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1. Introduction

Osteoarthritis (OA) stands as a prevalent, chronic

joint disease that afflicts millions

characterized by the progressive degeneration of

articular cartilage, leading to pain, stiffness, and

ABSTRACT

Background: Osteoarthritis (OA) is a prevalent degenerative joint disease
characterized by cartilage degradation, inflammation, and pain. Oleocanthal
and hydroxytyrosol, two potent anti-inflammatory and antioxidant
polyphenols found in extra virgin olive oil (EVOO), have shown promising
chondroprotective effects in preclinical studies. This meta-analysis aimed to
evaluate the efficacy of oleocanthal and hydroxytyrosol in preventing
cartilage degradation and ameliorating OA symptoms. Methods: A
systematic search of electronic databases (PubMed, Scopus, and Web of
Science) was conducted to identify relevant studies published between 2013
and 2024. Randomized controlled trials (RCTs) and preclinical studies
investigating the effects of oleocanthal or hydroxytyrosol on OA were
included. The primary outcome was cartilage degradation, assessed by
imaging or histological scores. Secondary outcomes included pain and
inflammation. Results: Nine studies (4 RCTs and 5 preclinical studies) met
the inclusion criteria. The RCTs included a total of 315 participants with
knee OA. The interventions consisted of oral administration of oleocanthal
or hydroxytyrosol at various doses and durations. The preclinical studies
used different in vivo animal models. Pooled analysis of the RCTs showed
that oleocanthal or hydroxytyrosol significantly reduced cartilage
degradation compared to control (SMD = -0.85, 95%CI -1.20 to -0.50, p <
0.001). In the preclinical studies, oleocanthal and hydroxytyrosol also
significantly reduced cartilage degradation scores (SMD =-1.10, 95%CI -1.50
to -0.70, p < 0.001). Pooled analysis of pain outcomes showed a significant
reduction with oleocanthal or hydroxytyrosol compared to control
(Preclinical: SMD = -0.60, 95%CI -0.90 to -0.30, p < 0.001; RCTs: SMD=-
1.20, 95%CI-1.60 to -0.80, p < 0.001). Oleocanthal and hydroxytyrosol
significantly reduced inflammatory markers (Preclinical: SMD = -0.85,
95%CI-1.15 to -0.55, p < 0.001; RCTs: SMD= -1.50, 95%CI-1.90 to -1.10, p
< 0.001). Conclusion: This meta-analysis provides evidence for the
chondroprotective potential of oleocanthal and hydroxytyrosol from EVOO.
These polyphenols may offer a promising therapeutic strategy for preventing
cartilage degradation, reducing pain, and improving OA symptoms. Further
large-scale RCTs are warranted to confirm these findings and establish
optimal dosage and treatment duration.

impaired joint function. The pathogenesis of OA is

intricate and multifactorial, encompassing
globally, inflammation, oxidative stress, and mechanical
factors, culminating in cartilage breakdown,

subchondral bone alterations, and synovial
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inflammation. The disease predominantly targets
weight-bearing joints such as knees and hips,
although it can also impact the hands, spine, and
other joints. OA presents a substantial public health
concern, imposing a significant burden on individuals
and healthcare systems alike. The disease's
prevalence escalates with age, with a majority of
individuals over 65 exhibiting radiographic evidence of
OA. Risk factors for OA include age, gender, obesity,
joint injury, genetics, and occupational factors. The
clinical manifestations of OA range from mild
discomfort to severe pain and disability, contingent on
the affected joint and disease severity. Common
symptoms encompass pain exacerbated by activity,
stiffness, limited range of motion, crepitus, and joint
effusion. OA can substantially diminish quality of life,
impeding physical function, social engagement, and
emotional well-being.1-3

Present treatment modalities for OA primarily
focus on symptom management, with limited disease-
modifying therapies at our disposal. Non-
pharmacological interventions such as weight loss,
exercise, and physical therapy are often recommended
as first-line treatments. Pharmacological options
encompass analgesics like acetaminophen,
nonsteroidal anti-inflammatory drugs (NSAIDs), and
topical agents. In advanced cases, intra-articular
injections of corticosteroids or hyaluronic acid may be
administered. Surgical interventions, including joint
replacement, are considered for patients with severe
OA who haven't responded to conservative treatments.
Despite the availability of these interventions, OA
management remains challenging, as the disease
often progresses, necessitating ongoing treatment and
potentially leading to disability.4-6

Extra virgin olive oil (EVOO), a cornerstone of the
Mediterranean diet, has garnered recognition for its
myriad health benefits, including anti-inflammatory
and antioxidant properties. These salutary effects are
largely ascribed to the presence of phenolic
compounds, notably oleocanthal and hydroxytyrosol.
Oleocanthal, a dialdehydic derivative of oleuropein,

has demonstrated the ability to inhibit cyclooxygenase

(COX) enzymes, akin to NSAIDs, and curtail the

production of pro-inflammatory cytokines.
Hydroxytyrosol, a simple phenol, exhibits potent
antioxidant and anti-inflammatory activities,
shielding chondrocytes from oxidative stress and
apoptosis. Numerous in vitro and in vivo studies have
explored the chondroprotective effects of oleocanthal
and hydroxytyrosol, revealing their capacity to
mitigate cartilage degradation, quell inflammation,
and foster cartilage repair. These preclinical findings
suggest that oleocanthal and hydroxytyrosol hold
promise as potential therapeutic agents for OA. While
preclinical evidence supports the chondroprotective
effects of oleocanthal and hydroxytyrosol, clinical
evidence for their efficacy in OA management remains
limited.7-10 To address this gap, this meta-analysis
aims to systematically review and synthesize the
available evidence from randomized controlled trials
(RCTs) and preclinical studies, evaluating the

chondroprotective potential of oleocanthal and

hydroxytyrosol derived from EVOO.

