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Abstract: A metabolic disease resulting in elevated blood glucose levels, type-2 diabetes affects approximately 462 million people
globally. Although its prevalence appears to be increasing, type-2 diabetes has been associated with various potentially preventable risk
factors, including infectious diseases. The protozoal infection with Toxoplasma gondii (Nicolle et Manceaux, 1908) has been associated
with type-2 diabetes in two previous meta-analyses. Since the publication of the last meta-analysis supporting an association between
type-2 diabetes and 7. gondii, several new primary studies have investigated this association. In this meta-analysis, we sought to further
characterise the association between type-2 diabetes and 7. gondii. We identified primary studies using PubMed, Embase, Scopus and
Web of Science. Twenty-five studies met our inclusion criteria for a total of 4,639 patients with type-2 diabetes and 3,492 controls.
Eighteen primary studies found a positive association between type-2 diabetes and 7. gondii, whereas seven did not. Using a frequen-
tist random-effects meta-analysis model, we found an overall summary odds ratio of 2.77 (95-percent confidence interval: 2.03-3.76),
suggesting that the odds people will have type-2 diabetes is 2.7 times higher for people seropositive for 7. gondii. Future studies should
investigate this association in additional geographical regions and explore whether this association is due to the immunosuppressive

effects of type-2 diabetes or whether 7. gondii directly or indirectly affects glucose metabolism, or both.
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Type-2 diabetes is a metabolic disorder characterised by
elevated blood glucose levels. In type-2 diabetes, defective
insulin secretion from pancreatic beta cells secondary to
stress from obesity and insulin-resistant tissues throughout
the body create a harmful negative feedback loop (Gali-
cia-Garcia et al. 2020), eventually disrupting glucose ho-
meostasis and resulting in hyperglycemia. Increased adi-
pose tissue also promotes insulin resistance through free
fatty acid release and adipokine deregulation, contributing
to the large percentage of obese individuals diagnosed with
type-2 diabetes (Galicia-Garcia et al. 2020).

Type-2 diabetes affects approximately 462 million peo-
ple worldwide, accounting for up to 95 percent of all diabe-
tes cases (Khan et al. 2020). It is associated with numerous
adverse outcomes due to a weakened immune system and
elevated blood sugar (Berbudi et al. 2020). Type-2 diabetes
weakens immunity through decreased cytokine produc-
tion, phagocytosis mutations, cell dysfunction and im-
paired ability to eliminate pathogens (Berbudi et al. 2020).

In addition, in response to high blood sugar, harmful
dicarbonyls — products of glucose that hinder immune re-
sponses — may be released, further weakening the immune
system (Kiselar et al. 2015). Bacterial infections, neurop-
athy and atherosclerosis are common in individuals with
type-2 diabetes, as are heart disease, kidney disease and
vision loss (Berbudi et al. 2020). Despite genetic contri-
butions (Galaviz et al. 2018), some risk factors of type-2
diabetes are potentially preventable (Pradeepa and Mo-
han 2017) through physical activity, diet, and maintaining
a healthy body weight.

Exposure to infectious diseases including viral infec-
tions such as coronavirus, influenza and hepatitis B is also
associated with type-2 diabetes (Casqueiro et al. 2012).
The adverse effect of hyperglycemia on the immune sys-
tem could produce this association between type-2 diabe-
tes and infectious diseases through altering the environ-
ment of immune-system cells, affecting the inflammatory
response, or causing oxidative stress (Chavez-Reyes et
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al. 2021). Consistent with this evidence, some bacteri-
al infections are associated with hypercaloric diets and
stressful lifestyles, producing hyperglycemia and in-
creasing the chances of contracting a bacterial infection
(Chavez-Reyes et al. 2021). Infectious diseases could
also result in type-2 diabetes, possibly via autoimmunity
(Prandota 2013).

Among the infectious diseases associated with type-2
diabetes is Toxoplasma gondii (Nicolle et Manceaux,
1908) (Ozgelik et al. 2020), a neurotropic intracellular
protozoan infecting approximately one-third of the global
population (Montoya and Liesenfeld 2004). Members of
the cat family, including domestic cats, are the definitive
hosts of T gondii (Smith et al. 2021), but many animals
can be infected. Humans can become infected by ingesting
eggs shed from cats, by ingesting contaminated food and
water (Montoya and Liesenfeld 2004), or via maternal-foe-
tal transmission (Smith et al. 2021).

