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Abstract: Objective: Cardiovascular and metabolic diseases, including both obesity and blood pressure, have been
previously implicated in observational studies as having some association with the occurrence of adrenal tumors.
This study aims to evaluate the causal relationships of these high-risk factors with the disease using a Mendelian
randomization approach with two-sample data. Single nucleotide polymorphisms (SNPs) for blood pressure, body
mass index (BMI), blood glucose, and cardiovascular diseases were extracted from publicly available whole-genome
databases. They were then compared separately with benign adrenal tumors. It was found that only BMI was associ-
ated with the occurrence of benign adrenal tumors, and this process may be mediated by C-reactive protein (CRP).
We explored whether C-reactive protein (CRP) can mediate the causal relationship between body mass index (BMI)
and benign adrenal tumors, further investigating the mechanism and the proportion of CRP involved in this process.
Methods: Utilizing a two-sample Mendelian randomization approach, comparisons were made between BMI, blood
pressure, cardiovascular diseases, blood glucose, and the outcome. Subsequently, both two-sample Mendelian ran-
domization and multivariable Mendelian randomization (MVMR) analyses were conducted to investigate whether
CRP serves as a mediator in the causal relationship between BMI and benign adrenal tumors, while calculating the
proportion of mediation involved. Results: There was no causal relationship observed between blood pressure (OR
=0.976, 95% Cl = 0.931-1.024, P = 0.339), blood glucose (OR = 0.960, 95% Cl = 0.648-1.422, P = 0.840), cardio-
vascular diseases (OR = 0.724, 95% Cl = 0.244-2.142, P = 0.559), and benign adrenal tumors. However, a positive
causal relationship was found between BMI and benign adrenal tumors (OR = 1.20, 95% Cl = 1.06-1.35, P = 0.003).
There was also a positive causal relationship observed between BMI and CRP (OR = 1.07, 95% Cl = 1.06-1.08, P <
0.01), as well as between CRP and benign adrenal tumors (OR = 1.350, 95% CI = 1.058-1.722, P = 0.001). After
adjusting for CRP, the causal relationship between BMI and benign adrenal tumors diminished (OR = 1.044, 95% ClI
=0.911-1.970, P = 0.067). Even after controlling for BMI, a causal relationship between CRP and benign adrenal
tumors persisted (OR = 1.32, 95% Cl = 1.035-1.693, P = 0.025). The proportion of mediation by CRP was calculated
to be 10.4%. Conclusion: Using Mendelian genetic research methods, this study provides evidence that elevated lev-
els of C-reactive protein may serve as a crucial mediating factor in BMI-induced benign adrenal tumors. Therefore,
clinicians should pay particular attention to monitoring and managing levels of C-reactive protein when dealing with
obese patients, to more effectively prevent the development of adrenal tumors.
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Introduction come global public health concerns. These

pathological states not only affect overall meta-
Obesity, abnormal blood glucose levels, cardio- bolic function but may also be associated with
vascular diseases, and hypertension have be- the development of various diseases. Body
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mass index (BMI), as a crucial indicator of
obesity, has been linked to increased adrenal
volume, affecting metabolism, and associated
with various chronic diseases [1]. Abnormal
blood glucose levels can lead to diabetes,
causing systemic endocrine imbalance and
metabolic disorders, potentially affecting hor-
monal balance and metabolic pathways [2].
Cardiovascular diseases, as one of the leading
causes of global mortality, are worth noting
in their relationship with chronic inflammation
and oxidative stress. Additionally, hyperten-
sion, as a significant component of cardiovas-
cular diseases, may indirectly affect adrenal
health by influencing adrenal hormone secre-
tion [3, 4]. C-reactive protein has been shown
to be closely related to various metabolic dis-
eases in several studies [5]. Benign adrenal
tumors, as a relatively common adrenal dis-
ease, may have mechanisms of occurrence
related to the aforementioned factors. How-
ever, there is currently a lack of clear scientific
evidence regarding the specific relationship
between these high-risk factors and benign
adrenal tumors.

