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Editorial on the Research Topic
Molecular biomarkers of cardiometabolic disease

Cardiometabolic disease (CMD) is a leading global cause of mortality and refers to a
complex sequence of pathophysiological processes resulting in both metabolic and
cardiovascular disease (CVD). Central to its development is insulin resistance, which
involves perturbed regulation of glucose levels, inflammation, and endothelial dysfunction.
Timely detection, accompanied by appropriate intervention, is crucial in preventing CMD-
associated complications such as type 2 diabetes mellitus (T2DM) and CVD. However, the
major challenge of CMD management lies in its complex and diverse manifestations that
often defy prediction based solely on traditional risk factors due to the absence of reliable
and accurate molecular CMD biomarkers. The present Research Topic, “Molecular
biomarkers of cardiometabolic disease” aims to showcase new developments in
identifying, characterizing, and evaluating novel molecular biomarkers for CMD risk
assessment, screening, and diagnosis/prognosis. By covering novel research advances and
clinical trends in identifying and evaluating molecular CMD biomarkers, this Research
Topic offers insights into novel potential diagnostic solutions that may support early
interventions and improve outcomes.

This Research Topic has collected nine original research articles. The study by Garcia
et al. reports that serum low-density lipoprotein receptor-related protein 1 (sSLRP1) levels,
which predict cardiovascular risk, are upregulated, whereas atrial natriuretic peptide (ANP)
levels are downregulated in T2DM patients at disease onset. Increased sLRP1 and decreased
ANP levels are normalized in the T2DM patients that reached optimal glycemic and
metabolic control. The authors propose that the sSLRP1/ANP ratio could be a reliable
marker of cardiometabolic function and the cardiovascular benefits of glycemic control in
T2DM patients.

Gou et al. combined experimental and bioinformatics approaches to investigate energy
metabolism-related genes (EMRGs) in heart failure with preserved ejection fraction
(HFpEF). Gene expression profiles in the HFpEF mouse dataset were compared to
control groups to identify differentially expressed EMRGs (DE-EMRGs), and the
potential biomarkers with diagnostic value were screened using machine learning
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algorithms. The analysis revealed five potential diagnostic
biomarkers for HFpEF as well as several promising therapeutic
targets that deserve future investigation.

Chen et al. conducted a cross-sectional study to assess the
relationship between serum testosterone (TT) and apoB in diverse
populations exposed to different factors. The study reports a
statistically significant, inverse correlation between serum TT
concentration and apoB concentration. The authors suggest that
an investigation of the correlation between serum TT and apoB may
be used for screening individuals with CVD risk within the
population that exhibits normal or low LDL-C levels.

A retrospective observational study by Bosco et al. investigated
SLCOI1BI1 rs4149056 impact on LDL-C target achievement after
lipid-lowering therapy optimization in men and women with
familial hypercholesterolemia (FH). The authors found that the
genotype effect of SLCO1B1 rs4149056 is more pronounced in FH
women since the prevalence of subjects on the LDL-C target and
high-intensity lipid-lowering therapy was significantly lower in FH
women with SLCO1BI rs4149056 than in other groups.

A study by Chen et al. reports that the serum level of fetuin-A,
which is a glycoprotein that acts as an inhibitor of insulin secretion
and arterial calcification progression (1), negatively correlates with
the risk of TTAs and is accompanied by decreased descending
thoracic aortic diameter. These findings suggest that monitoring of
serum fetuin-A levels may be used in the early detection and
diagnosis of TTA.

Su et al. performed a drug target Mendelian randomization
(MR) analysis on seven genetic variants encoding lipid-lowering
drug targets (LDLR, HMGCR, NPCI1L1, PCSK9, APOB, APOC3,
and LPL) to explore the impact of lipid-lowering drug targets on
erectile dysfunction (ED). The results show that APOB inhibitors
are associated with an increased risk of ED occurrence, whereas
APOCS3 inhibitors, LDLR, and LPL agonists are significantly
associated with a reduced risk of ED occurrence. LDLR AND LPL
agonists were also significantly associated with increased TT levels.
The authors propose that APOB, APOC3, LDLR, and LPL may be
new drug target candidates for ED treatment.

