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Abstract

Type 2 diabetes mellitus (T2DM) is typically associated with a dysregulated adipokine
profile. C1q tumour necrosis factor-related protein 1 (CTRP1) is a relatively novel adipokine
with protective metabolic effects, including improved insulin sensitivity. Clinical studies
have increasingly highlighted a potential association between circulating CTRP1 and T2DM.
Therefore, this systematic review and meta-analysis aimed to synthesise existing data on the
association between circulating CTRP1 concentrations and T2DM in adults. MEDLINE, EM-
BASE, Cochrane Library, Web of Science, CINAHL and PsycInfo databases were searched
for studies measuring circulating CTRP1 in adults with T2DM and controls. Eligible data
were meta-analysed, reporting the mean difference (MD) and 95% confidence intervals (CIs)
of circulating CTRP1 concentrations between T2DM cases and controls. The Revised Risk
of Bias Assessment Tool for Nonrandomized Studies of Interventions (RoBANS 2) and the
National Institutes of Health (NIH) quality assessment tool were utilised for study risk of
bias and quality assessments, respectively. Eight studies (525 T2DM cases; 612 non-T2DM
controls) were eligible for meta-analysis, showing significantly higher circulating CTRP1
concentrations in T2DM cases than controls (MD: 185.31 ng/mL; 95% CI: 140.02 to 230.60;
p < 0.001). Most included studies were cross-sectional, and considerable heterogeneity was
noted, with five studies having a high risk of bias in at least one RoBANS 2 domain. The MD
remained relatively unchanged following a leave-one-out sensitivity analysis and exclusion
of poor-quality studies. Meta-regression indicated that studies with a greater proportion of
males (β = −188.68, p = 0.01) and higher mean body mass index (β = −23.96, p = 0.02) were
associated with a lower MD. These findings indicate that circulating CTRP1 concentrations
are significantly higher in adults with T2DM compared to non-T2DM controls. Future
prospective and large-scale studies are required to delineate the nature of this association
and explore the potential of CTRP1 as a biomarker for T2DM. PROSPERO registration ID:
CRD420251137104.
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1. Introduction
Type 2 diabetes mellitus (T2DM) is characterised by chronic hyperglycaemia and

various degrees of insulin resistance [1,2]. Approximately 450 million people worldwide
had T2DM in 2019, which represents an increase of almost 50% from 1990 [3]. Furthermore,
T2DM is closely associated with obesity and metabolic syndrome and represents a well-
established independent risk factor for cardiovascular disease [4,5], causing over one
million deaths worldwide (the ninth leading cause of mortality) [6,7]. In addition, T2DM
can lead to a spectrum of complications, such as nephropathy, neuropathy and retinopathy,
with a significant impact on morbidity and quality of life [5]. Given the high morbidity
and mortality associated with T2DM, significant work has focused on its underlying
pathophysiological mechanisms and on identifying novel biomarkers that can support
early diagnosis and/or targeted monitoring approaches in clinical practice.

The pathogenesis of T2DM involves a combination of insulin resistance and pancre-
atic beta-cell dysfunction, leading to relative insulin deficiency [1,8]. Obesity is closely
linked to insulin resistance through complex hormonal and metabolic interactions, in-
cluding dysregulated adipokine secretion [9]. Adipokines are secreted primarily by
adipocytes and can enter the systemic circulation, reflecting the metabolic state of the
different adipose tissue depots and exerting pleiotropic effects in various other target
organs/tissues [1,10]. Adiponectin is a key adipokine with established anti-inflammatory,
cardiovascular-protective, and insulin-sensitising effects, including increased glucose up-
take and fatty acid oxidation, as well as reduced hepatic gluconeogenesis and lipolysis [9,11].
Several studies have shown that higher adiponectin levels are associated with a reduced
T2DM risk [12,13]. Moreover, low levels of circulating irisin, which is secreted by skeletal
muscles (myokine) and adipose tissue (adipokine), and appears to have insulin-sensitising
effects, have been associated with T2DM [14]. Recently, adipokines that belong to a family
of closely related adiponectin paralogues, known as the C1q tumour necrosis factor-related
protein (CTRP) family, have been shown to have wide-ranging metabolic effects. Ac-
cordingly, research has increasingly focused on establishing their role in obesity-related
cardio-metabolic diseases, such as T2DM [15–17].

CTRP1 is a 35kDa glycoprotein that belongs to the CTRP family of adiponectin par-
alogues and is primarily secreted by the stromal vascular fraction of white adipose tis-
sue [18,19]. It structurally comprises an N-terminal signal peptide, a collagen-like domain,
a short variable domain, and a C-terminal C1q-like globular domain [19,20]. Animal stud-
ies involving overexpression or knockout of CTRP1 have shown that it exerts protective
metabolic effects, including improved insulin sensitivity and increased glucose and lipid
utilisation [21–25]. Furthermore, mechanistic studies have shown that CTRP1 acts via
AMP-activated protein kinase (AMPK) [24,26] and extracellular signal-regulated kinase
1/2 (ERK 1/2) [27] signalling pathways. Moreover, CTRP1 has been shown to increase
insulin sensitivity through upregulation of the insulin receptor substrate 1 (IRS-1), a key
receptor substrate in insulin signal transduction, by reducing phosphorylation of serine-
1101 in IRS-1 [22]. This suggests that CTRP1 may have a compensatory role in reducing
insulin resistance.

Considering this evidence, there is increasing research interest in exploring circulating
CTRP1 as a potential biomarker in obesity, T2DM and cardiovascular diseases. As such, a
growing number of clinical studies have reported a potential association between circulating
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CTRP1 and T2DM, but the existing evidence has not been systematically synthesised.
Therefore, the present systematic review aimed to comprehensively synthesise the existing
relevant studies and meta-analyse the available data on the difference in circulating CTRP1
concentrations between adults with T2DM and non-T2DM controls in order to explore its
potential as an additional circulating biomarker in the context of T2DM.

2. Materials and Methods
The present systematic review and meta-analysis adheres to the Preferred Reporting

Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [28] (the PRISMA
checklist is presented in Supplementary Table S1) and was prospectively registered in the
International Prospective Register of Systematic Reviews (PROSPERO Reference Number:
CRD420251137104).

2.1. Search Strategy

Final literature searches were completed on 25 February 2026 in the MEDLINE, EM-
BASE, Cochrane Library, Web of Science, CINAHL and PsycInfo databases using a prede-
fined search strategy developed by two reviewers (A.S. and L.L.). The Medline (via Ovid)
search strategy is presented in Table 1, and this was adapted to the syntax and appropriate
subject headings for each of the other databases, as presented in Supplementary Table S2.
Citation chasing of included studies was also performed to ensure literature saturation.

Table 1. Search Strategy for Medline (via Ovid) database.

# Query

1 (“Complement C1q/TNF-related Protein-1” or “C1q/TNF-related protein-1” or
“1q (C1q)/tumor necrosis factor” or “CTRP-1” or “CTRP 1” or CTRP1).mp.

2 exp Diabetes Mellitus, Type 2/
3 ((typ? 2 or typ? II or typ?2 or typ?II) adj3 diabet*).tw.
4 “diabetes mellitus”.mp.

5 (non insulin* depend* or noninsulin* depend* or noninsulin?depend* or non
insulin?depend*).tw.