Benign adrenal tumors are non-cancerous
growths that form in the adrenal glands. As part
of the endocrine system, the hormones secret-
ed by the adrenal glands can act on various
organs and tissues throughout the body. Ov-
er the past 20 years, with the development
of high-resolution radiological imaging, our un-
derstanding of adrenal diseases has signifi-
cantly improved [6]. Epidemiological statistics
indicate that the majority of adrenal tumors
are benign, with only 5-8% being malignant.
Whether benign or malignant, most of these
lesions are associated with excess adrenal hor-
mone production, including cortisol, aldoste-
rone, and catecholamines [7, 8]. Although most
benign adrenal tumors do not cause symptoms,
prolonged and persistent high levels of hor-
mone secretion can lead to a range of adverse
symptoms and even life-threatening conditions.
For instance, elevated levels of circulating cat-
echolamines and increased blood pressure
can result in sustained or episodic hyperten-
sion, severe headaches, palpitations, and in-
creased sweating due to excessive hormone
secretion. Failure to diagnose or treat these
conditions promptly may pose a significant
threat to one’s life [9]. The etiology of these
diseases is not well understood, but current
research suggests a link with genetics and
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metabolism. Therefore, identifying the etiology
of these diseases is crucial for primary preven-
tion of benign adrenal tumors.

Research has found that the levels of C-reactive
protein (CRP) in benign adrenal tumors are in-
creased compared to the normal group [10].
CRP is an important biomarker of inflammation
and plays a crucial role in both acute and chron-
ic inflammatory responses. Primarily produced
by the liver, its levels can rise in response
to inflammatory stimuli [11]. The inflammatory
process is activated in the early stages of fat
growth and in chronic obesity, skewing the sys-
temic immune response towards a perpetually
pro-inflammatory phenotype [12]. Many key
inflammatory markers have long been associ-
ated with obesity and obesity-related diseases,
and current research supports the notion that
CRP levels are typically higher in obese patients
[13, 14]. Overall, the presence of persistent
inflammation in obese individuals is undeni-
able. Immune response and metabolic regula-
tion are highly integrated in the body, with their
normal functions dependent on each other.
However, if this balance is disrupted, it can lead
to a series of inflammatory and metabolic disor-
ders [13]. As an endocrine organ in the body,
the adrenal gland is to some extent affected
by this inflammation and metabolic disruption.
Additionally, research has shown a close asso-
ciation between obesity and tumor develop-
ment, with adrenal tumors being the most
common endocrine tumors in obesity-induced
tumors, posing the highest risk. However, the
relationship between BMI, CRP, and benign
adrenal tumors is still unclear, thus we specu-
late that BMI may have a positive causal rela-
tionship with benign adrenal tumors through
the mediation of CRP. However, this potential
mediating effect is uncertain, so further investi-
gation with additional tools is needed to con-
firm it.

When exploring the causal relationship be-
tween body mass index (BMI) and benign adre-
nal tumors, Mendelian randomization (MR) pro-
vides a robust methodological framework. Un-
like traditional cross-sectional studies, the MR
method can utilize genetic variation as instru-
mental variables, thereby reducing the impact
of confounding factors and providing more reli-
able evidence of causality. Our study employs a
two-sample MR approach, which is particularly

Int J Clin Exp Pathol 2025;18(8):426-438



Genetic insights into metabolic traits and benign adrenal tumors

Risk factors: body mass index,
hyperglycemia cardiovascular
disease, hypertension

Benign adrenal tumor

Two-sample Mendelian
randomization

\ 4

Body mass index to Benign
adrenal tumor : IVW< 0.05

Two-sample Mendelian
randomization

C-reactive protein to Benign
adrenal tumor and BMI:
IVW<0.05

A

BMI and C-reactive protein to
benign adrenal tumors:

MVMR

Figure 1. Finding and estimating the mediating process of CRP in BMI and BC using MVMR. The diagram illustrates
two-sample Mendelian randomization analyses assessing the causal effects of various risk factors, including BMI
and C-reactive protein, on benign adrenal tumors, with significant associations (IVW < 0.05) followed by multivari-
able Mendelian randomization to evaluate their combined effects.

suitable for our research scenario because our
exposure variable (BMI), potential mediator vari-
able (CRP), and outcome variable (benign adre-
nal tumors) data are derived from different da-
tabases. This separation of data sources pro-
vides us with a unique opportunity to assess
the complex relationships among these va-
riables in a larger sample, significantly improv-
ing statistical power, analytical accuracy, and
avoiding false-positive results [15, 16].