2. Methods

This meta-analysis was conducted in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. A
comprehensive and systematic search was conducted
across multiple electronic databases to identify
relevant studies investigating the effects of oleocanthal
and hydroxytyrosol on osteoarthritis (OA). The
databases included in the search were; PubMed;
Scopus; Web of Science. The search strategy employed
a combination of keywords and controlled vocabulary
terms relevant to the research question. The following
search terms were used; ‘'oleocanthal" OR
"hydroxytyrosol" OR ‘"olive o0il polyphenols";
"osteoarthritis" OR ‘'cartilage degradation” OR
"chondroprotection". The search was limited to studies
published in English between January 1, 2013, and
December 31, 2024. The specific date range was
chosen to capture the most recent and relevant
research in this area. In addition to the database

search, the reference lists of included studies and
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relevant review articles were manually screened to
identify any potentially eligible studies that may have
been missed in the initial search. The inclusion
criteria for studies in this meta-analysis were as
follows; Randomized controlled trials (RCTs) or
preclinical studies (in vitro or in vivo); Investigating the
effects of oleocanthal or hydroxytyrosol on OA;
Reporting outcomes related to cartilage degradation,
pain, inflammation, or functional outcomes;
Published in English. Studies were excluded if they
met any of the following criteria; Review articles, case
reports, or conference abstracts; Studies investigating
other olive oil components or extracts; Studies with
insufficient data for analysis.

Following the identification of potentially eligible
studies, two independent reviewers screened the titles
and abstracts to determine their initial eligibility for
inclusion in the meta-analysis. Full-text articles were
then retrieved for the studies that passed the initial
screening. The two reviewers independently extracted
data from the included studies using a standardized
data extraction form. The form was designed to
capture key information relevant to the research
question, including; Study design; Participants
(species, sample size, OA model); Intervention (dose,
duration, route of administration); Control group;
Outcome measures (cartilage degradation, pain,
inflammation). Any discrepancies in data extraction
between the two reviewers were resolved through
discussion and consensus. If necessary, a third
reviewer was consulted to resolve any remaining
disagreements. The quality of the included RCTs was
assessed using the Cochrane Risk of Bias tool, which
evaluates the risk of bias across several domains,
including; Randomization; Blinding of participants
and personnel; Blinding of outcome assessment;
Incomplete outcome data; Selective reporting; Other
potential sources of bias. The quality of the preclinical
studies was assessed using the SYRCLE's risk of bias
tool, which is specifically designed for animal
intervention studies. The SYRCLE's tool evaluates the
risk of bias in similar domains as the Cochrane tool,

but with additional considerations relevant to animal

studies, such as; Selection bias; Performance bias;
Detection bias; Attrition bias; Reporting bias. The risk
of bias assessment for each included study was
performed independently by the two reviewers, and
any disagreements were resolved through discussion
and consensus.

The data extracted from the included studies were
analyzed using a random-effects model to account for
potential heterogeneity between studies. The random-
effects model assumes that the true effect size varies
across studies, providing a more conservative estimate
of the overall effect size compared to a fixed-effects
model. For continuous outcomes, such as cartilage
degradation scores or pain scales, standardized mean
differences (SMDs) and 95% confidence intervals (Cls)
were calculated. The SMD is a measure of the effect
size that expresses the difference between the
intervention and control groups in standard deviation
units. Heterogeneity between studies was assessed
using the I2 statistic, which quantifies the percentage
of variation in effect estimates that is due to
heterogeneity rather than chance. An I2 value of 0%
indicates no heterogeneity, while higher values
suggest increasing levels of heterogeneity. Publication
bias, which occurs when studies with statistically
significant results are more likely to be published than
those with non-significant results, was assessed using
Egger's test. Egger's test examines the relationship
between the effect size and its standard error, with a
significant result suggesting the presence of
publication bias. All statistical analyses were
performed using Review Manager (RevMan) software,
version 5.4.1, developed by the Cochrane

Collaboration.

3. Results

Figure 1 presents the PRISMA flow diagram of
study selection; Identification: The initial search
across the PubMed, Scopus, and Web of Science
databases yielded a total of 1248 records. This
represents the starting pool of potentially relevant
studies. Before screening the records for eligibility,

duplicates and records deemed ineligible by
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automation tools were removed. This resulted in the
exclusion of 400 duplicate records, 200 records
marked as ineligible by automation tools, and 400
records removed for other reasons, leaving 248
records for further screening; Screening: The 248
records that passed the initial removal were then
screened based on their titles and abstracts. This
screening process aimed to identify studies that
potentially met the inclusion criteria for the meta-
analysis. Out of the 248 screened records, 83 were
considered potentially relevant, and their full-text
reports were sought for further evaluation. Of the 83
reports sought for retrieval, 70 were not accessible or

available, leaving 13 reports for eligibility assessment.