6 (T2D or T2DM or NIDDM).tw.
7 or/2–6
8 1 and 7

2.2. Eligibility Criteria and Study Selection

Primary research studies published in English were eligible for inclusion if they
measured circulating CTRP1 concentrations in adults (≥18 years) with T2DM and a control
group without T2DM. There were no restrictions on publication date. Animal studies, case
reports, case series, expert opinion articles, reviews and secondary analyses were excluded.

Following database searches, records were retrieved, and duplicates were removed.
Study eligibility was assessed initially through title and abstract screening, which was fol-
lowed by full-text review of all potentially eligible studies. Study selection was conducted
independently by two reviewers (A.S. and L.L.) using the Covidence software (Covidence
systematic review software, Veritas Health Innovation, Melbourne, Australia. Available at
www.covidence.org, 2026) [29], with any conflicts resolved through consensus with a third
reviewer (C.K.).

2.3. Data Extraction

Data extraction was conducted independently by two reviewers (A.S. and L.L. or
A.M.) using the Covidence software [29], with validation by a third reviewer (C.K.). A
pre-specified, standardised data extraction proforma was used to extract data from eligible
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studies. Extracted data included year of publication, country of study origin, study de-
sign/setting, pertinent baseline characteristics [e.g., age, sex distribution, and body mass
index (BMI)], T2DM diagnostic criteria, sample sizes for the T2DM and control groups,
circulating CTRP1 concentrations, and CTRP1 measurement method. Attempts to contact
the corresponding study author(s) were made if pertinent data were missing and/or re-
ported as median and interquartile range (IQR). Where responses to these requests were not
received, median and IQR values were converted to the corresponding mean and standard
deviation (SD) values using previously outlined formulae [30,31]. Where responses to the
requests for CTRP1 data were not received, but these were available in figure format within
the published article, CTRP1 values were extracted from the available figures using a plot
digitiser [32,33].

2.4. Quality Assessment

Risk of bias assessment was conducted independently by two reviewers (A.S. and C.K.)
for all included studies using the Revised Risk of Bias Assessment Tool for Nonrandom-
ized Studies of Interventions (RoBANS 2) [34]. This validated tool includes the following
eight domains: comparability of the target group; target group selection; confounders;
measurement of exposure; blinding of assessors; outcome assessment; incomplete outcome
data; and selective outcome reporting. Quality assessment was also performed using
the National Institutes of Health (NIH) quality assessment tool [35] for the appropriate
study design. This quality assessment was performed since study quality and risk of bias
are complementary and not interchangeable, and thus, evaluating both was necessary to
fully appraise methodological safeguards and the likelihood that bias influenced study
findings [36]. Any conflicts in these risk of bias and quality assessments were resolved
through consensus and discussion with a third reviewer (A.M.). Risk of bias plots were
generated using the online robvis tool [37]. Certainty of evidence was formally assessed us-
ing the Grading of Recommendations Assessment, Development, and Evaluation (GRADE)
approach [38,39].

2.5. Statistical and Meta-Analysis

Meta-analytical modelling, statistical analyses and visualisations were performed
using the meta package [40–42] in the RStudio environment (R version 4.5.1, RStudio
2025.05.1+513 “Mariposa Orchid” Release for Windows). Results are reported as the mean
difference (MD) in circulating CTRP1 concentrations in ng/mL units between T2DM cases
and non-T2DM controls and the corresponding 95% confidence intervals (CI).

A random-effects model, using the inverse variance method for pooling effect sizes,
was used for the meta-analysis. We used the raw MD since CTRP1 concentrations were
measured by the same assay and were reported in the same units across studies (ng/mL),
allowing the pooled estimate to retain its original biological scale and aiding interpretation.
The restricted maximum-likelihood (REML) estimator was used to estimate between-
study heterogeneity, and the Hartung–Knapp adjustment was applied to provide a more
conservative CI for the summary effect size. A sensitivity analysis was performed in
which studies with a “poor” quality assessment based on the NIH quality assessment
tool were removed. To identify outliers, a Baujat plot was used to identify studies that
greatly influenced the pooled result and heterogeneity. Additionally, a series of influence
analysis diagnostics [43] were performed using the dmetar package [42,44]. A leave-one-out
sensitivity analysis was also performed.

Study heterogeneity was assessed using Cochran’s Q and I2 statistics. For the Q-test,
p < 0.1 was considered significant. For the I2 test, heterogeneity was considered as either
moderate (I2: 30–60%), substantial (I2: 50–90%) or considerable (I2: 75–100%) based on
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established thresholds [45]. Heterogeneity was investigated using subgroup analyses based
on T2DM diagnostic criteria and country of study origin. Additionally, univariable meta-
regressions were conducted to examine whether mean age, proportion of male participants,
and mean BMI (calculated as pooled means across T2DM and control groups within each
study) were associated with variation in effect estimates.

Publication bias was explored using Egger’s regression [46] and visual inspection of a
funnel plot. Where there was evidence of publication bias, a Duval and Tweedie’s trim-and-
fill procedure [47] was conducted to produce an adjusted pooled effect estimate by imputing
additional studies to account for publication bias. A sunset plot was produced to investigate
the power of each included study to detect the meta-analytic effect size [48]. A p-curve
analysis was performed to test for evidential value, detect potential data manipulation and
publication bias [49].

3. Results
3.1. Eligible Study Selection and Characteristics

Figure 1 presents the PRISMA flow diagram for the studies identified for this system-
atic review. In brief, 459 records were identified from the performed database searches
and citation chasing. These were imported to Covidence, where 85 duplicate records were
removed, leaving 374 studies for title and abstract screening. Following title and abstract
screening, 351 studies were excluded as they did not meet the predefined eligibility criteria,
resulting in 23 studies for full-text review. During full-text review, 15 studies were excluded
with reasons (Figure 1), resulting in a total of eight studies eligible for inclusion. The key
characteristics of these eight included studies are outlined in Table 2.

Table 2. Key pertinent characteristics of the eight eligible studies included in the present systematic
review and meta-analysis.

Authors (Year),
[Ref.] Study Characteristics Study Group Characteristics Key Findings

Bai et al. (2017)
[50]

Country: China
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
WHO (1999)
Primary comparison(s): newly
diagnosed adults with T2DM
vs. age- and BMI-matched
participants without T2DM

T2DM group
N = 124
Age: median
51.0 years (IQR:
43.0–59.0)
Sex: 53.2% male
BMI: median
25.8 kg/m2 (IQR:
22.9–28.4)

Non-T2DM group
N = 138
Age: median
49.0 years (IQR:
41.0–56.0)
Sex: 53.6% male
BMI: median
25.0 kg/m2 (IQR:
23.0–27.2)

Circulating CTRP1 concentrations
were significantly higher in the T2DM
group (median: 543.3 [IQR:
430.8–708.8] ng/mL) compared to the
control group (308.7 [IQR:
255.2–354.9] ng/mL); p < 0.01.

Han et al. (2016)
[51]

Country: Republic of Korea
(South Korea)
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
Fasting blood glucose levels >
126 mg/dL or HbA1c > 6.5%
Primary comparison(s): adults
with T2DM vs. non-T2DM
(not age- or BMI-matched)

T2DM group
N = 58
Age: not reported
Sex: not reported
BMI: 25.3 ±
3.1 kg/m2 (mean ±
SD)

Non-T2DM group
N = 68
Age: not reported
Sex: not reported
BMI: 22.45 ±
2.7 kg/m2

Circulating CTRP1 concentrations
were significantly higher in the T2DM
group (mean ± SD: 355.3 ±
341.3 ng/mL) compared to control
group (103.7 ± 53.4 ng/mL); p < 0.001.