The two-sample Mendelian randomization (MR)
method requires the selected genetic variants
to meet three key conditions: association with
the risk factor (the relevance assumption), in-
dependence from the outcome (the indepen-
dence assumption), and influencing the out-
come only through the risk factor (the exclu-
sion restriction assumption) [17, 18]. Based on
these criteria, we chose relevant genetic vari-
ants as instrumental variables to explore the
potential causal relationship between BMI and
benign adrenal tumors. Furthermore, by exam-
ining the relationship between BMI and CRP,
we further assessed the possibility of CRP serv-
ing as a potential mediator. The application of
this research method, especially in exploring
complex causal relationships, provides us with
a more in-depth research approach.
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Materials and methods
Study design

In our study, we initially utilized a two-sample
Mendelian randomization (MR) method to in-
vestigate the causal effects of four high-risk
factors (hypertension, high body weight, high
blood glucose, and cardiovascular diseases) on
benign adrenal tumors. Subsequently, we found
a significant causal relationship between BMI
and benign adrenal tumors (IVW < 0.05). We
then further explored the relationship between
BMI, CRP, and benign adrenal tumors. Through
two-sample Mendelian randomization analysis,
we investigated the potential causal mediating
role of CRP between BMI and benign adrenal
tumors. Additionally, by employing the multivari-
able Mendelian randomization (MVMR) tech-
nique, we were able to more accurately control
for various confounding factors, thereby accu-
rately estimating the proportion of mediation
effect of CRP on the relationship between BMI
and benign adrenal tumors (See Figure 1).

Data sources and statistical analysis

Data on cardiovascular diseases were obtain-
ed from the EBI database, with a total sample
size of 477,807. Blood pressure data were also
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sourced from the EBI database, comprising
400,458 samples. Blood glucose data were
sourced from the IEU database, with a sample
size of 97,656. Genetic data relevant to BMI
were obtained from the UKB database, with
a sample size of 454,884. CRP-related data
were sourced from the EBI database, totaling
353,466 samples [19]. Data on benign adrenal
tumors were sourced from the Finnish data-
base, which included 725 cases and compared
with 218,067 Europeans (Table 1). All studied
populations were of European origin, aiming to
minimize potential biases due to population
heterogeneity. No additional ethical declaration
or consent was required for this study. All data
were retrieved from the website https://gwas.
mrcieu.ac.uk/.

Selection of genetic instrumental variables

In Mendelian randomization (MR) studies, the
selection of genetic instrumental variables is
guided by three core assumptions. We identi-
fy suitable single nucleotide polymorphisms
(SNPs) across the entire genome, with a signifi-
cance threshold of P < 5x10”-8, ensuring their
independence (r*2 threshold < 0.001; kb >
10,000 kb). SNPs directly influencing the out-
come variable are excluded. Additionally, in-
compatible allele genes and palindromic se-
quences are removed by referencing exposure
and outcome databases. The final instrumental
variables are determined, followed by the cal-
culation of the F statistic for each SNP (F =
r2/se™2), where B represents the effect of
the SNP on the exposure and se is the standard
error. To ensure analytical accuracy, typically
only SNPs with an F statistic greater than 10
are used as instrumental variables, thereby mi-
nimizing bias due to weak instruments [20].