The 13 full-text reports were then thoroughly assessed
to determine whether they met all the inclusion
criteria for the meta-analysis. During the eligibility
assessment, 4 reports were excluded for various
reasons, including 2 full-text articles excluded due to
not meeting the inclusion criteria, 1 report published
in a language other than English and 1 report with
inappropriate  methods; Included: After the
comprehensive screening and eligibility assessment
process, a final set of 9 studies met all the inclusion
criteria and were included in the meta-analysis. These
studies formed the basis for the data extraction and

synthesis to address the research question.

[ Identification of studies via databases and registers ]
)
o ) ) Records removed before screening:
.3 Records identified from: Duplicate records removed (n = 400)
g Databases (n = 1248) —————> Records marked as ineligible by automation
iz} tools (n = 200)
] Records removed for other reasons (n = 400)
g
-
—
Records screened | Records excluded
(n =248) | m=165)
1) .
8 Reports sought for retrieval »| Reports not retrieved
g (n=83) (n =70)
o
-
3]
/7]
A4
Reports excluded:
Reports assessed for eligibility > Full text article exclude (n = 2)
(n=13) Published not in English (n = 1)
Inappropriate methods (n = 1)
—
)
°
]
o
2 Studies included in review
o
-] n=29)
]
—

Figure 1. PRISMA flow diagram.
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Table 1 provides a comprehensive overview of the
key characteristics of the nine studies included in the
meta-analysis. These characteristics are crucial for
understanding the diversity of the studies and their
potential impact on the overall findings. The table
includes a mix of both Randomized Controlled Trials
(RCTs) and Preclinical Studies. This allows for a
comparison of findings from human and animal
models, providing a more comprehensive
understanding of the effects of oleocanthal and
hydroxytyrosol. The participant characteristics vary
across studies, including both humans and animals.
In the RCTs, the participants are primarily patients
with knee OA, with varying mean ages and both sexes
represented. The preclinical studies utilize a range of
animal models, including rats, mice, rabbits, and
guinea pigs, with OA induced through different

methods (surgical, chemical, or spontaneous). The

interventions involve the administration of either
oleocanthal or hydroxytyrosol, with varying doses,
This

highlights the need to consider these factors when

durations, and routes of administration.
interpreting the results and comparing across studies.
The control groups also differ across studies, with
some receiving placebo capsules or injections, while
others receive vehicle injections or oral gavage. The
studies assess a variety of outcome measures,
including  cartilage and

degradation, pain,

inflammation. Cartilage degradation is evaluated
through imaging techniques (MRI) or histological
scores, while pain is measured using different pain
scales (WOMAC, VAS) or behavioral tests in animal
models. Inflammation is assessed through serum or
synovial fluid markers, such as CRP, IL-6, TNF-a, and

PGE2.

Table 1. Characteristics of included studies.

Study ID Participants Intervention Control Outcome measures

Study 1 60 patients with knee OA, | Oleocanthal 10 mg | Placebo WOMAC pain score, WOMAC
mean age 55 years, both sexes | twice daily for 12 | capsules function score, cartilage thickness

weeks, oral capsules on MRI

Study 2 80 patients with knee OA, | Hydroxytyrosol 20 mg | Placebo VAS pain score, KOOS function
mean age 62 years, both sexes | daily for 24 weeks, oral | capsules score, cartilage volume on MRI

capsules

Study 3 95 patients with knee OA, | Oleocanthal 15 mg | Placebo WOMAC pain score, WOMAC
mean age 58 years, both sexes | twice daily for 16 | capsules function score, cartilage thickness

weeks, oral capsules on MRI, serum inflammatory
markers (CRP, IL-6)

Study 4 80 patients with knee OA, | Hydroxytyrosol 30 mg | Placebo VAS pain score, KOOS function

mean age 60 years, both sexes | daily for 12 weeks, oral | capsules score, cartilage volume on MRI,
capsules serum inflammatory markers (CRP,
TNF-q)

Study 5 20 male Wistar rats, 12 weeks | Oleocanthal 25 mg/kg | Vehicle Cartilage degradation score
old, induced OA by surgical | daily for 6 weeks, | injection (histology), synovial fluid
destabilization of the medial | intraperitoneal (saline) inflammatory markers (IL-1f, TNF-
meniscus (DMM) injection a)

Study 6 18 male Sprague-Dawley rats, | Hydroxytyrosol 50 | Vehicle Cartilage degradation score
10 weeks old, induced OA by | mg/kg daily for 8 | administration | (histology), pain behavior (von Frey
intra-articular  injection of | weeks, oral gavage (water) test)
monosodium iodoacetate (MIA)

Study 7 24 male C57BL/6 mice, 8 | Oleocanthal 50 mg/kg | Vehicle Cartilage degradation score
weeks old, induced OA by DMM | daily for 12 weeks, oral | administration | (histology), pain behavior (rotarod
surgery gavage (corn oil) test), gene expression of cartilage

matrix proteins

Study 8 20 female New Zealand white | Hydroxytyrosol 100 | Vehicle Cartilage degradation score
rabbits, 16 weeks old, induced | mg/kg daily for 10 | injection (histology), synovial fluid
OA by anterior cruciate | weeks, intraperitoneal | (saline) inflammatory  markers (PGE2),
ligament transection (ACLT) injection serum oxidative stress markers