In immunocompromised individuals, 7. gondii infec-
tion can cause severe eye, lung and neurological problems
(Mariuz et al. 1997, Inceboz and Inceboz 2021, Kalo-
geropoulos et al. 2022). Once considered benign in immu-
nocompetent humans, accumulating findings demonstrate
that 7 gondii infection can be associated with changes in
behaviour and cognitive function (Xiao et al. 2022). Infec-
tion with 7. gondii has also been associated with schizo-
phrenia and cancer (Smith et al. 2021).

Evidence suggests associations between 7. gondii infec-
tion and metabolic disorders (Salem et al. 2021) including
type-2 diabetes. In this regard, a previous meta-analysis of
four studies found a positive association between 7. gondii
and type-2 diabetes (odds ratio: 2.39, 95-percent CI: 1.2 to
4.75) (Majidiani et al. 2016). More recently, an additional
meta-analysis based on ten primary studies again found an
association between 7. gondii and type-2 diabetes diagno-
sis (odds ratio: 2.32; 95-percent CI: 1.66 to 3.24) (Molan
et al. 2020).

Given the increasing prevalence of type-2 diabetes
worldwide, its potential for prevention and the high se-
roprevalence of 7. gondii, we sought to further character-
ise the association between 7. gondii and type-2 diabetes.
Since the 2020 meta-analysis of ten studies investigating
the association between 7. gondii infection and type-2 di-
abetes, several new primary studies evaluating the asso-
ciation between type-2 diabetes and T. gondii have been
published. Including these additional studies in a me-
ta-analysis would enhance generalisability, increase statis-
tical power and provide more reliable results on which to
base future investigation.

MATERIALS AND METHODS

Information source and search strategy

Using the PubMed, Web of Science, Scopus and Embase da-
tabases, we searched for published articles regarding the associ-
ation between type-2 diabetes and Toxoplasma gondii infection.

We searched for “Toxoplasma gondii”, “Toxoplasma”,
dii”, “toxoplasmosis”, “type-2 diabetes”, “T2D”, “type-2 diabe-

T gon-
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tes mellitus”, “type II diabetes”, and “insulin resistant diabetes”.
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We also searched the reference lists of included studies to identify
other sources. We followed the preferred reporting items for sys-
tematic review and meta-analyses (PRISMA) guidelines (Page et
al. 2021).

Article selection criteria

In our selection of studies, we included peer-reviewed pub-
lished studies containing data on the seroprevalence of 7. gondii
infection in type-2 diabetes and control groups. We did not limit
our search criteria by year but did restrict language to English.
The following databases were used in our search: PubMed,
Embase, Web of Science and Scopus. We identified 255 arti-
cles from our initial literature searches. During our search, we
examined the reference sections of qualifying studies and also
received a publication alert; these efforts, identified as ‘other’ in
Fig. 1, resulted in four additional publications for a total of 259
records. After removal of duplicates and initial screening, there
were 175 records, and from these, we sought 35 for retrieval and
assessed them for eligibility. Twenty-five studies met our inclu-
sion criteria ( Fig. 1). In screening reports, we excluded studies
that did not differentiate between type-1 and type-2 diabetes or
that did not provide relevant data by which to do a meta-analy-
sis. In cases in which we had questions about the reported data,
we attempted to contact the corresponding authors of the rele-
vant articles.

[ Identification of studies via databases and registers
—
Records identified from: Records removed before screening:
g Databases (n = 255)
e PubMed (n =31) Duplicate records removed (n = 84)
[} Embase (n = 126) >
55 Web of Science (n = 50) Records marked as ineligble by
5 Scopus (n = 48) automation tools (n = 0)
o Other (n=4)
Registers (n = 0) Records removed for other reasons
(n=0)
S—
A4
Y
Records screened (n = 175) | Records excluded (n =140)
A 4
Reports sought for retrieval > Reports not retrieved (n = 0)
=2} (n=35)
=
=
@
: |
(%)
(72}
Reports excluded:
Reports assessed for eligibility o No T2DM outcome (n = 5)
(n=35) 4 Abstract only (n = 1)
No controls (n = 1)
Duplicate data (n = 3)
S’
A4
-g Studies included in review
©
3 (n=25)
2
- Reports of included studies

(n = 25)

Fig. 1. Study selection process for meta-analysis of Toxoplasma
gondii and type-2 diabetes.
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Data extraction

Two research group members independently extracted data
from the primary studies and then met and compared their find-
ings and resolved any discrepancies. We extracted the last name
of the first author, publication date, country where the study oc-
curred, mean age of the type-2 diabetes and control groups, per-
cent female of the type-2 diabetes and control groups, number of
individuals in the type-2 diabetes and control groups, number of
individuals seropositive for 7. gondii in the type-2 diabetes and
control groups, the p-value, and the type of assay used in each
study. We also reached out to the corresponding authors of each
study after data extraction to fill in any gaps, such as mean age or
percent female.

