD and OA outcome. To our knowledge, this is the first 
systematic review to examine the evidence for the rela-
tionship between a HFD or WTD and oA in mice. The 
pooled effects of the data showed that when compared 
with a CD, HFD-fed mice showed significantly higher oA 
scores when measured by modified Mankin (sMD 1.27; p 
< 0.001, Z test) and a trend towards higher scores when 
measured by oARsI (sMD 0.78; p = 0.06, Z test). overall, 
11 of the 20 interventions (six using HFD alone and five 
using HFD plus surgery) included in this review found 
that a HFD induced the onset, or significantly worsened 
the progression of, oA when compared with a CD. Eight 
papers did not find the HFD intervention alone to be suf-
ficient in giving rise to significantly greater oA scores 
when compared with CD mice. Finally, one paper did 
not find an ω-3 FA-rich HFD capable of worsening the 
progression of oA.6 This study by Wu et al6 underlines 
an important concept that not all fats are made equal. 
Indeed, their results proved that the inclusion of 5.2% 
of ⍵-3 FA within a very HFD (60%) reduced the deleteri-
ous effects of the HFD. Meanwhile, their sFA and ⍵-6 FA 
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interventions caused significantly greater advancement 
of oA when compared with CD groups.

Although the results were discordant among the inter-
vention groups that studied the effects of a HFD alone, 
the results of the six progression intervention pairs were 
nearly unanimous in finding a significant degree of oA 
progression in the HFD groups (with the justifiable excep-
tion of ⍵-3 FA-rich HFD from the study by Wu et al,6 as 
mentioned above). Regarding the inconsistency of the 
results among the interventions that employed HFD 
alone, it is impossible to pinpoint a singular rationale 
behind why this discrepancy exists; instead, we find it 
likely that many variables are implicated.

There was a great disparity in high-fat content among 
the studies. This systematic review included both a HFD, 
which we defined as a dietary HF content of 30% kcal to 
40% kcal, and a very HFD (> 40% kcal from fat). The low-
est percentage HFD used 35% kcal from fat, and the high-
est percentage HFD (used in seven of the 14 papers) 
contained 60% kcal from fat (supplementary Table iii). 
The mean high-fat content used in the studies that did 
find a significant correlation between a HFD alone and 
oA was higher than in studies that did not find a signifi-
cant correlation (58.4% kcal fat (sd 1.7; n = 6) vs 50.9% 
kcal fat (sd 9.57; n = 8), respectively). Among the control 
groups, the high-fat content was similar.

Although the present review is focused on the influ-
ence of fat, it would be remiss to neglect to consider the 
protein and carbohydrate content of the diets. Five of the 
interventions maintained protein levels at 20% kcal for 
the HFD and CD.26-28,32 Therefore, to compensate for the 
higher fat levels in the HFDs, the levels of carbohydrates 
were necessarily much higher in the CD than in the HFD, 
and in some cases, the carbohydrates were composed of 
very high levels of sucrose. A recent paper that sought to 
evaluate the independent effects of dietary fat and 
sucrose content on chondrocyte metabolism and oA 
pathology35 hypothesized that studies using a CD com-
prised of exceedingly high levels of sucrose could inad-
vertently induce oA. If this were true, the so-called 
‘control group’ would actually become a competing 
experimental group, obscuring the results and making it 
difficult to distinguish a significant difference in oA out-
comes between the two groups. The study by Donovan 
et al35 showed that low-fat diets higher in sucrose caused 
significant changes in serum metabolites and joint 
pathology without showing differences in body mass. 
These results indicate that the formulation of the CD 
must be carefully considered. We therefore examined the 
dietary content of both the experimental and control 
groups (supplementary Table iii); however, we were not 
able to identify any oA trends related to variations in die-
tary content. Nonetheless, it is recommended that future 
experiments in mice models carefully select the fat and 
carbohydrate content and composition for both the 
experimental and CDs.

Another variable that must also be considered is the 
inherent biological variation of the mice. Although all of 
the mice in this review were seemingly homogeneous, 
non-transgenic C57Bl/6 mice, and all were male except 
in a study by Griffin et al,34 considerable biological varia-
tion could have existed among the mice. In a study by 
Choi et al,36 in male C57Bl/6 mice on a HFD, the authors 
identified two very distinct subgroups of mice; one group 
of mice was described as being obesity-resistant, while 
the other was described as being obesity-prone.36 The 
obesity-resistant mice were distinguishable from the obe-
sity-prone mice by divergent transcriptomes, pheno-
types, and metabolic processes. Furthermore, in one 
study of female C57Bl/6 mice on a HFD, a clear stratifica-
tion emerged of some mice gaining more weight than 
others in response to the imposed HFD, allowing the 
researchers to divide the mice into high gainer and low 
gainer phenotypes by weight. Bivariate and multivariate 
analysis of the high and low gainer mice demonstrated 
that variation in susceptibility to diet-induced obesity 
determined the progression of oA.34

These results may help explain the tendency towards 
very high sDs of the oA scores reported in the papers 
included in this review. Moreover, they may explain why 
some authors were not able to find evidence of signifi-
cantly greater oA in HFD groups when compared with 
CD groups.