Selection of genetic instrumental methods and
sensitivity analysis

To validate causal relationships, this study em-
ployed various analytical methods, including
Inverse Variance Weighting (IVW), weighted me-
dian method, and MR Egger regression. The
IVW method was primarily relied upon for MR
analysis, while sensitivity analyses were con-
ducted to assess potential pleiotropy and het-
erogeneity in MR estimates. The intercept of
MR Egger regression was used to assess hori-
zontal pleiotropy, while Cochran’s Q test was
employed to detect heterogeneity among differ-
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ent genetic variants. Furthermore, stability of
results was ensured through leave-one-out an-
alysis, wherein each single nucleotide polymor-
phism (SNP) was removed one at a time for
reanalysis. All MR analyses were conducted
using R language (version 4.3.1) and Two-
SampleMR package (version 0.6.1) [21]. In si-
tuations where randomized controlled trials
(RCTs) were not feasible, MR methods using
SNPs as instrumental variables (IVs) served as
an effective alternative strategy for inferring
causal relationships between exposure and
outcomes [22].

Calculation of mediation effects

Initially, MR with two samples was utilized to
compute the value of BMI to CRP (b1). Subse-
quently, multivariable Mendelian randomiza-
tion (MVMR) was employed to control for BMI,
and the value of CRP to benign adrenal tumors
(b2) was computed. Finally, the total effect va-
lue of BMI to BC (b3) was calculated, utilizing
the mediation effect formula = b1xb2/b3 [23].

Results

We conducted two-sample MR analyses, using
observational studies on BMI, blood sugar, car-
diovascular diseases, and blood pressure as
exposures for high-risk factors, and examined
their associations with outcomes. SNPs with a
significance level of P < 5x10-8 were extracted
and excluded SNPs (r*2 > 0.001, clumping win-
dow < 10,000 kb). From the results, we found
that only BMI showed a positive causal relation-
ship with the outcome, whereas blood sugar
(OR=0.960, 95% Cl =0.648-1.422, P =0.840),
cardiovascular diseases (OR = 0.724, 95% Cl =
0.244-2.142, P = 0.559), and blood pressure
(OR =0.976, 95% Cl = 0.931-1.025, P = 0.340)
showed no causal relationship (Table 2).

We further conducted MVMR analysis to exam-
ine whether CRP mediates the relationship
between BMI and benign adrenal tumors
(Figures 3-5). When controlling for BMI, CRP
still exhibited a causal relationship with benign
adrenal tumors (OR = 1.323, 95% Cl = 1.035-
1.693, P = 0.025). However, when controlling
for CRP, the causal relationship between BMI
and benign adrenal tumors was no longer sig-
nificant (OR = 1.044, 95% Cl = 0.911-1.197,P =
0.530). Through MVMR analysis, we found that
after controlling for CRP, BMI became non-sig-
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Table 1. Summary of the GWAS included in this MR study neoplasms

Single Nucleotide

Exposure/Outcome Gwas id Sex Race Sample Size Polymorphism (SNP) Authors year
Body mass index ieu-b-4816 Males and Females  European 99,998 7,191,606 Howe LJ 2022
C-reactive protein ebi-a-GCST90029070 Males and Females  European 575,531 10,713,245 Said S 2022
Benign adrenal tumor  finn-b-CD2_ BENIGN_ADRENAL Males and Females  European Ncase: 725 16,380,466 NA 2021
Ncontrol: 218,067

Cardiovascular disease ebi-a-GCST90029019 Males and Females  European 477,807 11,973,400 Loh PR 2018
Systolic blood pressure ieu-b-4818 Males and Females  European 97,656 8,029,645 Howe LJ 2022
Blood glucose levels ebi-a-GCST90025986 Males and Females  European 400,458 4,218,897 Barton AR 2021
Table 2. Mendelian randomization analysis of four risk factors

Method SNP Heterogeneity statistics Horizontal pleiotropy IVW(P)

BMI - disease 35 0.713 0.872 0.003
Cardiovascular disease - disease 215 0.108 0.064 0.560
Blood sugar - disease 112 0.571 0.297 0.840
Blood pressure - disease 20 0.613 0.146 0.340
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OR(95%CI) Heterogeneity.Test.P MR.Egger.Intercept.P
1.2300(0.8821 to 1.7151) 0.66980449