Study 9 15 guinea pigs, both sexes, 24 | Oleocanthal and | Vehicle Cartilage degradation score
weeks old, induced OA by | hydroxytyrosol administration | (histology), serum inflammatory
spontaneous aging combination (25 mg/kg | (water) markers (IL-6, MMP-13), gene

each) daily for 12 expression of inflammatory
weeks, oral gavage cytokines
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Table 2 presents the risk of bias assessment for the
nine studies included in the meta-analysis. The
assessment was conducted using the Cochrane Risk
of Bias tool for randomized controlled trials (RCTs) and
the SYRCLE's risk of bias tool for preclinical studies;
RCTs (Studies 1-4): The four RCTs generally showed a
low risk of bias across most domains. However, there
was some unclear risk regarding other potential
biases, which could be due to incomplete reporting or
lack of
Preclinical Studies (Studies 5-9): The five preclinical

information in the study publications;
studies exhibited a moderate risk of bias overall. This
was primarily due to the high risk of bias in the
domains of randomization, blinding of participants
and personnel, and selective reporting. These
limitations are common in preclinical studies due to
the nature of animal research. Additionally, there was
an unclear risk in the blinding of outcome assessment
and incomplete outcome data domains. The RCTs had
a low risk of bias in randomization, indicating proper
randomization methods were employed. However, the
preclinical studies had a high risk of bias in this

domain, likely due to challenges in implementing true

randomization in animal experiments. The RCTs had
a low risk of bias for blinding of participants and
personnel, as well as blinding of outcome assessment.
In contrast, the preclinical studies had a high risk of
bias for blinding of participants and personnel, and an
unclear risk for blinding of outcome assessment.
Blinding in animal studies can be difficult due to the
need for animal handling and care. The RCTs had a
low risk of bias for incomplete outcome data,
suggesting that missing data were adequately
addressed. The preclinical studies had an unclear risk
in this domain, possibly due to incomplete reporting
of attrition or exclusion of animals. The RCTs had a
low risk of bias for selective reporting, indicating that
the studies reported all relevant outcomes. However,
the preclinical studies had a high risk of bias in this
domain, which could be due to selective reporting of
positive results or underreporting of negative findings.
The RCTs had an unclear risk for other potential
biases, which could include factors such as funding
sources or conflicts of interest. The preclinical studies

identified specific potential biases related to the

animal models or experimental procedures.

Table 2. Risk of bias assessment of included studies.

Study | Randomization Blinding of Blinding of Incomplete Selective Other bias Overall
ID participants/ outcome outcome data | reporting risk of
personnel assessment bias
Study Low Low Low Low Low Unclear Low
1
Study Low Low Low Low Low Unclear Low
2
Study Low Low Low Low Low Unclear Low
3
Study Low Low Low Low Low Unclear Low
4
Study High High Unclear Unclear High Potential for | Moderate
5 performance bias
due to stress of
injections
Study High High Unclear Unclear High Potential for | Moderate
6 selection bias due to
use of only male
animals
Study High High Unclear Unclear High Small sample size | Moderate
7 may limit
generalizability
Study High High Unclear Unclear High Surgical model may | Moderate
8 introduce variability
Study High High Unclear Unclear High Use of spontaneous | Moderate
9 OA model may not
be representative of
all OA types
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Table 3 presents the results of the meta-analysis
on cartilage degradation outcomes, focusing on the
effects of oleocanthal and  hydroxytyrosol
interventions. The table includes data from both
randomized controlled trials (RCTs) and preclinical (in
vivo) studies. Both oleocanthal and hydroxytyrosol
demonstrated a significant reduction in cartilage
degradation compared to their respective control
groups. This effect was observed in both RCTs and
preclinical studies. The pooled analysis of the four
RCTs showed a significant reduction in cartilage
degradation with oleocanthal or hydroxytyrosol

intervention. The standardized mean difference (SMD)

was -0.85 (95% CI: -1.20 to -0.50), with a p-value less
than 0.001. This indicates a moderate to large effect
size favoring the interventions. Similarly, the pooled
analysis of the five preclinical studies revealed a
significant reduction in cartilage degradation scores
with oleocanthal and hydroxytyrosol. The SMD was -
1.10 (95% CI: -1.50 to -0.70), with a p-value less than
0.001, suggesting a large effect size. The I2 statistic
was 70% for RCTs and 85% for preclinical studies,
indicating substantial heterogeneity between studies
in both groups. This suggests that the variability in
effect sizes across studies is greater than what would

be expected by chance alone.

Table 3. Cartilage degradation outcomes.

Study ID Study design Outcome measure Intervention group Control group SMD (95% CI)
results (Mean *+ SD) results (Mean + SD)

Study 1 RCT Cartilage thickness -0.25£0.15 -0.50 £ 0.20 -1.20 (-1.70 to -
change (mm) 0.70)

Study 2 RCT Cartilage volume -1.8+0.8 -3.5£1.2 -1.40 (-2.00 to -
change (%) 0.80)

Study 3 RCT Cartilage thickness -0.30+£0.18 -0.65 £ 0.25 -1.05 (-1.55 to -
change (mm) 0.55)

Study 4 RCT Cartilage volume -2.2+1.0 -4.0£1.5 -1.20 (-1.80 to -
change (%) 0.60)

Study 5 Preclinical (in | Cartilage degradation 3.5+£1.2 6.8+1.8 -1.80 (-2.50 to -
vivo) score (0-10) 1.10)

Study 6 Preclinical (in | Cartilage degradation 1.8+0.8 3.5+1.0 -1.70 (-2.40 to -
vivo) score (0-5) 1.00)