Risk of bias assessment for included studies

To evaluate the quality of the primary studies that met in-
clusion criteria, we used the Newcastle-Ottawa Scale (NOS),
a tool developed to assess the quality of non-randomised stud-
ies, including case-control and cohort designs (Wells 2001). In
our evaluation, we used only the items applicable to case-control
studies. NOS quality scores can range from 0 to 9, with high-
er scores indicating better study quality. The NOS evaluates the
risk of bias across three categories: selection, comparability and
exposure. The selection domain assesses how cases and controls
were defined and recruited, including their representativeness.
Comparability examines whether studies controlled for con-
founding variables. The exposure domain evaluates non-response
rate and ascertainment of exposure. Two research group members
independently rated each primary study’s quality and then met to
resolve any discrepancies and to reach a consensus on the final
NOS score for each study.

Data analysis

All analyses were conducted in R (R Core Team 2024) using
the metafor package (Viechtbauer 2010). We conducted a me-
ta-analysis and meta-regression of studies that met our predefined
eligibility criteria summarising individual study results using odds
ratios and their corresponding 95-percent confidence intervals. To
pool effect estimates, we used a frequentist random-effects model,
with study weights calculated using the inverse-variance method.
We explored multiple estimators for the between-study heteroge-
neity variance, including the DerSimonian-Laird, Paule-Mandel,
restricted maximum likelihood, and Sidik-Jonkman estimators.
We report results based on the Sidik-Jonkman estimator, which
is often more conservative and robust in the presence of heter-
ogeneity.

Pooled confidence intervals were constructed using the Har-
tung-Knapp-Sidik-Jonkman method, which employs a refined
variance estimator and uses the t-distribution as opposed to the
standard normal distribution (Hartung and Knapp 2001a,b, Sidik
and Jonkman 2002). Based on previous results from Molan et al.
(2020), we planned to use a random-effects model from the out-
set, though, given the newly included studies, we also formally
assessed heterogeneity using Cochran’s Q test and the I* statistic.

Publication bias was assessed visually with a contour-en-
hanced funnel plot (Peters et al. 2008), which displays areas of
statistical significance on a funnel plot. This plot more directly as-
sesses publication bias, as publication bias is not the only possible
cause of asymmetry in a traditional funnel plot. In a contour-en-
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hanced funnel plot, if studies appear missing in non-significant
areas, this suggests asymmetry due to publication bias based on
statistical significance. Conversely, if studies appear missing in
significant areas, this implies asymmetry due to other factors. We
also used Begg’s rank correlation test (Begg and Mazumdar 1994)
and Peter’s test (Peters et al. 2006) of funnel plot asymmetry.

To examine potential sources of heterogeneity, we evaluated
three potential moderators for inclusion in univariate meta-re-
gression analyses: assay type, study region and risk of bias score.
The first two were pre-specified. The type of assay used to detect
Toxoplasma gondii seropositivity distinguished between studies
using ELISA (n = 23) and those using other methods (n = 2, in-
cluding enzyme immunoassay kits, Roche Elecsys Toxo IgG as-
say kits, or chemiluminescence immunoassay). Due to the limited
number of non-ELISA studies, however, there was insufficient
variation to support a stable meta-regression analysis for this
moderator.

To avoid generating unstable or potentially misleading esti-
mates, assay type was excluded from further analysis. The region
variable categorised studies by geographical location: Middle
East (15 studies conducted in Iraq, Iran, Saudi Arabia and Tur-
key), North Africa (6 studies from Egypt and Libya), and ‘Other’
(4 studies from Bangladesh, Mexico, Australia and China). The
third moderator, risk of bias score, was evaluated in a post hoc
analysis to explore whether study quality was associated with
variation in effect size.