Aside from the variation in the intervention methods 
and the mice, several different methods were used to 
quantify oA. The oARsI and modified Mankin grading 
systems were often measured in different ways, sum-
ming the scores in some instances, and calculating the 
mean scores in other papers. It is not clear which method 
is the most effective. However, a more recent method 
used by Iwata et al,31 called the TuNEl assay, proved to 
be a very effective way of identifying the earliest signs of 
oA.31 After just eight weeks, the authors were able to see 
a measurable difference in the presence of oA in the HFD 
groups compared with the CD groups. They reported 
significantly greater TuNEl-positive cells in the articular 
cartilage, indicating higher rates of chondrocyte apopto-
sis (i.e. cartilage degradation). In addition, they observed 
an abundance of proliferating cell nuclear antigen (PCNA) 
positive cells at the site of osteophyte formation.31 We 
find the methods of Iwata et al31 to be the most sensitive 
in identifying the first signs of oA, and would therefore 
recommend that future studies consider implementing 
their methods in the assessment of oA.

Another recommendation for future studies would be 
to use sufficiently large sample sizes. Not a single paper 
reported calculating the sample size, and several papers 
may not have been able to show a significant difference 
between experimental and control group outcomes as a 
result of being underpowered. According to the calcula-
tion by Donovan et al,35 as well as our own calculation, 
the sample size should be at least ten mice per group. 
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Furthermore, several of the papers reported unexpected 
mice death or damaged, unusable histological samples; 
consequently, ten mice should really be the absolute 
minimum starting sample size per intervention group.
h2hFD and early signs of OA via inflammation. It is well 
recognized that proinflammatory cytokines play an 
important role in the development of oA and that a 
HFD induces an increase in the organism’s inflamma-
tory status.28 Therefore, the main cytokines involved in 
articular cartilage inflammation and destruction were 
analyzed as well as the adipokines known to be corre-
lated with diet. several papers did not find any statisti-
cally significant difference in the proteins that were 
measured. However, as expected, an increase of several 
proinflammatory cytokines was observed in the HFD 
mice when compared with CD mice. Il-1β, Il-6, and TNF-
α increased at the knee joint level, and Il-8 increased at 
the systemic level. Interestingly, at a systemic level the 
anti- inflammatory cytokine Il-1Ra, the direct antagonist 
of Il-1β, also increased in HFD mice. on the other hand, 
the data were contradictory with regard to two cytokines 
that share the Il-4 type 1 receptor and would therefore 
have been expected to respond similarly. Instead, Il-4 
decreased33 while IL-13 increased.27 This discrepancy 
may have resulted from variations in the methodology 
used in the two papers (for example, the different tissue 
origin, serum for Il-4 and epididymal fat tissue for IL-13).

A HFD induced an increase in the proinflammatory sta-
tus. An increase was found at the knee joint level of the 
catabolic cartilage markers MMP-13 and MMP-3, compli-
mented by an increase in its inhibitor TIMP-3. Moreover, 
an increase in markers of hypertrophic cartilage, such as 
TGF-β1 and ColX, was observed. In accordance with oA 
progression, VEGF-a, which is associated with catabolic 
processes in chondrocytes, also increased.

Finally, the adipocytokine evaluation demonstrated a 
clear increase of leptin, which is directly associated with 
obesity and oA,37 at both local and systemic levels, as 
protein released or gene expressed. Conversely, the anti-
inflammatory adiponectin, inversely correlated with oA, 
showed conflicting data at the systemic level.

Future studies are needed to investigate the impact of 
inflammation on joint disease, to define the molecular 
pathways mediating the inflammation in oA, and to dis-
cover new potential therapeutic targets. Although this 
review was conducted in mice, Panchal and Brown38 con-
cluded that a HFD mimics most of the symptoms of meta-
bolic syndrome in humans. Therefore, these findings may 
provide new insights into the pathogenesis of human oA.

In conclusion, many of the studies included in this 
review carried out experiments designed to reveal the 
mechanisms of the presumed correlation between a HFD 
and oA in the mice model, regardless of whether or not 
the correlation existed. In the surgically induced model of 
oA, a HFD unequivocally exacerbated the progression of 
oA when compared with a CD. However, this systematic 

review and meta-analysis revealed a more ambiguous 
result with regard to the effects of a HFD on the induction 
of oA in mice. The lack of reproducibility in the use of a 
high-fat dietary intervention to produce oA in mice mer-
its consideration. If the HFD model in mice can be estab-
lished to reliably induce oA, it would facilitate further 
exploration of the identification of the key inflammatory 
mediators involved, potentially leading to the discovery 
of dietary and pharmacological preventions and treat-
ments for this debilitating disease.

supplementary Material
Tables showing: the population, intervention, com-
parator, outcome, and setting (PICos) criteria used 

in performing the systematic review; the electronic data-
bases and search strategies used to identify all primary 
studies; and dietary information for high-fat diets and 
control diets for the mice models.
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