1.2418(1.0296 to 1.4977)

1.1989(1.0615 to 1.3541) 0.712949804 0.872130571
1.2943(0.9131 to 1.8345)

1.2490(0.9915 to 1.5735)

1.0446(0.9115 to 1.1970)

1.0779(1.0522 to 1.1043) <0.01

1.0645(1.0553 to 1.0737)

1.0699(1.0604 to 1.0795) <0.01 0.517893408
1.0556(1.0363 to 1.0753)

1.0672(1.0556 to 1.0789)

1.2297(0.8840 to 1.7105) 0.198549717

1.4781(1.0223 to 2.1373)

1.3502(1.0584 to 1.7223) 0.202452277 0.411416003

Main.exposure Method nSNP P.value
BMI-Disease MR Egger 35 0.230979658
Weighted median 35 0.023486633
Inverse variance weighted 35 0.003499457
Simple mode 35 0.156391451
Weighted mode 35 0.067696673
MVMR 17 0.530678635
BMI-CRP MR Egger 35 <0.01
Weighted median 35 <0.01
Inverse variance weighted 35 <0.01
Simple mode 35 <0.01
Weighted mode 35 <0.01
CRP-Disease MR Egger 224 0.220834082
Weighted median 224 0.037801767
Inverse variance weighted 224 0.015642293
Simple mode 224 0.385041884
Weighted mode 224 0.03293295
MVMR 205 0.025456091
P<0.05 was considered statistically significant 0

protective factor risk factor

T

1.5145(0.5947 to 3.8567)
1.3870(1.0288 to 1.8698)
1.3240(1.0351 to 1.6935)

Figure 2. Two-sample and multivariable Mendelian randomization results. This figure presents the results of two-
sample and multivariable Mendelian randomization analyses evaluating the causal relationships between BMI, C-re-
active protein (CRP), and benign adrenal tumors using various MR methods. Odds ratios (ORs) with 95% confidence
intervals (Cls) are shown, with p-values < 0.05 considered statistically significant. The x-axis indicates whether the

factor is protective or a risk factor.

nificant in relation to the outcome, indicating
that CRP likely mediates this causal effect
(see Figure 2). The calculated mediation effect
according to the formula = bi1xb2/b3 was
10.4% (OR = 1.019, 95% Cl = 1.002-1.037).

Discussion

With the development of society, the popula-
tion of obese individuals is growing rapidly, to
the extent that it is now considered an epidem-
ic. CRP, as a biomarker of inflammation, is also
considered a key factor in metabolic disorders
and tumors. Through MR, we explored the asso-
ciations between BMI, CRP, and benign adrenal
tumors, particularly investigating the impact of
BMI on benign adrenal tumors mediated by
CRP.