Because only one of the meta-regression analyses was
pre-specified, no correction for multiple comparisons was ap-
plied. The risk of bias analysis was exploratory and is interpreted
accordingly. For all meta-regression models, we used the Har-
tung-Knapp-Sidik-Jonkman method and conducted approximate
permutation tests with 20,000 random permutations to obtain
p-values less dependent on asymptotic assumptions. Residual
plots, influence diagnostics and other model diagnostics were
examined to assess model assumptions. Mild deviations from
normality were observed, which, along with the small number
of included studies, reinforced the decision to use the Hartung-
Knapp-Sidik-Jonkman method and permutation-based inference
to support more robust and cautiously interpreted results.

For the post hoc risk of bias analysis, we created a bubble plot
displaying study-level log odds ratios against risk of bias scores.
Circle sizes were proportional to inverse-variance weights,
and a fitted regression line with 95-percent confidence interval
bounds was overlaid to summarise the relationship between risk
of bias and effect size.

Lastly, we conducted sensitivity analyses by excluding stud-
ies rated as high risk of bias, which we predefined as those with
Newecastle-Ottawa Scale scores below 5. We re-estimated both
the main random-effects meta-analysis and the pre-specified me-
ta-regression using this reduced dataset to assess the robustness
of our findings.

RESULTS

Source studies

Twenty-five studies met inclusion criteria ( Fig. 1) and
we evaluated publication bias ( Fig. 2). Included studies are
listed in Fig. 3 and appear in the Reference section. Across
the 25 included studies, there were 4,639 participants with
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Fig. 2. Contour-enhanced funnel plot assessing potential publication bias across studies examining the association between Toxoplasma
gondii seropositivity and type 2 diabetes. Each point represents an individual study plotted by its log odds ratio (x-axis) and standard
error (y-axis). The shaded regions correspond to different levels of statistical significance.

type-2 diabetes and 3,492 participants in the control group.
The median percentage of Toxoplasma gondii seropositiv-
ity was 56 percent (range 6-91%) in the type-2 diabetes
group compared to 32 percent (range 3—66%) in the con-
trol group. Eighteen of the 25 studies suggest a positive
association between type-2 diabetes and 7. gondii infec-
tion, while the other seven found no significant difference
between the groups ( Fig. 3). The average age and percent-
age of females were not uniformly reported across the 25
studies. Six studies were done in North Africa, 15 in the
Middle East and 4 in other regions (Australia, Bangladesh,
China, Mexico) ( Fig. 4).

Risk of bias

The median Newecastle-Ottawa score assessing the
risk of bias is 5/9 (range 3/9 to 8/9), with several studies
having low-quality scores. Figure 2 depicts a contour-en-
hanced funnel plot to help assess publication bias. This
plot shows clear asymmetry, with a relative absence of
studies on the left side of the funnel, including in areas
corresponding to very small p-values, suggesting possible
publication bias or selective non-reporting of studies with

Folia Parasitologica 2025, 72: 024

negative or null associations between 7. gondii seropos-
itivity and type-2 diabetes. However, formal statistical
tests did not detect evidence of funnel plot asymmetry:
Begg’s rank correlation test (p = 0.76) and Peter’s regres-
sion test (p = 0.65) were both non-significant. As with
other methods for detecting publication bias, these results
may be influenced by sampling variability or by the sub-
stantial heterogeneity observed across studies, discussed
further in the next sections. High between-study hetero-
geneity can distort funnel plot symmetry and complicate
the interpretation of both visual and statistical assess-
ments of bias (Ioannidis and Trikalinos 2007). As such,
the evidence for publication bias should be interpreted
cautiously.