Higher circulating CTRP1
concentrations were associated with
age, BMI, fasting glucose and FGF21
concentrations.

Circulating CTRP1 concentrations
were independently and positively
associated with fasting blood glucose
after adjustment for potential
confounders, including BMI, age, sex
and medication use.
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Table 2. Cont.

Authors (Year),
[Ref.] Study Characteristics Study Group Characteristics Key Findings

Majidi et al. (2021)
[52]

Country: Iran
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
ADA (1997)
Primary comparison(s): adult
men with T2DM vs. age- and
BMI-matched participants
without T2DM

T2DM group
N = 42
Age: median 55 years
(IQR: 46.5–59.25)
Sex: 100% male
BMI: 28.78 ±
4.33 kg/m2 (mean ±
SD)

Non-T2DM group
N = 42
Age: median 51 years
(IQR: 48–57.25)
Sex: 100% male
BMI: 27.13 ±
3.72 kg/m2

Circulating CTRP1 concentrations
were significantly higher in the T2DM
group (median: 414.8 [IQR:
368.1–534.9] ng/mL compared to
control group (343.9 [IQR:
272.6–392.3] ng/mL; p < 0.0001. (Note:
CTRP1 values were extracted from
Figure 1b of the corresponding
published paper using a plot digitiser).

Pan et al. (2014)
[53]

Country: China
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
ADA (1997)
Primary comparison(s): adults
with T2DM vs. age- and sex-
matched participants without
T2DM

T2DM Group
N = 96
Age: 46.13 ±
2.42 years (mean ±
SEM)
Sex: 49% male
BMI: 24.51 ±
0.90 kg/m2 (mean ±
SEM)

Non-T2DM Group
N = 85
Age: 45.25 ±
1.94 years

Sex: 51% male
BMI: 21.76 ±
0.42 kg/m2

Circulating CTRP1 concentrations
were significantly higher in the T2DM
group compared to control group in
both men (mean ± SEM: 378.3 ± 43.93
versus 135.6 ± 15.42 ng/mL,
respectively; p < 0.001) and women
(304.4 ± 30.40 versus 149.8 ±
12.71 ng/mL, respectively; p < 0.001).

Shabani et al.
(2015) [54]

Country: Iran
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
ADA (1997)
Primary comparison(s): adult
men with T2DM vs. NAFLD
vs. participants with both
T2DM and NAFLD vs. healthy
participants without T2DM
nor NAFLD; all groups were
matched for age

T2DM only group
N = 22
Age: 55.95 ±
1.73 years (mean ±
SEM)
Sex: 100% male
BMI: 27.28 ±
0.91 kg/m2 (mean ±
SEM)

T2DM plus NAFLD
group
N = 22
Age: 52.87 ±
1.70 years
Sex: 100% male
BMI: 30.61 ±
0.84 kg/m2

Healthy control group
N = 21
Age: 53.95 ±
1.62 years
Sex: 100% male
BMI: 24.76 ±
0.80 kg/m2

NAFLD only group
N = 22
Age: 52.27 ±
1.38 years
Sex: 100% male
BMI: 29.18 ±
0.50 kg/m2

Circulating CTRP1 concentrations
were significantly higher in the T2DM
(mean: 441.6 [95% CI:
432.5–450.0] ng/mL), NAFLD (377.0
[95% CI: 368.3–386.5] ng/mL) and
T2DM plus NAFLD (463.0 [95% CI:
453.2–472.7] ng/mL) groups compared
to the healthy control group (313.0
[95% CI: 307.1–318.2] ng/mL;
p < 0.0001). (Note: CTRP1 values were
extracted from Figure 1a of the
corresponding published paper using a
plot digitiser).

Circulating CTRP1 had significant
positive correlations with fasting blood
glucose and BMI.

Xin et al. (2014)
[55]

Country: China
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
WHO (1999)

T2DM group
N = 62
Age: mean 61 years
(range 37–79)
Sex: 51.6% male
BMI: 26.0 ±
2.3 kg/m2 (mean ±
SD)

Non-T2DM group
N = 73
Age: mean 58 years
(range 31–80)
Sex: 47.9% male
BMI: 24.0 ±
1.8 kg/m2

Circulating CTRP1 concentrations
were significantly higher in the T2DM
group (mean ± SD: 646.3 ±
154.4 ng/mL) compared to the control
group (442.6 ± 165.4 ng/mL);
p < 0.001.

Xin et al. (2017)
[22]

Country: China
Design: Cross-sectional study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria:
WHO (1999)
Primary comparison(s): adults
with T2DM vs. age- and
sex-matched participants
without T2DM; participants
scheduled for elective
abdominal operations

T2DM group
N = 35
Age: median 54 years
(range 31–63)
Sex: 65.7% male
BMI: 29.3 ±
2.7 kg/m2 (mean ±
SD)

Non-T2DM group
N = 35
Age: median 51 years
(range 26–67)
Sex: 60.0% male
BMI: 24.7 ±
1.5 kg/m2

Circulating CTRP1 concentrations
were significantly higher in the T2DM
group (mean ± SD: 712.3 ±
98.7 ng/mL) compared to the control
group (548.5 ± 121.9 ng/mL);
p = 0.030.

Circulating CTRP1 concentrations
were negatively correlated with insulin
resistance.
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Table 2. Cont.

Authors (Year),
[Ref.] Study Characteristics Study Group Characteristics Key Findings

Yagmur et al.
(2019) [56]

Country: Germany
Design: Retrospective cohort
study
CTRP1 Assay: ELISA
(BioVendor, Inc., Czech
Republic)
T2DM diagnostic criteria: Not
reported
Primary comparison(s):
Critically ill patients vs.
healthy controls; sepsis vs.
non-sepsis group; high disease
severity (APACHE score ≥ 10)
vs. lower disease severity
(APACHE score < 10); patients
with vs. without pre-existing
T2DM; participants were
critically ill patients treated in
a medical ICU setting

T2DM group
N = 64
Age: not reported
Sex: not reported
BMI: not reported

Non-T2DM group
N = 150
Age: not reported
Sex: not reported
BMI: not reported

Circulating CTRP1 concentrations
were significantly higher in critically ill
patients (median: 747.1 ng/mL) versus
the healthy controls (316.3 ng/mL);
p < 0.001.

Circulating CTRP1 concentrations
were significantly higher in patients
with sepsis (median: 779.6 ng/mL)
versus the patients without sepsis
(574.2 ng/mL); p = 0.006.

Circulating CTRP1 concentrations
were significantly higher in ICU
patients with pre-existing T2DM
(median: 833.5 ng/mL) versus those
ICU patients without pre-existing
diabetes (626.3 ng/mL); p = 0.004.

ADA: American Diabetes Association; APACHE: Acute Physiology and Chronic Health Evaluation; BMI: body
mass index; CI: confidence interval; ELISA: enzyme-linked immunosorbent assay; FGF21: Fibroblast Growth
Factor 21; HbA1c: glycated haemoglobin; ICU: intensive care unit; IQR: interquartile range; NAFLD: non-alcoholic
fatty liver disease; T2DM: type 2 diabetes mellitus; SEM: standard error of the mean; SD: standard deviation;
WHO: World Health Organization.