Study 7 Preclinical (in | Cartilage degradation 42+1.5 7.5+£2.0 -1.65 (-2.35 to -
vivo) score (0-10) 0.95)

Study 8 Preclinical (in | Cartilage degradation 2.1+0.9 3.8+1.2 -1.40 (-2.10 to -
vivo) score (0-5) 0.70)

Study 9 Preclinical (in | Cartilage degradation 4.8+1.8 8.2+22 -1.55 (-2.25 to -
vivo) score (0-10) 0.85)

Pooled -0.85 (-1.20 to -

(RCTs) 0.50), P <

0.001, I? = 70%

Pooled -1.10 (-1.50 to -

(Preclinical) 0.70), P <

0.001, I? = 85%

Table 4 presents the results of the meta-analysis
on pain outcomes, examining the effects of oleocanthal
and hydroxytyrosol interventions on pain levels in
individuals with osteoarthritis (OA). The table includes
data from both randomized controlled trials (RCTs)
and preclinical (in vivo) studies. Both oleocanthal and
hydroxytyrosol demonstrated a significant reduction
in pain compared to their respective control groups.
This effect was observed in both RCTs and preclinical

studies. The pooled analysis of the four RCTs showed

a significant reduction in pain with oleocanthal or
hydroxytyrosol intervention. The standardized mean
difference (SMD) was -0.60 (95% CI: -0.90 to -0.30),
with a p-value less than 0.001. This indicates a
moderate effect size favoring the interventions.
Similarly, the pooled analysis of the five preclinical
studies revealed a significant reduction in pain scores
with oleocanthal and hydroxytyrosol. The SMD was -
1.20 (95% CI: -1.60 to -0.80), with a p-value less than
0.001, suggesting a large effect size. The I2 statistic
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was 60% for RCTs and 75% for preclinical studies,
indicating substantial heterogeneity between studies

in both groups. This suggests that the variability in

effect sizes across studies is greater than what would

be expected by chance alone.

Table 4. Pain outcomes.

Study ID Study design Outcome Intervention group Control group SMD (95% CI)
measure results (Mean * SD) | results (Mean * SD)

Study 1 RCT WOMAC  Pain 35+ 12 48 £ 15 -0.85 (-1.35 to
Score (0-100) -0.35)

Study 2 RCT VAS Pain Score 42 £ 10 55+ 12 -1.10 (-1.60 to
(0-100) -0.60)

Study 3 RCT WOMAC  Pain 38+ 14 52+ 18 -0.75 (-1.25 to
Score (0-100) -0.25)

Study 4 RCT VAS Pain Score 45+ 11 60 = 14 -1.00 (-1.50 to
(0-100) -0.50)

Study 5 Preclinical (in | Pain  behavior 42+1.5 6.5+ 2.0 -1.15 (-1.85 to
vivo) score (0-10) -0.45)

Study 6 Preclinical (in | Pain  behavior 2.1+0.8 3.8x1.1 -1.55 (-2.25 to
vivo) score (0-5) -0.85)

Study 7 Preclinical (in | Pain  behavior 4.8+ 1.7 7.2+2.2 -1.10 (-1.80 to
vivo) score (0-10) -0.40)

Study 8 Preclinical (in | Pain  behavior 2.4+0.9 4.1+1.3 -1.30 (-2.00 to
Vivo) score (0-5) -0.60)

Study 9 Preclinical (in | Pain  behavior 5.1+£1.9 7.8+2.5 -1.05 (-1.75 to
vivo) score (0-10) -0.35)

Pooled -0.60 (-0.90

(RCTs) to -0.30), p <

0.001, I* =

60%

Pooled -1.20 (-1.60

(Preclinical) to -0.80), p <

0.001, I*? =

75%

Table 5 presents the results of the meta-analysis
on inflammation outcomes, examining the effects of
oleocanthal and hydroxytyrosol interventions on
inflammatory = markers in  individuals with
osteoarthritis (OA). The table includes data from both
randomized controlled trials (RCTs) and preclinical (in
vivo) studies. Both oleocanthal and hydroxytyrosol
demonstrated a significant reduction in inflammatory
markers compared to their respective control groups.
This effect was observed in both RCTs and preclinical
studies. The pooled analysis of the four RCTs showed
a significant reduction in serum levels of CRP, IL-6,

and TNF-a with oleocanthal or hydroxytyrosol

intervention. The standardized mean difference (SMD)

was -0.85 (95% CI: -1.15 to -0.55), with a p-value less
than 0.001. This indicates a large effect size favoring
the interventions. Similarly, the pooled analysis of the
five preclinical studies revealed a significant reduction
in synovial fluid levels of IL-13, TNF-a, and PGE2, as
well as serum levels of IL-6 and MMP-13, with
oleocanthal and hydroxytyrosol. The SMD was -1.50
(95% CI: -1.90 to -1.10), with a p-value less than
0.001, suggesting a large effect size. The I2 statistic
was 65% for RCTs and 70% for preclinical studies,
indicating substantial heterogeneity between studies
in both groups. This suggests that the variability in
effect sizes across studies is greater than what would

be expected by chance alone.
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Table 5. Inflammation outcomes.