Meta-analysis and sensitivity analysis

Across the heterogeneity variance estimators consid-
ered, estimates ranged from 0.37 to 0.47, and the I? sta-
tistic ranged from 83.7 percent to 86.5 percent, indicating
substantial heterogeneity. Cochran’s Q test also suggests
substantial heterogeneity across all estimators (p-values
<0.001).
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Risk of Bias
Author(s) and Year N T. gondii N T. gondii Score Odds Ratio [95% CI]
Khalili et al. 2018 100 63 100 59 8 —— 1.18 [0.67, 2.09]
Shamsinia et al. 2019 95 55 94 16 8 | —— 6.70[3.41, 13.16]
Ahmed et al. 2023 150 125 300 100 7/ —a— 10.00 [6.11, 16.35]
Molan et al. 2020 150 93 150 99 7 —a-— 0.84 [0.52, 1.35]
Younis and Elamami 2018 200 83 50 12 7/ A 2.25[1.11, 4.56]
Alvarado-Esquivel et al. 2017 151 9 156 5 6 A 1.91[0.63, 5.85]
Li etal. 2018 400 77 400 37 6 —a— 2.34[1.54, 3.56]
Nassief Beshay et al. 2018 30 20 30 18 6 P 1.33[0.46, 3.82]
Gokce et al. 2008 807 457 250 56 6 - 4.52[3.26, 6.28]
Saheb 2017 172 96 98 38 6 —— 1.99[1.20, 3.31]
Ashraf et al. 2023 99 39 99 39 5 —— 1.00[0.57, 1.77]
Hemida et al. 2017 37 14 50 12 5 e 1.93[0.76, 4.88]
Molan and Ismail 2021 381 248 203 68 5 —a— 3.70 [2.58, 5.30]
Salman et al. 2023 69 36 92 29 5 —a— 2.37[1.24, 4.52]
Mohammed 2025 68 18 206 28 5 - 2.29[1.17, 4.47]
Saeed and Al-Aubaidi 2024 109 51 80 30 5 —a— 1.47[0.81, 2.64]
Saki et al. 2022 377 167 200 38 5 —a— 3.39[2.26, 5.10]
Soltani et al. 2021 69 50 100 29 5 (| 6.44 [3.26, 12.75]
Qudus and Haider 2019 180 76 40 10 5 b 2.19[1.01, 4.76]
Dabirzadeh et al. 2024 389 216 331 144 4 - 1.62[1.21, 2.18]
Elkholy et al. 2022 68 50 90 30 4 b 556 [2.77, 11.13]
Mohammed et al. 2020 180 117 163 55 4 —a— 3.65[2.33, 5.70]
Jalil et al. 2023 96 87 50 14 3 A 24.86 [9.88, 62.57]
Mohamed et al. 2020 62 35 60 22 3 A 2.2411.08, 4.63]
Ozgelik et al. 2020 200 106 100 27 3 —a— 3.05[1.81, 5.14]
RE Model for All Studies (Q = 146.80, df = 24, p < .01; 1> = 85.5%, 1* = 0.43) B 2.76 [2.03, 3.76]
037 1 272 739 2009 546  148.41

Odds Ratio (log scale)

Fig. 3. Forest plot of all included studies assessing the association between Toxoplasma gondii seropositivity and type-2 diabetes, with
corresponding Newcastle-Ottawa Scale risk of bias scores. Scores are colour-coded by level of bias, with darker red indicating higher
risk and darker green indicating lower risk. The pooled estimate from the random-effects meta-analysis is shown at the bottom. Odds
ratios greater than 1 suggest higher odds of Toxoplasma gondii seropositivity among individuals with type-2 diabetes compared to
controls. Abbreviation: CI — confidence interval; RE — random-effects

Figure 3 shows results from the random-effects me-
ta-analysis model using all 25 included studies. The pooled
odds ratio was 2.77 (95 percent CI: 2.03-3.76, permutation
p-value < 0.001), suggesting that individuals with type-2
diabetes had between 2.03- and 3.76-times greater odds of
T. gondii seropositivity compared to controls, with 95 per-
cent confidence.

A sensitivity analysis excluding six studies with high
risk of bias (Newcastle-Ottawa Scale scores < 5) did not
materially change the conclusions. The pooled odds ratio
was slightly reduced to 2.49 (95 percent CI: 1.80-3.44,
permutation p-value < 0.001), and heterogeneity decreased
modestly (variance estimates: 0.35 to 0.38, I?: 82.0 83.1%,
Cochran’s Q test p-value < 0.001).

Meta-regression: region

To explore whether study region explained some of
the observed heterogeneity, a meta-regression was con-
ducted using geographic region as a categorical modera-
tor (Fig. 4). Region accounted for approximately 10% of
the heterogeneity, and the overall model F-test suggests
no significant difference in effect sizes based on region

Folia Parasitologica 2025, 72: 024

(permutation p-value = 0.10). However, one contrast sug-
gested a potential association: studies from the ‘Other’ re-
gion category (Bangladesh, Mexico, Australia and China)
showed a lower pooled effect compared to those from the
Middle East (odds ratio: 0.43, 95 percent CI: 0.19-0.99,
permutation p-value: 0.04). This finding should be inter-
preted cautiously given the non-significant omnibus test
and the small number of studies in the ‘Other’ category
(n=4).