Xu et al. assessed clinical correlation and demographic
characteristics of hyperhomocysteinemia (HHcy) within the
Chinese urban population with hypertension, focusing on the
identification of risk factors for HHcy in hypertensive patients.
The authors report high HHcy prevalence in the Chinese urban
population, as well as a significant association between
homocysteine (Hcy) levels, gender, methylenetetrahydrofolate
reductase (MTHFR) genotypes, and fatty acid (FA) levels. Male
gender and the presence of the MTHFR genotype represent a
significant risk factor for HHcy in the studied population. A
study by Su et al. reports the absence of genetic evidence
suggesting a causal association between plasma levels of Hcy,
folate, vitamin B12, vitamin B6, and polycystic ovary syndrome
(PCOS) in individuals of European ancestry.

Finally, the molecular mechanism responsible for the
association between T2DM and atherosclerosis is investigated in a
study by Qi et al. who combined identification of differentially
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expressed genes with bioinformatic enrichment analyses, protein-
protein interaction network construction, and core genes
identification. The authors also built a transcription factor-mRNA
regulatory network and analyzed infiltrating immune cells. Four
core genes (IL1B, CIQA, CCR5, and MSR1) that significantly
correlate with common immune cells (B cells, CD4+ T cells,
regulatory T cells, and M2 macrophages) were identified, together
with five transcription factors that regulate their expression (RELA,
NFkB1, JUN, TTI1, and SPIl1). These findings suggest that the
interplay between transcription factors, core genes, and immune
cells identified in this study may be important for elucidating
molecular mechanisms underlying T2DM and atherosclerosis.

Our Research Topic has taken the initial step in assembling
novel research findings on potential CMD biomarkers that may
stimulate further discussion. Future studies are expected to refine
the understanding of the molecular landscape of CMD by further
evaluating the prognostic and diagnostic value of molecular
biomarkers of CMD reported in this Research Topic.
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Background: Low-density lipoprotein receptor-related protein 1 (LRP1)
negatively modulates circulating atrial natriuretic peptide (ANP) levels. Both
molecules are involved in the regulation of cardiometabolism.

Objectives: To evaluate soluble LRP1 (sLRP1) and ANP levels in people with newly
diagnosed type 2 diabetes mellitus (T2DM) and determine the effects of
metabolic optimization.

Methods: This single-center longitudinal observational study recruited patients
with newly diagnosed T2DM (n = 29, HbAlc > 8.5%), and 12 healthy control, age-
and sex-matched volunteers. sLRP1 and ANP levels were measured by
immunoassays at T2DM onset and at one year after optimization of glycemic
control (HbAlc < 6.5%).

Results: T2DM had higher sLRP1 levels than the control group (p = 0.014) and
lower ANP levels (p =0.002). At 12 months, 23 T2DM patients reached the target
of HbAlc < 6.5%. These patients significantly reduced sLRP1 and increased ANP
levels. Patients who did not achieve HbAlc < 6.5% failed to normalize sLRP1 and
ANP levels. There was an inverse correlation in the changes in sLRP1 and ANP
(p = 0.031). The extent of sLRP1 changes over 12 months of metabolic control
positively correlated with those of total cholesterol, LDL cholesterol, TG, TG/
HDLc, and apolipoprotein B.
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Conclusions: Newly diagnosed T2DM patients have an increased sLRP1/ANP
ratio, and increased sLRP1 and decreased ANP levels are normalized in the
T2DM patients that reached an strict glycemic and metabolic control. sLRP1/
ANP ratio could be a reliable marker of cardiometabolic function.

KEYWORDS

sLRP1, ANP, metabolic control, T2DM, hypoglycemic treatments

Introduction

Patients with type 2 diabetes mellitus (T2DM) show higher
incidence of heart failure and higher cardiovascular disease (CVD)
mortality risk (1). Achieving optimal glycemic control is a clinical
goal in persons with T2DM to reduce CVD risk, especially at early
stages of T2DM (2, 3). However, new biomarkers connecting
cardiovascular and metabolic alterations need to be developed for
helping to prevent CVD in T2DM.