Firstly, we found a strong positive causal rela-
tionship between BMI and CRP. This result sup-
ports the idea that obesity induces systemic
inflammation, as reflected by elevated CRP lev-
els. Inflammation plays a crucial role in meta-
bolic disorders, and our findings align with pre-
vious studies suggesting that chronic low-grade
inflammation in obese individuals may contrib-
ute to various diseases, including benign adre-
nal tumors. Theoretically, elevated CRP levels
suggest the presence of some form of inflam-
mation in the body, and low-grade chronic in-
flammation is a characteristic feature of obesi-
ty [24]. Conversely, research has also demon-
strated that obesity is one of the determining
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factors for low-grade chronic inflammation in
the general population [25]. CRP is believed to
be expressed in adipocytes, as structural and
metabolic changes in adipocytes make them
more susceptible to hypoxic injury and rupture,
leading to the release of pro-inflammatory adi-
pokines such as IL-6, IFN-y, and TNF-a. The-
se pro-inflammatory mediators are elevated in
obese individuals [26, 27]. Increased levels of
these inflammatory factors, such as IL-6, can
stimulate the liver to release CRP [28]. Further-
more, we found that CRP was significantly asso-
ciated with benign adrenal tumors. This sug-
gests that CRP, a key inflammatory marker, may
play a role in the pathogenesis of benign adre-
nal tumors. Elevated CRP levels are commonly
observed in patients with metabolic diseases,
and our results indicate that CRP may mediate
the relationship between obesity and adrenal
tumor formation. Studies have shown that pa-
tients with pheochromocytomas acquire the
ability to produce IL-6 over time, and IL-6 can
promote the release of CRP by the liver. Another
study demonstrated that CRP levels in patients
with benign adrenal tumors are significantly
higher than normal levels, and after tumor res-
ection, CRP levels decrease by 50% [29-31].
Additionally, there is a complex relationship be-
tween aldosterone tumors, pheochromocyto-
mas, hormone secretion in the body, and the
regulation of CRP. For example, research has
indicated that patients with aldosterone tumors
have higher levels of IL-6 and tumor necrosis
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factor alpha (TNF-&) in perirenal adipose tissue
than subjects with normal blood pressure or
patients with primary hypertension, and these
inflammatory factors can promote an increase
in CRP levels in the body [32]. Our study was
designed and expanded based on this informa-
tion to speculate that chronic inflammation in
obese individuals leads to elevated CRP levels,
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Figure 3. Results of Mendelian randomization analy-
sis of BMI to benign adrenal tumors. This figure
displays multiple plots summarizing the Mendelian
randomization analysis investigating the causal ef-
fect of body mass index on benign adrenal tumors.
It includes a scatter plot with various MR methods
(IVW, MR Egger, weighted median, simple mode, and
weighted mode), leave-one-out sensitivity analyses,
funnel plot, forest plot, and density plot. These plots
assess the consistency, robustness, and potential
pleiotropy of the instrumental variables used in the
analysis.

thereby mediating the occurrence of benign
adrenal tumors. Accordingly, we conducted a
Mendelian randomization study to investigate
the mediation effect of CRP on benign adrenal
tumors through BMI, aiming to explore the
underlying mechanisms and provide recom-
mendations for primary prevention of this
disease.
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The diagnosis of adrenal tumors typically relies
on CT and/or MRI imaging, as they offer high
specificity [33]. However, most benign adrenal
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Figure 4. Results of Mendelian randomization analy-
sis of BMI to CRP. This figure illustrates the Mende-
lian randomization analysis assessing the causal ef-
fect of body mass index on C-reactive protein levels.
It includes scatter plots of SNP effects, leave-one-out
sensitivity analysis, forest plots, funnel plots, and a
density plot using multiple MR methods (IVW, MR Eg-
ger, weighted median, simple mode, and weighted
mode), providing visual evaluation of heterogeneity,
pleiotropy, and robustness of the estimated causal
relationship.

tumors are asymptomatic, and thus, clinically,
these tumors are mostly incidentally detect-
ed through radiological examinations [34, 35].
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Due to their asymptomatic nature, this disease
is often overlooked, and many asymptomatic or
mildly symptomatic patients may not actively
seek CT scans due to the expense and poten-
tial radiation risks associated with the proce-
dure. Hormonal and metabolic testing is also
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Figure 5. Results of Mendelian randomization anal-
ysis of CRP to benign adrenal tumors. This figure
presents the Mendelian randomization analysis re-
sults evaluating the causal effect of C-reactive pro-
tein levels on benign adrenal tumors. Multiple MR
methods (IVW, MR Egger, weighted median, simple
mode, and weighted mode) are used and visualized
through scatter plots, leave-one-out analysis, forest
plots, funnel plot, and density plot to assess the con-
sistency, potential pleiotropy, and robustness of the
estimated causal effect.

an important diagnostic approach, but it is
relatively expensive and may be influenced
by medications or other hormones, leading to
falsely elevated results [36]. Until correspond-
ing symptoms such as elevated hormone le-
vels or compressive symptoms appear, the dis-
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ease may not receive attention. Early identifi-
cation of these tumors is crucial despite their
benign nature, as delayed management can
lead to serious health complications. These
complications may include hormonal imbalanc-
es, severe hypertension, and even metastasis
[37, 38]. For example, hormonal imbalances
can result in severe hypertension, and larger
pheochromocytomas can exert mass effects
and invade surrounding tissues [37]. Further-
more, a small subset of benign adrenal tumors
may undergo malignant transformation. There-
fore, early intervention for benign adrenal tu-
mors is associated with a better prognosis.
However, delayed intervention can lead to seri-
ous complications, even life-threatening ones.