In a sensitivity analysis excluding high-risk-of-bias
studies, the pattern remained similar but less pronounced.
Region explained roughly 13% of heterogeneity, with
a model F-test permutation p-value of 0.14. The compari-
son between ‘Other’ and ‘Middle East’ regions yielded an
odds ratio of 0.47 (95 percent CI: 0.22—1.03, permutation
p-value: 0.06).

Further sensitivity analysis, excluding an influential
study (Ahmed et al. 2023) from North Africa, increased
the heterogeneity explained to 21% and reduced the model
F-test permutation p-value to 0.08. Under this model, the
odds ratio comparing ‘Other’ to ‘Middle East’ was 0.38 (95
percent CI: 0.16-0.92, permutation p-value: 0.03).
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Control Risk of Bias
Author(s) and Year N T.gondii N T gondii Score Odds Ratio [95% CI]
Middle East
Khalili et al. 2018 100 63 100 59 8 e 1.18 [0.67, 2.09]
Shamsinia et al. 2019 95 55 94 16 8 e 6.70[3.41, 13.16]
Gokce et al. 2008 807 457 250 56 6 —=— 4.52[3.26, 6.28]
Saheb 2017 172 96 98 38 6 —=— 1.99[1.20, 3.31]
Molan and Ismail 2021 381 248 203 68 5 —=— 3.70[2.58, 5.30]
Salman et al. 2023 69 36 92 29 5 P 2.37[1.24, 4.52]
Mohammed 2025 68 18 206 28 5 A 2.29[1.17, 4.47]
Saeed and Al-Aubaidi 2024 109 51 80 30 5 = 1.47 [0.81, 2.64]
Saki et al. 2022 377 167 200 38 5 —=— 3.39[2.26, 5.10]
Soltani et al. 2021 69 50 100 29 5 P 6.44 [3.26, 12.75]
Qudus and Haider 2019 180 76 40 10 5 ] 2.19[1.01, 4.76]
Dabirzadeh et al. 2024 389 216 331 144 4 = 1.62[1.21, 2.18]
Mohammed et al. 2020 180 117 163 55 4 —a— 3.65[2.33, 5.70]
Jalil et al. 2023 96 87 50 14 3 — 24.86 [9.88, 62.57]
Ozgelik et al. 2020 200 106 100 27 3 —=—A 3.05[1.81, 5.14]
RE Model for Subgroup (Q = 75.48, df = 14, p < .01; 1> = 87.8%, 1* = 0.45) e 3.14 [2.11, 4.66]
North Africa
Ahmed et al. 2023 150 125 300 100 7 f—a— 10.00 [6.11, 16.35]
Younis and Elamami 2018 200 83 50 12 7 | — 2.25[1.11, 4.56]
Nassief Beshay et al. 2018 30 20 30 18 6 A 1.33[0.46, 3.82]
Hemida et al. 2017 37 14 50 12 5 A 1.93[0.76, 4.88]
Elkholy et al. 2022 68 50 90 30 4 e 5.56 [2.77, 11.13]
Mohamed et al. 2020 62 35 60 22 3 A 2.24[1.08, 4.63]
RE Model for Subgroup (Q = 25.70, df = 5, p < .01; I> = 76.7%, 1° = 0.45) e 3.21[1.43, 7.20]
Other countries
Molan et al. 2020 150 93 150 99 7 —a—— 0.84[0.52, 1.35]
Alvarado-Esquivel et al. 2017 151 9 156 5 6 P 1.91[0.63, 5.85]
Lietal. 2018 400 77 400 37 6 —=— 2.34 [1.54, 3.56]
Ashraf et al. 2023 99 39 99 39 5 P 1.00[0.57, 1.77]
RE Model for Subgroup (Q = 11.86, df = 3, p < .01; I> = 68.0%, 1> = 0.17) i — 1.35[0.59, 3.06]
RE Model for All Studies (Q = 146.80, df = 24, p < .01; I? = 86.5%, ©* = 0.47) - 2.77 [2.03, 3.76]
Test for Subgroup Differences: Qy = 2.39, df = 2, permutation p = 0.10 0.37 1 272 739 2009 54.6 148.41

Odds Ratio (log scale)

Fig. 4. Forest plot displaying a subgroup analysis by geographic region where each study was conducted. Studies are grouped and
presented in the following order: ‘Middle East,” ‘North Africa,” and ‘Other.” Newcastle-Ottawa Scale risk of bias scores are shown
alongside each study and are colour-coded by bias level, with darker red indicating higher risk and darker green indicating lower risk.
The lower section of the plot shows the overall pooled estimate across all studies (irrespective of region), followed by results from
a meta-regression testing for subgroup differences across regions. Abbreviation: CI — confidence interval; RE — random-effects.