Low-density lipoprotein receptor-related protein 1 (LRP1) plays
a crucial role in atherosclerosis progression (4, 5). Its soluble form
(sLRP1) comprises the o chain (515 kDa) and a fragment of the 3
chain (55 kDa) of the cellular receptor. sSLRP1 can be detected in the
circulation after either constitutive or induced cleavage (6).
Previous studies from our group have shown that atherogenic
lipoproteins promote sLRP1 release from vascular smooth muscle
cells of human atherosclerotic plaque explants, and that circulating
levels of SLRP1 are associated with carotid atherosclerosis in familial
hypercholesterolemic patients (7) and with carotid plaque
inflammation measured by 18F-FDG PET in patients with a
recent ischemic stroke (8). In line with this, we further
demonstrated that circulating sLRP1 levels are also associated
with coronary artery disease risk, independently of potential
confounding factors (9).

LRP1 is overexpressed in advanced human atherosclerotic
lesions enriched in lipids (10), in the vascular wall of
hypercholesterolemic rabbits and pigs (5, 11, 12) and in
myocardium of in vivo models of diabetic rats (13).

In the context of cardiometabolic diseases, epicardial fat
expresses and releases an altered pattern of adipokines and
other molecules that contribute to vascular and cardiac
dysfunction (14, 15). As LRP1 is overexpressed in epicardial fat of
T2DM patients (16), it could be hypothesized that dysfunctional
epicardial fat contributes to increased circulating sLRP1 levels.
Supporting this, SLRP1 levels directly correlate with epicardial fat
volume in type 1 diabetes mellitus (TIDM) patients and in the
general population (17, 18). Together, these results suggest that

Abbreviations: Apo, apolipoprotein; ANP, atrial natriuretic peptide; BMI, body
mass index; CRP, C reactive protein; HDLc, high-density lipoprotein cholesterol;
LDLc, low-density lipoprotein cholesterol; SLRP1, soluble low-density lipoprotein
receptor-related protein 1; TC, total cholesterol; TG, triglycerides; T2DM, type 2

diabetes mellitus.
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sLRP1 could be a dual biomarker of cardiac and metabolic
alterations in T2DM.

Atrial natriuretic peptide (ANP) is secreted by cardiomyocytes
(19), and its circulating concentration decrease under insulin
resistance (20, 21). Our group has previously shown in a murine
model that the circulating levels of ANP are modulated by cardiac
LRP1 levels, and that the reduction of cardiomyocyte LRP1 levels
increases the release of ANP that coordinately inhibits hepatic fatty
acid (FA) synthesis and activates FA uptake and oxidation, limiting
weight gain and enhancing whole-body energy consumption (22).

LRP1 levels in heart inversely modulate ANP levels (22), which
is essential in the control of metabolism. In light of this, the sSLRP1/
ANP ratio could be used as an indicator that integrates information
about metabolic and cardiovascular alterations. Our hypothesis is
that the inverse relation between the circulating levels of sSLRP1 and
ANP in humans are favorably influenced by the optimization of the
glycemic control. The aims of this study were i) to evaluate sSLRP1
and ANP levels in newly diagnosed T2DM patients as compared to
healthy controls, and ii) to determine the effect of achieving
metabolic optimization on these circulating biomarkers.

Methods
Patients

This single-center, observational longitudinal study included 29
patients with T2DM (mean age 56 + 9 years) who had been referred
to the Endocrinology and Nutrition Department of Hospital de la
Santa Creu i Sant Pau, Barcelona (Spain), as well as 12 age- and sex-
matched control subjects. The study was approved by the Ethics
Committee of the Hospital de Sant Pau (reference number of the
protocol IIBSP-REL-2017-27, data of approval 07/26/2017).
Written informed consent was obtained from all participants.
This study was performed in full compliance with the Declaration
of Helsinki. T2DM patients were newly diagnosed without previous
hypoglycemic, lipid-lowering or anti-inflammatory drugs. Control
group were normolipemic and normoglycemic subjects, with no
personal or family history of premature coronary disease, major
cardiovascular risk factors, or infectious or inflammatory disease.

All T2DM patients (n = 29) were studied at onset and at 12
months after treatment started. Patients were subjected to an
intensive intervention carried out to achieve recommended
targets of cardiovascular risk factors that includes diet, physical
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activity and pharmacotherapy, in accordance with clinical practice
guidelines. Lipid profile, glucose, CRP and HbAlc levels were
determined by routine procedures. All T2DM patients
participated in a comprehensive diabetes self-management
education program, which includes individualized instruction on
nutrition, physical activity and optimizing metabolic control.
According to our protocol for the management of severe
hyperglycemia, the initial therapy included triple therapy with
metformin, dipeptidyl peptidase inhibitors and basal insulin in
90% of patients. Basal insulin was suspended after 1-2 weeks, and
non-insulin drugs were modified at the discretion of the responsible
physician according to the characteristics of each patient.