Figure 1. PRISMA flow diagram outlining study selection for the present systematic review and
meta-analysis.
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3.2. Risk of Bias and Quality Assessment

The summary of the risk of bias assessments based on the ROBANS 2 is presented
in Figure 2. In brief, there were five studies (62.5%) that had a low risk of bias from
target group comparability, while two studies [22,56] (25%) had a high risk of bias, due
to the inclusion of broad, non-specific illnesses that could vary between groups, and one
study [51] (12.5%) had an unclear risk of bias for this domain. For participant selection,
three studies [50,52,56] (37.5%) had a high risk of bias, as participants were consecutively
recruited without ensuring the representativeness of the population, whilst the risk of
bias for the rest of the studies [22,51,53–55] (62.5%) was unclear. Appropriate confounder
adjustment was done in five studies (62.5%), giving these a low risk of bias, whilst the
remaining three studies [22,53,56] (37.5%) had a high risk of bias. For the measurement
of the exposure domain, the risk of bias was unclear in one study [56] (12.5%), which
failed to specify the applied diagnostic criteria for T2DM, whereas these were clearly
reported in all other studies (87.5%), giving them a low risk of bias in this domain. All
studies had a low risk of bias regarding the blinding of assessors, outcome assessment, and
selective outcome reporting domains. Although none of the included studies were blinded,
this was not deemed to significantly affect the study outcome regarding the circulating
CTRP1 measurements, which were performed using a validated CTRP1 enzyme-linked
immunosorbent assay (ELISA). Finally, regarding the incomplete data reporting domain,
one study [56] (12.5%) was deemed to have a high risk of bias due to incomplete data for
the control group, while the rest had a low risk of bias. Overall, one study was rated as
“good” [53], five as “fair” [50–52,54,55] and two as “poor” [22,56] according to the NIH
quality assessment tool. For all included studies, the detailed risk of bias assessment for
each ROBANS 2 domain and the overall ratings using the NIH quality assessment tool are
presented in Figure 3. Collectively, the identified risks of bias and study quality may have
influenced the final pooled estimates primarily through differences in participant selection,
target group comparability, confounder adjustment, and missing data. Although the overall
findings suggest higher circulating CTRP1 concentrations in T2DM, the pooled estimate
should be interpreted with caution given the potential contribution of these methodological
limitations to between-study heterogeneity. This has been reflected in the downgrading of
the certainty of evidence using GRADE (Table 3).

Figure 2. Summary plot for the risk of bias assessment of all eight eligible studies included in the
present systematic review and meta-analysis, assessed using the Revised Risk of Bias Assessment
Tool for Nonrandomized Studies of Interventions (RoBANS 2) [34]. D1: comparability of target
group; D2: target group selection; D3: confounders; D4: measurement of intervention/exposure;
D5: blinding of assessors; D6: outcome assessment; D7: incomplete outcome data; D8: selective
outcome reporting.
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Figure 3. Traffic light plot for the risk of bias assessment for each of the eight eligible studies included
in the present systematic review and meta-analysis [22,50–56], assessed using the Revised Risk of Bias
Assessment Tool for Nonrandomized Studies of Interventions (RoBANS 2) [34] and overall ratings
using the National Institutes of Health (NIH) quality assessment tool [35]. D1: comparability of target
group; D2: target group selection; D3: confounders; D4: measurement of intervention/exposure;
D5: blinding of assessors; D6: outcome assessment; D7: incomplete outcome data; D8: selective
outcome reporting; NIH: National Institutes of Health quality assessment tool overall ratings. For
each study, “+” in a green circle indicates low risk of bias; “-” in a yellow circle indicates unclear risk
of bias; “X” in a red circle indicates high risk of bias in each respective domain.

Table 3. Summary of findings for primary outcome: Circulating CTRP1 concentrations in T2DM cases
versus controls and certainty of the corresponding evidence using the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) approach.

Outcomes
(ng/mL)

MD
(95% CI)

Number of
Participants (Studies)

Certainty of the
Evidence (GRADE) Comments

CTRP1
185.31

(140.02 to
230.60)

1137 (8 trials) ⊕###
Very low a,b,c

Circulating CTRP1 concentrations were
statistically higher in T2DM cases compared
to non-T2DM, but caution should be adopted

when interpreting this finding.

Key: CI: confidence interval; CTRP1: C1q tumour necrosis factor-related protein 1; MD: mean difference; T2DM: type 2
diabetes mellitus

GRADE Working Group grades of evidence
High certainty: We are very confident that the true effect lies close to the estimate of the effect. Moderate certainty: We are
moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility
that it is substantially different. Low certainty: Our confidence in the effect estimate is limited: the true effect may be substantially
different from the estimate of the effect. Very low certainty: We have very little confidence in the effect estimate: the true effect is
likely to be substantially different from the estimate of effect.

Explanations: a: Downgraded once: majority of included trials judged to have an overall unclear/high risk of
bias and to be of fair/poor quality. b: Downgraded once: considerable degree (85.9%) of between-study hetero-
geneity. c: Downgraded once: small number of studies, small sample size, and dependence upon observational
study designs.
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3.3. Circulating CTRP1 Concentrations in T2DM Cases Versus Controls

All eight eligible studies identified for the present systematic review were meta-
analysed, including a total of 525 adults with T2DM and 612 non-T2DM controls.
To be able to meta-analyse the CTRP1 data from all eligible published papers, for
three studies [52,54,56], a plot digitiser was used to extract the pertinent CTRP1 data from
relevant published figures. For one study [56], the reported median BMI and age could not
be converted to mean values using established conversion formulae [30,31] due to missing
lower and upper quartile values. Therefore, the median values were used as an estimate
for the mean, as previously described for sample sizes greater than 25 [57]. The study by
Shabani et al. [54], in addition to a T2DM and a healthy control group, had a non-T2DM
group with non-alcoholic fatty liver disease (NAFLD) and a group with both T2DM and
NAFLD (T2DM-plus-NAFLD group). Taking into account that there is consistent evidence
that at least half of all adults with T2DM have NAFLD [58], for the present meta-analysis,
the T2DM and T2DM-plus-NAFLD groups were aggregated and compared with the healthy
control group.

According to the performed meta-analysis, the circulating CTRP1 concentrations were
significantly higher in the T2DM cases (n = 525) compared to those in non-T2DM controls
(n = 612) with a MD of 185.31 ng/mL (95% CI: 140.02 to 230.60; p < 0.001; Figure 4). All
included studies had higher CTRP1 concentrations in adults with T2DM compared to those
in their respective control groups. Considerable heterogeneity was identified between the
eight eligible studies (I2 = 85.9%; τ2 = 2354.46). Visual inspection of the Baujat plot revealed
that the Bai et al. study [50] contributed greatly to heterogeneity and was positioned away
from the other studies (Figure 5). The influence analysis confirmed the Bai et al. study [50]
as an outlier. Once removed as part of a sensitivity analysis, there was a negligible change
to the pooled effect size (MD: 170.12 ng/mL; 95% CI: 126.29 to 213.94); however, there was
a noticeable reduction in heterogeneity (I2 = 68.0%; τ2 = 1401.02) (Figure 6). Removing
the two studies [22,56] with a “poor” quality assessment caused a negligible increase in
the pooled effect size (MD: 188.16 ng/mL; 95% CI: 124.83 to 251.49) and in heterogeneity
(I2 = 89.7%; τ2 = 3058.67). An additional sensitivity analysis using only the T2DM-only
group from Shabani et al. [54] produced a similar pooled estimate (MD: 183.81 ng/mL;
95% CI: 136.97, 230.66; I2 = 87.8%) to the pooled estimate of the primary analysis, indicating
that the latter was not dependent on the inclusion of both the T2DM and the T2DM-plus-
NAFLD groups of this study.