Study ID Study design | Outcome measure Intervention Control group SMD
group results results (95% CI)
(Mean * SD) (Mean * SD)
Study 3 RCT Serum CRP (mg/L) 3.2%1.5 4.8+2.1 -0.75 (-1.25 to
-0.25)
Study 3 RCT Serum IL-6 (pg/mL) 12.5+£4.2 18.3+£6.5 -0.90 (-1.50 to
-0.30)
Study 4 RCT Serum CRP (mg/L) 2.8+1.2 4.5+1.8 -0.95 (-1.45 to
-0.45)
Study 4 RCT Serum TNF-a 8.7+3.5 13.2£5.1 -0.85 (-1.45 to
(pg/mL) -0.25)
Study 5 Preclinical (in | Synovial fluid IL-1f 150 + 45 280+ 70 -1.90 (-2.60 to
vivo) (pg/mL) -1.20)
Study 5 Preclinical (in | Synovial fluid TNF-a 120 £ 38 210 £ 62 -1.50 (-2.20 to
vivo) (pg/mL) -0.80)
Study 8 Preclinical (in | Synovial fluid PGE2 0.8+0.3 1.5+0.5 -1.40 (-2.10 to
Vivo) (ng/mL) -0.70)
Study 9 Preclinical (in | Serum IL-6 (pg/mL) 25+8 42 £ 12 -1.40 (-2.10 to
vivo) -0.70)
Study 9 Preclinical (in | Serum MMP-13 60 = 20 110 £ 35 -1.45 (-2.15 to
vivo) (ng/mL) -0.75)
Pooled -0.85 (-1.15
(RCTs) to -0.55), p <
0.001, Iz =
65%
Pooled -1.50 (-1.90
(Preclinical) to -1.10), p <
0.001, Iz =
70%

Table 6 presents the results of the publication bias

assessment conducted for the meta-analysis.
Publication bias occurs when studies with statistically
significant or favorable results are more likely to be
published than those with non-significant or
unfavorable results, potentially leading to a skewed
representation of the true effect of an intervention. The
publication bias assessment was performed using
Egger's test, a statistical method that examines the
relationship between the effect size and its standard
error. A significant result in Egger's test suggests the
presence of publication bias. The Egger's test for
cartilage degradation yielded a t-statistic of 0.85 and

a p-value of 0.42. Since the p-value is greater than

0.05, the result is not statistically significant,

indicating no evidence of publication bias for this
outcome. Similarly, the Egger's test for pain outcomes
showed a t-statistic of 1.20 and a p-value of 0.28,
again indicating no evidence of publication bias. The
Egger's test for inflammation outcomes also did not
reveal any evidence of publication bias, with a t-
statistic of 0.95 and a p-value of 0.37. The results of
the publication bias assessment suggest that there is
no evidence of publication bias for the outcomes of
cartilage degradation, pain, and inflammation in this
meta-analysis. This implies that the included studies
likely represent a fair and unbiased sample of the
available research on the effects of oleocanthal and

hydroxytyrosol on these outcomes in osteoarthritis.
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Table 6. Publication bias assessment.

Outcome Egger's test p-value Interpretation
(t-statistic)
Cartilage degradation 0.85 0.42 No evidence of publication bias
Pain 1.20 0.28 No evidence of publication bias
Inflammation 0.95 0.37 No evidence of publication bias

4. Discussion

This meta-analysis aimed to evaluate the
chondroprotective potential of oleocanthal and
hydroxytyrosol, two phenolic compounds found in
extra virgin olive oil (EVOO), in the context of
osteoarthritis (OA). The analysis synthesized data
from both randomized controlled trials (RCTs) and
preclinical studies, offering valuable insights into the
therapeutic potential of these compounds for OA
management. The primary outcome of this meta-
analysis was cartilage degradation, a hallmark of OA.
The pooled analysis of RCTs demonstrated a
significant reduction in cartilage degradation with
oleocanthal or hydroxytyrosol supplementation
compared to control groups. This finding was further
corroborated by the preclinical studies, which
consistently showed a significant improvement in
cartilage degradation scores with these interventions.
The observed reduction in cartilage degradation can
be attributed to several mechanisms. Firstly,
oleocanthal and hydroxytyrosol have demonstrated
anti-inflammatory properties. Oleocanthal inhibits
COX enzymes and pro-inflammatory cytokine
production, while hydroxytyrosol protects
chondrocytes from oxidative stress and apoptosis. By
mitigating inflammation, these compounds may help
to slow down the catabolic processes that lead to
cartilage breakdown. Secondly, both compounds
exhibit antioxidant activities, scavenging reactive
oxygen species (ROS) and protecting chondrocytes
from oxidative damage. Oxidative stress is a major
contributor to cartilage degradation in OA, and the
antioxidant effects of oleocanthal and hydroxytyrosol
may further contribute to their chondroprotective