Immunoassays

Blood samples were obtained at disease onset and 12 months of
treatment start by venipuncture in EDTA-containing or additive-
free Vacutainer tubes to obtain plasma or serum, respectively.
Tubes were centrifuged for 15 min at 1500¢ at room temperature
for a maximum period of 30 min. The resulting plasma or serum
was aliquoted and stored at -80 until use. sLRP1 levels were
measured in plasma using an ELISA kit from Cloud-Clone corp
(SEB010Hu), and ANP levels were measured in serum using an
ELISA kit from LSBio kit (LS-F57269).

Statistical analysis

In order to justify the validity of the kits used, we have revised the
ELISA data in terms of sensitivity limits and reliability of results. The
Intra-Assay CV for LRP1 ELISA Kit was <10% and for ANP ELISA Kit
<6.9%. The coefficients of variation Inter-Assay was CV<12% for LRP1
ELISA kit and CV<8.7% for ANP ELISA Kit. These intra-assay and
inter-assay coefficient of variation (CV) support the quality and
feasibility of these assays to be used as evaluation tools. The power was
between 0.78 and 0.96 with N of 29 patients and 8 controls for the
variables SLRP1, ANP and sLRP1/ANP. The normality of numerical
data distribution was verified using the Shapiro-Wilk test, and the
homoscedasticity, with the Levene’s test. The categorical variables are
presented as frequencies and percentages, and the quantitative variables
are presented as mean + SD. A bivariate analysis was used for paired data,
and a Chi-square analysis was used for categorical data. Relationships
between different Aparameters and Abiomarkers were assessed using
Spearman correlation analysis. To determine the possible confounding
factors between the associations of different variables, a simple linear
regression test was used. Due to the small sample size, the analysis was
validated using a non-parametric approach. All statistical analyses were
performed with SPSS software, version 27. A two-sided p-value < 0.05
was considered statistically significant.

Results
Clinical characteristics

Table 1 summarizes the clinical and metabolic variables of
newly diagnosed T2DM patients as compared to healthy controls.
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There were significant differences in weight (p = 0.031), body
mass index (BMI) (p = 0.005), HbAlc (p < 0.001), blood
glucose (p < 0.001), C-reactive protein (CRP) (p < 0.001),
triglycerides (TG) (p < 0.001), high-density lipoprotein
cholesterol (HDLc) (p = 0.002), TG/HDL index (p < 0.001) and
ApoB (p = 0.044) between newly diagnosed T2DM patients and
control subjects. All variables, except HDLc, were higher in the
T2DM group. Age and sex distribution between groups was similar.

Glycemic control optimization normalizes
the main metabolic and lipidic variables at
a 12-month follow-up

As summarized in Table 1, the main variables that were
optimized after 12 months of T2DM metabolic control were
weight, BMI, HbAlc levels, glucose, HDLc and CRP.

From the total 29 T2DM patients, 23 reached a strict glycemic
control (HbAlc < 6.5) while only 6 remained in less strict glycemic
control (HbAlc > 6.5). As shown in Table 1, most metabolic
variables including weight, BMI, glucose, CRP, TC, LDLc, ApoB,
TG/HDLc index and HDLc only significantly improved in the
group reaching a strict glycemic control after 1 year.

Newly diagnosed T2DM patients showed
increased sLRP1 and decreased ANP
plasma levels compared to controls

As shown in Figure 1, circulating sSLRP1 concentrations were
significantly higher in the T2DM group at onset than in the control
group (p = 0.014), while those of ANP were lower (p = 0.002).
Therefore, the SLRP1/ANP ratio was much higher in new-onset
T2DM patients than in healthy controls (p < 0.001). Possible
correlations between sLRP1, ANP, sLRP1/ANP and clinical and
metabolic variables was analyzed in T2DM patients. SLRP1 directly
correlated with circulating TGs (r2 = 0.475; p = 0.009), TG/HDLc
index (* = 0.445; p = 0.015) and ApoB (r* = 0.374; p = 0.046). ANP
inversely correlated with circulating ApoB (r*=-0.374; p = 0.046),
CT (r* = -0.378; p = 0.043) and LDLc (r* = -0.367; p = 0.05). The
ratio sSLRP1/ANP directly correlated with ApoB (r* = 0.506;
p = 0.005), TG/HDLc index (¥ = 0.424; p = 0.022), LDLc
(* = 0375 p = 0.045), TGs (©* = 0.392; p = 0.035), and TC
(* = 0.400; p = 0.032).