Figure 4. Forest plot presenting the meta-analysis for the mean difference in circulating CTRP1 concen-
trations in adults with type 2 diabetes mellitus (T2DM) compared to non-T2DM controls from the eight
eligible studies [22,50–56]. CI: confidence interval; MD: mean difference; SD: standard deviation.
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Figure 5. Baujat plot analysis of all eight eligible studies included in the present systematic review and
meta-analysis [22,50–56]. Each circle represents an individual study, with the circle size representing
the weight of the corresponding study.

Figure 6. Forest plot showing the leave-one-out sensitivity analysis for the eight eligible studies
included in the present meta-analysis [22,50–56]. CI: confidence interval; MD: mean difference.

3.4. Subgroup Analysis

Subgroup analyses were performed based on the applied T2DM diagnostic criteria
in each of the eight included studies and based on their country of origin. No subgroup
analysis was performed based on the applied CTRP1 measurement method since all studies
used the same CTRP1 ELISA assay (Table 1).

For subgroup analysis based on the applied T2DM diagnostic criteria, there was
no significant difference (p = 0.088) in the pooled effect size between the four stud-
ies [22,50,51,55] using the World Health Organization (WHO) diagnostic criteria for T2DM
(MD: 217.13 ng/mL; 95% CI: 146.81 to 287.46), the three studies [52–54] using the American
Diabetes Association (ADA) criteria (MD: 144.66 ng/mL; 95% CI: 37.84 to 251.47) and the
one study [56] that did not report the applied T2DM diagnostic criteria (MD: 209.31 ng/mL;
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95% CI: 61.85 to 356.78) (Figure 7). Heterogeneity was substantial in both the WHO
(I2 = 65.1% [τ2 = 1297.81]) and ADA (I2 = 67.9% [τ2 = 1187.41]) subgroups. Heterogeneity
was not present in the “not reported” subgroup, as only one study [56] was included.

Figure 7. Forest plot presenting the subgroup analysis by the type 2 diabetes mellitus (T2DM)
diagnosis criteria applied in each of the eight studies included in the present meta-analysis [22,50–56].
ADA: American Diabetes Association; CI: confidence interval; MD: mean difference; SD: standard
deviation; WHO: World Health Organization.

For subgroup analysis based on the country of origin of each study, the four studies
from China [22,50,53,55] were grouped together, while there were also four studies, namely
two from Iran [52,54], one from the Republic of Korea (South Korea) [51] and one from
Germany [56], which were grouped as the rest-of-the-world subgroup (Figure 8). No
significant difference (p = 0.221) was noted in the effect size between the four studies
that were conducted in China (MD: 208.06 ng/mL; 95% CI: 145.12 to 271.00) and the four
studies from the rest of the world (MD: 161.57 ng/mL; 95% CI: 58.35 to 264.79) (Figure 8).
Heterogeneity was substantial in both the China (I2 = 64.7% [τ2 = 1058.59]) and the rest-
of-the-world (I2 = 66.7% [τ2 = 2913.87]) subgroups. Supplementary Figure S1 presents the
global distribution of the eight included studies based on their country of origin.

3.5. Meta-Regression Analysis

Studies with a greater proportion of males (β = −188.68, p = 0.01; Figure 9) and higher
mean BMI (β = −23.96, p = 0.02; Figure 10) were associated with a lower MD in circulating
CTRP1 concentrations in T2DM cases versus controls. The effect of sample mean age was
not significant (β = −2.69, p = 0.53).

3.6. Publication Bias

Egger’s regression test indicated a low risk of publication bias (t = 1.94, p = 0.10).
However, visual inspection of the funnel plot indicated that asymmetry was present
(Figure 11). Duval and Tweedie’s Trim and Fill procedure was therefore conducted, which
added four imputed studies to the left. The adjusted MD was reduced to 144.26 ng/mL
(95% CI: 92.55 to 195.96; p < 0.001).
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Figure 8. Forest plot presenting the subgroup analysis by the country of origin of the eight studies
included in the present meta-analysis [22,50–56]. The four studies from China were grouped together,
while there were also four studies, namely two from Iran, one from Republic of Korea (South Korea)
and one from Germany, which were grouped as the rest-of-the-world subgroup. CI: confidence
interval; MD: mean difference; RoW: rest of the world; SD: standard deviation.

Figure 9. Bubble plot showing the relationship between proportion of males in study samples
and mean difference in CTRP1 concentrations between T2DM and control groups. Each bubble
represents an individual study [22,50–56], with bubble size representing study weight. The dashed
line represents the fitted meta-regression. A higher proportion of males was associated with smaller
between-group differences in CTRP1 concentrations (β = −188.68, p = 0.01).

The power-enhanced sunset plot (Figure 12) showed that the included studies were
well powered to detect the observed effect, with seven studies exceeding 90% power. The
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median power was 100%. The expected number of statistically significant studies (7.68) was
consistent with the observed number (8.00), suggesting no evidence of excess significance
(p = 0.561).

Figure 10. Bubble plot showing the relationship between mean body mass index (BMI) of study
samples and mean difference in CTRP1 concentrations between T2DM and control groups. Each
bubble represents an individual study [22,50–56], with bubble size representing study weight. The
dashed line represents the fitted meta-regression. Higher mean BMI was associated with smaller
between-group differences in CTRP1 concentrations (β = −23.96, p = 0.02).

Figure 11. Funnel plot of all studies included in the present meta-analysis (coloured circles) [22,50–56]
and imputed studies by Duval and Tweedie’s Trim and Fill procedure (white circles).
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Figure 12. Sunset plot of all studies included in the present meta-analysis. Each white circle represents
an individual study.

p-curve analysis was conducted on eight significant effect sizes (all studies had
p ≤ 0.01) and revealed right-skew (p < 0.001), which may be suggestive of evidential value
among the included findings (Figure 13). However, given the small number of studies, this
analysis should be interpreted cautiously and should not be taken as definitive evidence
against selective reporting, publication bias, or other reporting-related biases.

Figure 13. p-curve analysis of all studies included in the present meta-analysis.
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4. Discussion
The present systematic review and meta-analysis presents an up-to-date, comprehen-

sive evidence synthesis of the existing data on the association between circulating CTRP1
concentrations and T2DM in adults. Across eight eligible studies comprising 525 T2DM
cases and 612 non-T2DM controls, circulating CTRP1 concentrations were significantly
higher in individuals with T2DM (MD: 185.31 ng/mL; 95% CI: 140.02 to 230.60; p < 0.001).
Meta-regression analyses indicated that this association was partially influenced by the
proportion of male participants in a study and the BMI of the sample. Specifically, higher
proportions of male participants and greater mean BMI were associated with significantly
smaller differences in CTRP1 concentrations between T2DM cases and controls, suggest-
ing that sex representation and adiposity may partially explain variability in MDs across
studies, although they do not fully account for the observed elevation in CTRP1 among
individuals with T2DM.