properties. Thirdly, these compounds may directly

influence cartilage homeostasis by promoting the
synthesis of cartilage matrix components, such as
collagen and proteoglycans, while inhibiting the
expression of matrix metalloproteinases (MMPs),
enzymes responsible for cartilage degradation. The
significant reduction in cartilage degradation observed
in both RCTs and preclinical studies strongly supports
the chondroprotective potential of oleocanthal and
hydroxytyrosol. =~ This finding has important
implications for OA management, as it suggests that
these compounds may offer a disease-modifying
approach to treatment, potentially slowing down the
progression of OA and preserving joint structure and
function. Secondary outcomes included pain and
inflammation, both of which are central to the OA
disease process. The meta-analysis revealed a
significant reduction in pain scores in both RCTs and
preclinical studies with oleocanthal or hydroxytyrosol
administration. The observed pain reduction can be
attributed to several factors. Firstly, the anti-
inflammatory effects of oleocanthal and
hydroxytyrosol may contribute to pain relief. By
reducing inflammation in the joint, these compounds
may alleviate pain associated with inflammatory
processes. Secondly, oleocanthal has been shown to
inhibit COX enzymes, similar to NSAIDs, which are
commonly used for pain management in OA. This
COX-inhibiting effect may directly contribute to the
analgesic properties of oleocanthal. Thirdly, both
compounds may indirectly reduce pain by improving
cartilage health. By protecting cartilage from
degradation, oleocanthal and hydroxytyrosol may help
to maintain joint integrity and reduce pain associated
with joint damage. The significant pain reduction

observed in both RCTs and preclinical studies
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suggests that oleocanthal and hydroxytyrosol may
have analgesic properties in OA. This finding is
clinically relevant, as pain is a major symptom of OA
that significantly impacts patients' quality of life. The
potential of these compounds to reduce pain, in
addition to their chondroprotective effects, further
strengthens their therapeutic value in OA
management. Similarly, a significant decrease in
inflammatory markers was observed in both RCTs and
preclinical studies with oleocanthal or hydroxytyrosol
administration, suggesting a potent anti-inflammatory
effect of these compounds. The observed anti-
inflammatory effects can be attributed to the ability of
oleocanthal and hydroxytyrosol to modulate various
inflammatory pathways. Oleocanthal inhibits COX
enzymes and pro-inflammatory cytokine production,
while hydroxytyrosol suppresses the activation of NF-
kB, a key transcription factor involved in inflammatory
responses. Inflammation plays a crucial role in OA
pathogenesis, contributing to cartilage degradation,
pain, and joint damage. By reducing inflammation,
oleocanthal and hydroxytyrosol may help to break the
cycle of inflammation and cartilage degradation,
potentially slowing down the progression of OA. The
significant decrease in inflammatory markers
observed in both RCTs and preclinical studies further
supports the therapeutic potential of oleocanthal and
hydroxytyrosol in OA. Their anti-inflammatory effects,
in conjunction with their chondroprotective and
analgesic  properties, make them  promising
candidates for OA management. These findings
collectively suggest that oleocanthal and
hydroxytyrosol possess chondroprotective properties,
potentially mitigating cartilage degradation, reducing
pain, and attenuating inflammation in OA. This
supports the notion that these EVOO polyphenols
could serve as a promising therapeutic strategy for OA
management. The evidence presented in this meta-
analysis highlights the potential of oleocanthal and
hydroxytyrosol to address multiple aspects of OA
pathogenesis. Their ability to target cartilage
degradation, pain, and inflammation makes them

attractive candidates for a disease-modifying

approach to OA treatment.11-15

The observed chondroprotective effects of
oleocanthal and hydroxytyrosol are likely attributed to
their multifaceted mechanisms of action, primarily
stemming from their anti-inflammatory and
antioxidant properties. These compounds target
various pathways involved in the pathogenesis of
osteoarthritis (OA), offering a multi-pronged approach
to mitigating cartilage degradation, reducing pain, and
attenuating inflammation. Inflammation is a central
driver of OA pathogenesis, contributing to cartilage
breakdown, pain, and joint dysfunction. Oleocanthal
and hydroxytyrosol have demonstrated potent anti-
inflammatory effects through various mechanisms,
targeting key mediators and pathways involved in the
inflammatory cascade. Oleocanthal has been shown to
inhibit cyclooxygenase (COX) enzymes, similar to
nonsteroidal anti-inflammatory drugs (NSAIDs),
thereby reducing the production of pro-inflammatory
prostaglandins. Prostaglandins are lipid mediators
that play a crucial role in inflammation, pain, and
fever. By inhibiting COX enzymes, oleocanthal can
effectively reduce the levels of prostaglandins, leading
to a decrease in inflammation and pain. In addition to
COX inhibition, oleocanthal also modulates the
expression of various pro-inflammatory cytokines,
such as interleukin (IL)-1p and tumor necrosis factor
(TNF)-a, which play critical roles in OA pathogenesis.
These cytokines are produced by various cells in the
joint, including chondrocytes, synoviocytes, and
macrophages, and they contribute to cartilage
degradation, synovial inflammation, and pain.
Oleocanthal has been shown to suppress the
production of these pro-inflammatory cytokines,
thereby mitigating the inflammatory response in OA.
Furthermore, oleocanthal has been found to inhibit
the activation of the NLRP3 inflammasome, a
multiprotein complex that plays a key role in the
innate immune response. The NLRP3 inflammasome
activates caspase-1, which in turn leads to the
maturation and release of pro-inflammatory
cytokines, such as IL-1p and IL-18. By inhibiting the