Metabolic optimization normalizes
circulating levels of sLRP1 and ANP, and
sLRP1/ANP ratio at a 12-month follow-up

To analyze the evolution of circulating levels of sSLRP1 and
ANP, and of the sLRP1/ANP ratio according to the glycemic
control, the changes in these variables from T2DM onset (Pre) to
T2DM-1-year (Post) were analyzed in strict glycemic control
(HbAlc < 6.5%) versus less strict glycemic control (HbAlc >
6.5%) patients (Figure 1).
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TABLE 1 Data are expressed as mean + SD.

Control T2DM

(1) onset

) 4

T2DM-1year
HbA1c=6.5

10.3389/fendo.2023.1236487

T2DM-1year P(2vs P((3vs P (4 vs P (5 vs
HbA1c<6.5 1) 2) 2) 2)
(5)

Age (years) 53.58 + 4.81 56.52 + 9.41 57.52 + 9.41 57.00 + 6.16 55.67 + 10.09 0.155

Sex (M/F) 75/25 75.9/24.1 75.9/24.1 100/0 71.4/28.6

(%)

Weight 78.62 + 12.67 92.71 + 19.02 89.56+ 14.71 83.63 + 15.48 91.12 + 14.45 0.031 0.038 0.435 0.008
(kg)

BMI (Kg/ 27.26 +2.59 33.12 + 6.81 31.98 + 5.60 29.23 +5.10 32.55 +5.65 0.005 0.049 0.422 0.039
m?)

HbAlc (%) 537 +£0.23 1191 + 2.11 6.23 £0.70 723 £0.51 595+ 0.43 <0.001 <0.001 0.008 <0.001
Glucose 87.00 + 10.95 156.12 + 60.10 117.98+19.46 130.68 + 16.05 114.36 £ 19.12 <0.001 0.010 0.366 0.004
(mg/dL)

CRP 1.48 + 1.02 9.02 +7.52 3.96+ 3.77 535+ 473 3.57 +3.49 <0.001 0.005 0.542 0.006
(mg/L)

TC 188.28 + 39.20 187.67 + 39.01 179.87 + 49.74 247.03 + 32.06 160.68 + 34.92 0.819 0.606 0.065 0.042
(mg/dL)

TG 78.18 + 34.63 152.19 + 66.55 160.87 + 118.98 28291 + 187.47 126.01 + 62.00 <0.001 0.489 0.071 0.127
(mg/dL)

HDLc 5424 + 12.76 39.16 + 8.37 43.67 £ 7.56 42.44 + 945 44.03 +7.17 0.002 0.004 0.593 0.003
(mg/dL)

LDLc 118.28 + 33.22 119.18 + 32.60 106.03 + 39.15 156.60 + 28.79 91.59 + 28.26 0.586 0.086 0.294 0.008
(mg/dL)

ApoB 0.89 +£0.28 1.06 + 0.26 0.98+ 0.33 1.34 + 0.27 0.85 + 0.24 0.044 0.150 0.138 0.011
(mg/dL)

TG/HDLc 1.56 + 0.93 4.21 +2.60 3.87 £3.13 7.05 + 5.04 2.96 + 1.57 <0.001 0.749 0.114 0.042
ratio

Comparison between groups was performed by Mann-Whitney U test and Paired Samples T-Test. BMI, Body Mass Index; HbAlc, glycated hemoglobin; CRP, C reactive protein; TC, Total
cholesterol; TG, triglycerides; HDLc, High density lipoprotein cholesterol; LDLc , low density lipoprotein cholesterol; ApoB, apolipoprotein B, T2DM, type 2 diabetes mellitus.

After 1 year of treatment, sLRP1 levels were significantly
downregulated in T2DM patients with a strict glycemic control,
but upregulated in those with less strict glycemic control
(Figure 1A). ANP levels were upregulated after 1 year of
treatment in patients reaching a strict glycemic control but not in
those that maintained HbAlc > 6.5% over 1 year of treatment, in
which ANP levels did not change (Figure 1B). Coherently, sLRP1/
ANP ratio was significantly downregulated after one year of
glycemic control only in those patients that reached a strict
glycemic control (Figure 1C).