The pleiotropic metabolic effects of CTRP1 link this relatively novel adipokine to
the pathogenesis of T2DM, although the exact mechanisms are unclear. Animal studies
have shown that overexpression or injection of exogenous CTRP1 into animal models
results in improved insulin sensitivity and glycaemia, whilst it can also prevent obesity and
hepatic steatosis with reduced calorie intake, increased leptin levels, and increased glucose
and fatty acid utilisation [21–24]. Conversely, CTRP1-knockout mice have been shown
to exhibit increased insulin resistance independent of adiposity, higher rates of hepatic
gluconeogenesis, higher fasting insulin levels, and lower glucose utilisation [25]. The
insulin-sensitising effects of CTRP1 are shown to be mediated via the AMP-activated protein
kinase (AMPK) signalling pathway [24] and through reduced serine-1101 phosphorylation
in IRS-1 [22]. Given such protective metabolic effects of CTRP1, it has been hypothesised
that lower circulating CTRP1 concentrations could be associated with T2DM. However, the
present findings indicate significantly higher circulating CTRP1 concentrations in adults
with T2DM compared to non-T2DM controls, suggesting either resistance to the protective
metabolic effects of CTRP1 or a potential compensatory mechanism in response to the
development of T2DM.

Previous human studies have demonstrated a significant, positive correlation between
circulating CTRP1 and the homeostasis model assessment of insulin resistance (HOMA-IR)
index, indicating increased circulating CTRP1 in insulin-resistant states [50,52,53,55,59].
Indeed, the studies by Xin et al. [55] and Pan et al. [53] demonstrated this positive correlation
in adults with T2DM. Their findings suggest that additional CTRP1 release may occur
beyond a certain degree of insulin resistance, acting as an insulin-sensitising compensatory
mechanism in the diabetic state; however, further studies are required to clarify this
association. Of note, Han et al. [51] showed elevated circulating CTRP1 concentrations in
adults with pre-diabetes compared to healthy controls, suggesting that the insulin resistance
threshold for increased CTRP1 secretion may start at the pre-diabetic stage. Moreover,
Kim et al. [60] have demonstrated increased CTRP1 expression in rats injected with tumour
necrosis factor-α or interleukin-1β, suggesting that it is possible that the pro-inflammatory
state that typically characterises T2DM [61] may contribute to increased CTRP1 expression
and secretion. Future research should explore the mechanisms behind compensatory CTRP1
release in the insulin-resistant state and confirm whether CTRP1 resistance additionally
contributes to increased circulating CTRP1 concentrations in adults with T2DM. In addition
to mechanistic studies exploring the underlying mechanisms, prospective clinical studies
should examine the temporal direction of the association between circulating CTRP1 and
T2DM in order to elucidate their causal association.

The meta-regression analysis revealed that the mean BMI of the study sample was
significantly and inversely associated with the MD in CTRP1 concentrations between the
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T2DM and non-T2DM groups. Simply put, study samples with higher average BMI tended
to report smaller differences in circulating CTRP1 between T2DM and non-T2DM groups.
This finding can be partially explained by the increase in white adipose tissue mass in
those with higher BMI, which can account for higher expression and secretion of CTRP1
by the accumulated excess white adipose tissue [18,19]. As such, it is possible that the
control participants without T2DM, but with a higher BMI, could have increased circulating
CTRP1 concentrations; hence, reducing the MD with the circulating CTRP1 concentra-
tions of participants with T2DM. This plausible explanation is consistent with studies
showing an independent positive correlation between BMI and circulating CTRP1 concen-
trations [16,51,54,55] and higher CTRP1 concentrations in participants with obesity [62].
Given the evidence on higher circulating CTRP1 concentrations in adults with T2DM,
further research is required to characterise any dysregulation and potential resistance to
the protective metabolic effects of CTRP1 in T2DM. For example, the regulation of CTRP1
and insulin receptor substrate 1 (IRS-1) should be further studied in obesity and T2DM
since CTRP1 is shown to improve insulin sensitivity by decreasing the phosphorylation of
serine-1101 in IRS-1, suggesting that CTRP1 may be secreted as a feedback adipokine to
counteract insulin resistance [22].

In addition, the present meta-regression results indicated that studies with a greater
proportion of male participants had a lower difference in the circulating CTRP1 concen-
trations between T2DM cases and non-T2DM controls, although this was still signifi-
cantly higher in those with T2DM. This finding may be, at least partly, related to the
well-established sex-related differences in body fat distribution [63–65]. Influenced by
sex hormones, women tend to accumulate more subcutaneous adipose tissue in the glu-
teofemoral region and mammary glands (gynoid body fat distribution), whilst men tend
to store excess adipose tissue more in the visceral and subcutaneous abdominal adipose
tissue depots (android body fat distribution) [63,64,66]. Of note, surgical removal of visceral
adipose tissue has been shown to improve insulin resistance in rats [67] and in patients with
severe obesity [68]. Overall, visceral adipose tissue exhibits a stronger link to metabolic
dysfunction and insulin resistance compared to subcutaneous adipose tissue due to several
proposed mechanisms [1,69]. For example, compared to subcutaneous adipose tissue,
visceral fat is associated with greater insulin degradation, greater susceptibility to hypoxia,
increased lipolysis and free fatty acid release, as well as a more deleterious adipokine
secretion profile [70], which contributes to dyslipidaemia, hepatic insulin resistance, and
T2DM [63,64,71–73]. In this context, the expression and secretion of CTRP1 by the different
adipose tissue depots, particularly in relation to the body fat distribution in adults, merit
further research. Interestingly, it has been shown that CTRP1 levels were significantly
higher in the plasma and epicardial adipose tissue (a type of ectopic/visceral fat sharing
origins with mesenteric and omental adipocytes [74]) of adults with congestive heart failure
compared to controls without [75]. Furthermore, the study by Majidi et al. [52] in men
with T2DM and without T2DM showed a positive correlation between circulating CTRP1
concentrations and visceral adipose tissue thickness, which tended to be significant.

In addition to BMI and sex, there are several other possible factors, such as ethnicity,
duration of T2DM and medication use, which could be contributing to the considerable
heterogeneity observed in our meta-analysis. Currently, there is limited evidence on the re-
lationship between circulating CTRP1 and such factors. However, research on this could be
guided by relevant research that has explored these factors in relation to other adipokines,
particularly the closely related adiponectin. For example, regarding ethnicity, data from
adults who participated in the Study of Health Assessment and Risk in Ethnic Groups (a
cross-sectional prevalence study of cardiovascular disease risk factors in Canada) showed
that circulating adiponectin concentrations were significantly higher in Canadians of Eu-
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ropean and Aboriginal origin compared to those of South Asian and Chinese origin [76].
Furthermore, the findings of a prospective study from Sweden on newly diagnosed patients
with T2DM showed that circulating adiponectin concentrations increased over the 3-year
follow-up period, suggesting a temporal relationship between circulating adiponectin and
T2DM [77]. Moreover, existing data indicate that circulating adiponectin concentrations can
be increased by medications such as statins, angiotensin-converting enzyme inhibitors, an-
giotensin receptor blockers, thiazolidinediones and glucagon-like peptide-1 agonists [78,79],
whilst metformin has been shown to significantly reduce leptin and resistin levels [80].
Other medications such as steroids, beta-blockers, tricyclic antidepressants and antipsy-
chotics have been implicated in the development of drug-induced diabetes and may further
dysregulate circulating adipokine profiles [81]. As it is plausible that similar relationships
may exist between circulating CTRP1 and factors such as ethnicity, duration of T2DM and
medications, targeted research is also required to explore these potential associations.