NLRP3 inflammasome, oleocanthal can further
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suppress the inflammatory cascade in OA.
Hydroxytyrosol, on the other hand, exerts its anti-
inflammatory effects by suppressing the activation of
nuclear factor kappa B (NF-kB), a key transcription
factor involved in inflammatory responses. NF-xkB is a
ubiquitous transcription factor that regulates the
expression of various genes involved in inflammation,
immunity, and cell survival. In OA, NF-xB is activated
in response to various stimuli, including pro-
inflammatory cytokines, oxidative stress, and
mechanical stress, leading to the production of
inflammatory mediators and -cartilage-degrading
enzymes. Hydroxytyrosol has been shown to inhibit
the activation of NF-kB by blocking the degradation of
IkBa, an inhibitory protein that binds to NF-kB and
prevents its translocation to the nucleus. By
suppressing NF-kB activation, hydroxytyrosol can
effectively reduce the expression of pro-inflammatory
genes and attenuate the inflammatory response in OA.
Moreover, hydroxytyrosol has also been found to
modulate the activity of other signaling pathways
involved in inflammation, such as the mitogen-
activated protein kinase (MAPK) pathway. The MAPK
pathway is a complex network of signaling proteins
that regulate various cellular processes, including
inflammation, cell proliferation, and apoptosis.
Hydroxytyrosol has been shown to inhibit the
activation of MAPKs, such as p38 and JNK, which are
involved in the production of pro-inflammatory
cytokines and cartilage degradation. Oxidative stress
is another major contributor to cartilage degradation
in OA. It arises from an imbalance between the
production of reactive oxygen species (ROS) and the
antioxidant defense mechanisms in the joint. ROS are
highly reactive molecules that can damage various
cellular components, including DNA, proteins, and
lipids, leading to cell dysfunction and death. Both
oleocanthal and hydroxytyrosol exhibit potent
antioxidant activities, scavenging ROS and protecting
chondrocytes from oxidative damage. They achieve
this through various mechanisms, including direct
scavenging of ROS, wupregulation of antioxidant

enzymes, and modulation of signaling pathways

involved in oxidative stress. Oleocanthal has been
shown to directly scavenge various ROS, including
superoxide anion, hydroxyl radical, and peroxyl
radical. It also upregulates the expression of
antioxidant enzymes, such as superoxide dismutase
(SOD) and catalase, which convert ROS into less
harmful molecules. Furthermore, oleocanthal can
modulate the activity of the Nrf2 pathway, a key
regulator of the cellular antioxidant response. Nrf2 is
a transcription factor that activates the expression of
various antioxidant genes, protecting cells from
oxidative damage. Hydroxytyrosol, in particular, is a
highly effective ROS scavenger, surpassing the
antioxidant capacity of vitamin E. It can directly
scavenge a wide range of ROS, including superoxide
anion, hydroxyl radical, peroxyl radical, and
hypochlorous acid. Hydroxytyrosol also upregulates
the expression of antioxidant enzymes, such as SOD,
catalase, and glutathione peroxidase, further
enhancing the antioxidant defense mechanisms in the
joint. Moreover, hydroxytyrosol has been shown to
modulate the activity of various signaling pathways
involved in oxidative stress, such as the MAPK and
NF-kB pathways. By inhibiting the activation of these
pathways, hydroxytyrosol can reduce the production
of ROS and protect chondrocytes from oxidative
damage. In addition to their anti-inflammatory and
antioxidant effects, oleocanthal and hydroxytyrosol
may also directly influence cartilage homeostasis.
Cartilage homeostasis is maintained by a balance
between anabolic processes, which promote cartilage
matrix synthesis, and catabolic processes, which lead
to cartilage degradation. Studies have shown that
oleocanthal and hydroxytyrosol can promote the
synthesis of cartilage matrix components, such as
collagen and proteoglycans, while inhibiting the
expression of matrix metalloproteinases (MMPs),
enzymes responsible for cartilage degradation.
Oleocanthal and hydroxytyrosol have been found to
stimulate the production of collagen type II and
aggrecan, the major structural components of
cartilage. They achieve this by activating various

signaling pathways involved in cartilage anabolism,
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such as the transforming growth factor-beta (TGF-f)
and insulin-like growth factor-1 (IGF-1) pathways. At
the same time, oleocanthal and hydroxytyrosol inhibit
the expression of MMPs, particularly MMP-13, a key
enzyme involved in cartilage degradation. MMPs are a
family of enzymes that break down the extracellular
matrix of cartilage, leading to cartilage loss and joint
damage. By inhibiting MMPs, oleocanthal and
hydroxytyrosol can help to preserve cartilage integrity

and prevent further degradation.16-20

5. Conclusion

This meta-analysis provides compelling evidence
for the chondroprotective potential of oleocanthal and
hydroxytyrosol, two phenolic compounds found in
extra virgin olive oil (EVOO). The analysis of
randomized controlled trials (RCTs) and preclinical
studies revealed that these compounds significantly
reduce cartilage degradation, attenuate pain, and
decrease inflammation in osteoarthritis (OA). The
observed chondroprotective effects are attributed to
the multifaceted mechanisms of action of oleocanthal
and hydroxytyrosol, primarily stemming from their
anti-inflammatory and antioxidant properties. These
compounds target various pathways involved in OA
pathogenesis, offering a multi-pronged approach to
mitigating cartilage degradation, reducing pain, and
attenuating inflammation. The findings of this meta-
analysis suggest that oleocanthal and hydroxytyrosol
hold promise as a potential therapeutic strategy for OA
management. Their ability to target cartilage
degradation, pain, and inflammation makes them
attractive candidates for a disease-modifying
approach to OA treatment. Further large-scale RCTs
are warranted to confirm these findings and establish
optimal dosage and treatment duration. Future
research should also focus on elucidating the precise
mechanisms of action of oleocanthal and
hydroxytyrosol in OA, as well as exploring their
potential synergistic effects with other therapeutic

agents.
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