Meta-regression: risk of bias score

A separate meta-regression using Newcastle-Ottawa
Scale risk of bias scores as a continuous moderator found
no evidence that study quality was associated with effect
size (odds ratio: 0.90, 95 percent CI: 0.72-1.13, permuta-
tion p-value of 0.35). This model accounted for none of the
observed heterogeneity (0 percent). Results are visualised
in Suppl. Fig. S1 and summarised alongside the other me-
ta-regression models in Suppl. Table S1.

DISCUSSION

In this meta-analysis of 25 primary studies with 4,639
patients with type-2 diabetes and 3,492 controls, type-2
diabetes was associated with Toxoplasma gondii seropos-
itivity with an odds ratio of 2.77 (95-percent confidence
interval: 2.03-3.76), indicating that the odds of 7. gondii
seropositivity are 2.77 times higher for those with type-2
diabetes than in controls. This finding is consistent with the
two previous meta-analyses investigating the association
between type-2 diabetes and 7. gondii seropositivity. The
first meta-analysis examining this association (Majidiani et
al. 2016), based on four primary studies, found an odds
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ratio of 2.39, and the second (Molan et al. 2020), based on
10 primary studies, found an odds ratio of 2.32.

We found substantial heterogeneity in the overall me-
ta-analysis. To explore potential sources of this heteroge-
neity, we conducted univariate meta-regressions examining
study region and risk of bias score as potential moderators.
Although assay type was initially pre-specified as a moder-
ator, it was excluded from analysis due to insufficient vari-
ation (only two studies used non-ELISA methods). Across
models, we found limited evidence that either region or
risk of bias score explained a meaningful proportion of the
between-study heterogeneity or materially influenced the
pooled log odds ratio. While one comparison in the region
model suggested a possible difference between studies con-
ducted in the ‘Other’ region group and those in the Middle
East, the global test for moderator effect was not statistical-
ly significant. Overall, the heterogeneity remained largely
unexplained by the examined study-level characteristics.

Other variables such as participant sex, age, socioec-
onomic level, geographic regions, exposure to other in-
fectious diseases, and measures of health including body-
mass index could explain this heterogeneity, but we were
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unable to include these in our meta-regressions. However,
variations in study designs, geographical regions, socio-
economic level, prevalences and strains of 7. gondii, and
prevalence of type-2 diabetes among the primary studies
of this meta-analysis could affect the reliability of our point
estimate and limit the generalisation of these findings in
other populations.

While we found an association between type-2 diabe-
tes and T. gondii seropositivity, our meta-analysis was not
designed to determine whether type-2 diabetes is a risk
factor for subsequent 7. gondii seropositivity or whether
T. gondii seropositivity is a risk factor for type-2 diabe-
tes. As such, we were unable to determine causality for the
association between 7. gondii and type-2 diabetes. While
more research is needed to elucidate the physiological re-
lationship between type-2 diabetes and 7. gondii seroposi-
tivity, various possible mechanisms either alone or in com-
bination could explain this association. Toxoplasma gondii
infection could increase susceptibility to type-2 diabetes
diagnosis through reduction of beta-cell mass (Molan et al.
2020), pancreatic tissue necrosis (Oz 2014), or pancreatitis
(Ahuja et al. 1993). Insulin synthesis and release would be
disrupted by the death or inflammation of beta cells in the
pancreas, increasing the risk of type-2 diabetes.

Toxoplasma gondii infection could also increase cells’
resistance to insulin through increasing levels of inflamma-
tory cytokines (Park et al. 2019), as inflammation has been
associated with insulin resistance (Chen et al. 2015). Al-
ternatively, decreased immune system function commonly
seen in diabetes could increase susceptibility to 7. gondii
infection (Casqueiro et al. 2012). Insulin has also demon-
strated a stimulatory effect on the replicative abilities of
T. gondii (Oz 2014), providing a potential explanation for
the association between the two. Additional research is
necessary to better understand the aetiology of the possible
association between type-2 diabetes and 7. gondii seropos-
1t1vity.
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