Study Limitations

The present systematic review and meta-analysis has certain limitations. Firstly, the
number of existing eligible studies, although allowing for a meta-analysis, is relatively
small and thus limiting, particularly regarding feasible subgroup analyses. For example,
four of the eligible studies included in the meta-analysis were from China, and the other
four were from three other countries, a global distribution that is not representative of the
worldwide population. As such, the “rest of the world” subgroup contained heterogeneous
populations from three different countries, and therefore this analysis should be interpreted
with caution. Additionally, the “not reported” subgroup for the T2DM diagnostic method
consisted of just one study and its influence should therefore be interpreted cautiously.
Although all included studies favoured higher circulating CTRP1 concentrations in T2DM
cases, the wide prediction interval indicates substantial between-study heterogeneity and
suggests that future studies may observe a broad range of effect sizes. Therefore, the pooled
estimate should be interpreted as an average effect across heterogeneous study populations,
rather than as a precise estimate expected to apply equally across all settings and popu-
lations. Indeed, considerable heterogeneity was identified between the included studies,
which remained despite the parameters explored by the performed subgroup analysis and
meta-regression. The study by Yagmur et al. [56] was conducted in critically ill patients
admitted to the intensive care unit (ICU), a population clinically distinct from the other
T2DM cohorts. Circulating CTRP1 concentrations in this setting may reflect acute illness,
sepsis, systemic inflammation, or ICU-related treatments, in addition to T2DM status. This
may have contributed to clinical heterogeneity and limits direct comparability with non-
ICU T2DM populations. However, the leave-one-out sensitivity analysis indicated that the
primary finding of higher circulating CTRP1 concentrations in T2DM was not dependent
on the inclusion of this study. Furthermore, included studies did not fully account for
potential confounders, such as ethnicity, duration of T2DM, glycaemic control, inflamma-
tory states, medication use, and comorbidities (e.g., NAFLD, renal dysfunction/disease
and cardiovascular disease). Moreover, the existing eligible studies were cross-sectional
and, thus, causality could not be explored. In addition, certain studies reported data in
graphical formats or as median (IQR) values, requiring plot digitisation or transformation
to mean ± SD values, respectively, for inclusion in the present meta-analysis. Furthermore,
the sunset plot indicated high statistical power among the included studies; however,
assessment of small-study effects and publication bias remains limited by the small number
of studies included in the meta-analysis. Funnel plot asymmetry, Egger’s test, and trim-
and-fill methods are known to be underpowered and potentially unstable when fewer than
10 studies are available; thus, these findings should be interpreted with caution. Given
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the small number of included eligible studies, the meta-regression findings should also be
interpreted cautiously and considered exploratory. Finally, the present systematic review
included studies that have been published only in the English language, and this may have
resulted in the omission of relevant studies published in other languages.

5. Conclusions
The present systematic review and meta-analysis offers an up-to-date and compre-

hensive evidence synthesis, which shows that circulating CTRP1 concentrations are sig-
nificantly higher in adults with T2DM compared to controls without T2DM. Given its
protective metabolic effects, these findings highlight the need for further research focusing
on CTRP1 in relation to insulin resistance and T2DM in order to increase the correspond-
ing body of evidence and elucidate the nature of this association. Indeed, prospective
clinical studies are needed to explore the temporal direction of the association between
circulating CTRP1 concentrations and T2DM. The potential impact on this association of
parameters, such as sex, body fat distribution, ethnicity and medication use, should also
be explored. Moreover, basic research studies are also required to further elucidate the
underlying pathophysiological mechanisms contributing to increased circulating CTRP1
concentrations in T2DM (e.g., underlying pathophysiological mechanisms resulting in a
compensatory response to insulin resistance or in resistance to CTRP1). The findings of
these clinical and mechanistic studies will determine whether circulating CTRP1 can be
used in the future as a potential additional diagnostic or prognostic biomarker in T2DM.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms27156775/s1. Reference [82] is cited in the supplementary materials.
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two potentially antagonistic human adipocytokines, WISP-1 and CTRP1, and their association with insulin resistance. Ann. Agric.
Environ. Med. 2023, 30, 555–560. [CrossRef] [PubMed]

60. Yong, K.K.; Kim, H.Y.; Kim, J.H.; Lee, C.H.; Kim, D.H.; Lee, Y.H.; Han, S.H.; Lim, J.; Cho, D.H.; Lee, M.; et al. Tumor necrosis
factor-α and interleukin-1β increases CTRP1 expression in adipose tissue. FEBS Lett. 2006, 580, 3953–3960. [CrossRef] [PubMed]

61. Tsalamandris, S.; Antonopoulos, A.S.; Oikonomou, E.; Papamikroulis, G.A.; Vogiatzi, G.; Papaioannou, S.; Deftereos, S.; Tousoulis,
D. The Role of Inflammation in Diabetes: Current Concepts and Future Perspectives. Eur. Cardiol. Rev. 2019, 14, 50–59. [CrossRef]
[PubMed]

62. Barbieri, D.; Goicoechea, M.; Sánchez-Niño, M.D.; Ortiz, A.; Verde, E.; Verdalles, U.; Jose, A.P.; Delgado, A.; Hurtado, E.;
Sánchez-Cámara, L.; et al. Obesity and chronic kidney disease progression—The role of a new adipocytokine: C1q/tumour
necrosis factor-related protein-1. Clin. Kidney J. 2019, 12, 420–426. [CrossRef] [PubMed]

63. Palmer, B.F.; Clegg, D.J. The sexual dimorphism of obesity. Mol. Cell Endocrinol. 2015, 402, 113–119. [CrossRef] [PubMed]
64. Rabadán-Chávez, G.; Díaz de la Garza, R.I.; Jacobo-Velázquez, D.A. White adipose tissue: Distribution, molecular insights of

impaired expandability, and its implication in fatty liver disease. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2023, 1869, 166853.
[CrossRef] [PubMed]

65. Tchoukalova, Y.D.; Koutsari, C.; Votruba, S.B.; Tchkonia, T.; Giorgadze, N.; Thomou, T.; Kirkland, J.L.; Jensen, M.D. Sex- and
Depot-Dependent Differences in Adipogenesis in Normal-Weight Humans. Obesity 2010, 18, 1875–1880. [CrossRef] [PubMed]

66. Tchernof, A.; Brochu, D.; Maltais-Payette, I.; Mansour, M.F.; Marchand, G.B.; Carreau, A.; Kapeluto, J. Androgens and the
Regulation of Adiposity and Body Fat Distribution in Humans. In Comprehensive Physiology; Wiley: Hoboken, NJ, USA, 2018;
pp. 1253–1290. [CrossRef] [PubMed]

67. Gabriely, I.; Ma, X.H.; Yang, X.M.; Atzmon, G.; Rajala, M.W.; Berg, A.H.; Scherer, P.; Rossetti, L.; Barzilai, N. Removal of Visceral
Fat Prevents Insulin Resistance and Glucose Intolerance of Aging. Diabetes 2002, 51, 2951–2958. [CrossRef] [PubMed]