Our findings indicate that CRP mediates the
relationship between BMI and benign adrenal
tumors, and it is causally associated with the
onset of benign adrenal tumors. Therefore, phy-
sicians can enhance their focus on this disease
and provide more rational and reliable recom-
mendations by considering both CRP levels and
BMI values, thereby reducing the risk of mis-
diagnosis or underdiagnosis. Based on our
research results, theoretically, individuals with
obesity can reduce the incidence of benign
adrenal tumors by intervening with a healthy
lifestyle, which not only decreases CRP levels
but also reduces the incidence of benign adre-
nal tumors. Studies have explicitly shown that
lifestyle interventions leading to healthy weight
loss significantly reduce CRP levels [39, 40],
further indicating a relationship between BMI
and CRP levels. Similarly, in terms of diet, pro-
inflammatory diets (such as consuming red
meat, processed meats, and high-fat diets)
lead to elevated CRP levels [41], thus suggest-
ing a potential association with the occurren-
ce of benign adrenal tumors. Given our resear-
ch results, we speculate that nonsteroidal an-
ti-inflammatory drugs (NSAIDs) may control in-
flammation, reduce CRP production, and con-
sequently decrease the incidence of benign
adrenal tumors. There are already reports indi-
cating that NSAIDs can inhibit IL-6 production
and alleviate phenotypes [42]. Mechanistically,
by understanding this mechanism, intervening
at any stage can reduce the incidence of benign
adrenal tumors.

Several observational studies have previously
linked obesity with increased adrenal size
and altered hormone production, supporting a
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potential connection between body weight and
adrenal tumor development. For instance, Liu
et al. [43] found that obesity may persistently
increase adrenal gland volume, suggesting a
possible mechanism for tumorigenesis through
chronic stimulation of adrenal tissue. Our MR
findings provide genetic evidence to support
this association and further suggest that sys-
temic inflammation, represented by CRP, may
mediate this process. Moreover, prior clinical
studies have reported that patients with pheo-
chromocytomas often exhibit elevated CRP lev-
els, which tend to decrease after surgical tumor
removal, suggesting a link between adrenal
tumor activity and systemic inflammation [30].
These observations are consistent with our
finding that CRP acts as a partial mediator in
the BMI-adrenal tumor relationship. Further-
more, our study has limitations. Obesity, de-
fined as excessive accumulation of body fat
beyond healthy levels, can have detrimental
effects on health. There are various indicators
used to measure obesity, with BMI, WHR (Waist-
to-Hip Ratio), and visceral fat mass being am-
ong the most common. BMI is the most fre-
quently used measure of obesity. However, in
our study, we only used BMI as a measure of
obesity, and did not analyze WHR or visceral fat
mass.

Conclusion

In clinical practice, we investigated the associa-
tion between body mass index (BMI), C-reactive
protein (CRP), and benign adrenal tumor using
Mendelian randomization (MR) methods. We
found that BMI may influence the risk of benign
adrenal tumor through the mediating effect of
CRP. It emphasizes the importance for medical
professionals to closely monitor the adrenal
health status of obese patients or those with
high CRP levels to avoid unnecessary misdiag-
nosis or underdiagnosis. Moreover, addressing
obesity concerns not only involves focusing on
physical aspects but also considering the over-
all inflammatory levels in the body.

This discovery reveals the reasons why obese
patients are prone to benign adrenal tumors,
contributing to a more comprehensive under-
standing of the relationship between obesity
and benign adrenal glands, as well as their
underlying mechanisms. Additionally, it pro-
vides new perspectives on intervention strate-
gies from lifestyle modifications, dietary adjust-
ments, to pharmaceutical interventions.
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