68. Thörne, A.; Lönnqvist, F.; Apelman, J.; Hellers, G.; Arner, P. A pilot study of long-term effects of a novel obesity treatment:
Omentectomy in connection with adjustable gastric banding. Int. J. Obes. 2002, 26, 193–199. [CrossRef] [PubMed]

69. Adeva-Andany, M.M.; Domínguez-Montero, A.; Adeva-Contreras, L.; Fernández-Fernández, C.; Carneiro-Freire, N.; González-
Lucán, M. Body Fat Distribution Contributes to Defining the Relationship between Insulin Resistance and Obesity in Human
Diseases. Curr. Diabetes Rev. 2024, 20, e160823219824. [CrossRef] [PubMed]

70. Fawcett, J.; Sang, H.; Permana, P.A.; Levy, J.L.; Duckworth, W.C. Insulin metabolism in human adipocytes from subcutaneous
and visceral depots. Biochem. Biophys. Res. Commun. 2010, 402, 762–766. [CrossRef] [PubMed]

71. Ibrahim, M.M. Subcutaneous and visceral adipose tissue: Structural and functional differences. Obes. Rev. 2010, 11, 11–18.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156775

https://doi.org/10.1371/journal.pone.0172271
https://www.ncbi.nlm.nih.gov/pubmed/28207876
https://doi.org/10.1155/2016/5479627
https://www.ncbi.nlm.nih.gov/pubmed/27313611
https://doi.org/10.1186/s13098-021-00631-w
https://www.ncbi.nlm.nih.gov/pubmed/33499897
https://doi.org/10.1371/journal.pone.0094478
https://www.ncbi.nlm.nih.gov/pubmed/24827430
https://doi.org/10.1371/journal.pone.0118650
https://www.ncbi.nlm.nih.gov/pubmed/25767880
https://doi.org/10.1507/endocrj.EJ14-0016
https://www.ncbi.nlm.nih.gov/pubmed/24965225
https://doi.org/10.3390/jcm8050661
https://www.ncbi.nlm.nih.gov/pubmed/31083558
https://doi.org/10.1186/1471-2288-5-13
https://www.ncbi.nlm.nih.gov/pubmed/15840177
https://doi.org/10.1016/j.jhep.2019.06.021
https://www.ncbi.nlm.nih.gov/pubmed/31279902
https://doi.org/10.26444/aaem/172122
https://www.ncbi.nlm.nih.gov/pubmed/37772534
https://doi.org/10.1016/j.febslet.2006.06.034
https://www.ncbi.nlm.nih.gov/pubmed/16806199
https://doi.org/10.15420/ecr.2018.33.1
https://www.ncbi.nlm.nih.gov/pubmed/31131037
https://doi.org/10.1093/ckj/sfy095
https://www.ncbi.nlm.nih.gov/pubmed/31198543
https://doi.org/10.1016/j.mce.2014.11.029
https://www.ncbi.nlm.nih.gov/pubmed/25578600
https://doi.org/10.1016/j.bbadis.2023.166853
https://www.ncbi.nlm.nih.gov/pubmed/37611674
https://doi.org/10.1038/oby.2010.56
https://www.ncbi.nlm.nih.gov/pubmed/20300084
https://doi.org/10.1002/cphy.c170009
https://www.ncbi.nlm.nih.gov/pubmed/30215860
https://doi.org/10.2337/diabetes.51.10.2951
https://www.ncbi.nlm.nih.gov/pubmed/12351432
https://doi.org/10.1038/sj.ijo.0801871
https://www.ncbi.nlm.nih.gov/pubmed/11850750
https://doi.org/10.2174/1573399820666230816111624
https://www.ncbi.nlm.nih.gov/pubmed/37587805
https://doi.org/10.1016/j.bbrc.2010.10.104
https://www.ncbi.nlm.nih.gov/pubmed/21036154
https://doi.org/10.1111/j.1467-789X.2009.00623.x
https://www.ncbi.nlm.nih.gov/pubmed/19656312
https://doi.org/10.3390/ijms27156775


Int. J. Mol. Sci. 2026, 27, 6775 23 of 23

72. Hoffstedt, J.; Arner, E.; Wahrenberg, H.; Andersson, D.P.; Qvisth, V.; Löfgren, P.; Rydén, M.; Thörne, A.; Wirén, M.; Palmér, M.;
et al. Regional impact of adipose tissue morphology on the metabolic profile in morbid obesity. Diabetologia 2010, 53, 2496–2503.
[CrossRef] [PubMed]

73. Shulman, G.I. Ectopic Fat in Insulin Resistance, Dyslipidemia, and Cardiometabolic Disease. N. Engl. J. Med. 2014, 371, 1131–1141.
[CrossRef] [PubMed]

74. Chait, A.; den Hartigh, L.J. Adipose Tissue Distribution, Inflammation and Its Metabolic Consequences, Including Diabetes and
Cardiovascular Disease. Front. Cardiovasc. Med. 2020, 7, 22. [CrossRef] [PubMed]

75. Yang, Y.; Liu, S.; Zhang, R.Y.; Luo, H.; Chen, L.; He, W.F.; Lei, R.; Liu, M.; Hu, H.; Chen, M. Association Between C1q/TNF-Related
Protein-1 Levels in Human Plasma and Epicardial Adipose Tissues and Congestive Heart Failure. Cell. Physiol. Biochem. 2017, 42,
2130–2143. [CrossRef] [PubMed]

76. Mente, A.; Razak, F.; Blankenberg, S.; Vuksan, V.; Davis, A.D.; Miller, R.; Teo, K.; Gerstein, H.; Sharma, A.M.; Yusuf, S.; et al.
Ethnic Variation in Adiponectin and Leptin Levels and Their Association with Adiposity and Insulin Resistance. Diabetes Care
2010, 33, 1629–1634. [CrossRef] [PubMed]

77. Gottsater, A.; Szelag, B.; Kangro, M.; Wroblewski, M.; Sundkvist, G. Plasma adiponectin and serum advanced glycated end-
products increase and plasma lipid concentrations decrease with increasing duration of type 2 diabetes. Eur. J. Endocrinol. 2004,
151, 361–366. [CrossRef] [PubMed]

78. Phillips, S.A.; Kung, J.T. Mechanisms of adiponectin regulation and use as a pharmacological target. Curr. Opin. Pharmacol. 2010,
10, 676–683. [CrossRef] [PubMed]

79. Al Refaie, A.; Baldassini, L.; Mondillo, C.; Ceccarelli, E.; Tarquini, R.; Gennari, L.; Gonnelli, S.; Caffarelli, C. Adiponectin may
play a crucial role in the metabolic effects of GLP-1RAs treatment in patients with Type 2 Diabetes Mellitus: A preliminary
longitudinal study. Endocrine 2024, 87, 951–958. [CrossRef] [PubMed]

80. Zhao, D.; Sohouli, M.H.; Rohani, P.; Fotros, D.; Velu, P.; Ziamanesh, F.; Fatahi, S.; Shojaie, S.; Li, Y. The effect of metformin
on adipokines levels: A systematic review and meta-analysis of randomized-controlled trials. Diabetes Res. Clin. Pract. 2024,
207, 111076. [CrossRef] [PubMed]
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