Correlations between classical and new variables changes over 1
year were analyzed by Spearman correlation analysis. ASLRP1
directly correlated with changes in metabolic variables such as
AWeight (* = 0.643; p < 0.001), ABMI (+* = 0.636; p < 0.001),
ATG (1% = 0.668; p < 0.001), AGlucose (r* = 0.481; p = 0.011), ATG/
HDL (% = 0.621; p = 0.001) and inversely with the change in AANP
(r* = -0.402; p = 0.031). In addition, the reduction in AsLRP1 also
directly correlated with reductions in circulating lipids including
ATC (r* = 0.673; p < 0.001), ALDLc (r* = 0.534; p = 0.004), and
ApoB (r* = 0.736; p < 0.001).

Furthermore, we analyzed whether the correlation between
AsLRP1 and other variables, like ATG, ATC, ALDL, AApoB and
ATG/HDL, was maintained by considering possible confounding
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factors, such as weight or BMI (by simple linear regression). The
sLRPI correlation adjusted for weight was significant with TG
(p < 0.000), TC (p = 0.001), LDL (p = 0.002), TG/HDL
(p < 0.000) and ApoB (p < 0.000). The sLRP1 correlation
adjusted by BMI was also significant for TG (p = 0.001), TC
(p = 0.002), LDL (p = 0.004), TG/HDL (p < 0.000) and ApoB
(p = 0.001). Therefore, the correlation between the reduction in
sLRPI and lipid variables was independent of the reduction in
weight or BMI.

Discussion

This study revealed for the first time that blood sLRP1 levels,
which predict cardiovascular risk (9), are upregulated, while ANP
levels, which inversely predict metabolic risk (21-23), are
downregulated in T2DM patients at disease onset as compared to
healthy controls. In addition, we showed that sLRP1 and ANP
inversely evolved after 1 year of treatment.

The elevated circulating sSLRP1 levels in T2DM patients found
here are in line with the documented increased LRP1 levels in the
epicardial fat of T2DM patients (16) and in the myocardium of
diabetic rats (13), and also with the close association between blood
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FIGURE 1

Newly diagnosed T2DM patients have increased sLRP1 and reduced ANP plasma levels that are normalized after 1 year of optimal glycemic control.
Graph showing circulating levels of sLRP1 (A), ANP (B) and sLRP1/ANP ratio (C) in control subjects (n = 12), Total (n = 27) (Pre =T2DM onset),

(Post = T2DM-1year), T2DM-1year HbA1c>6.5 (n = 6) (Pre =T2DM onset), (Post = T2DM-1year), and T2DM-1year HbAlc < 6.5 (n = 21) (Pre =T2DM

onset), (Post = T2DM-1year). The horizontal line gives the mean of values from the same group. Comparisons between groups were analyzed with

the Wilcoxon-test. T2DM, type 2 diabetes mellitus.

sLRP1 levels and the extension of epicardial fat in patients with type
1 diabetes and in the general population (17, 18). On the other
hand, the low levels of ANP found in newly diagnosed T2DM
patients are in line with the potential of low ANP levels to predict
the development of diabetes in humans (23-27).

Previous studies from our group conducted in an experimental
murine model evidenced that reduced levels of cardiac LRP1 promote
increased circulating ANP levels, while increased levels of LRP1 favor
decreased circulating ANP levels (22). Through the control of
circulating ANP levels, cardiac LRP1 modulates not only fatty acid
metabolism in the liver but also whole-body metabolism (22). Results
from this experimental murine model highlight the presence of a
functional LRP1-ANP link between heart, liver and adipose tissue. In
the present study, a crucial point is that baseline sSLRP1 levels are
increased, while ANP are decreased, in newly diagnosed T2DM
patients (without previous treatment) as compared to control
subjects. In addition, if glycemic optimization is achieved after 1 year
of treatment, there is a tight and inverse correlation between decreased
sLRP1 levels and increased ANP levels. Taken together, these results
suggest that the link between sLRP1 and ANP, previously described by
our group in an in vivo model, is likely present in T2DM patients. In
addition, our results support the concept that sSLRP1 and ANP, which
are key mediators of cardiometabolic mechanisms, are connected in
humans and can play a key role in the interplay between cardiac and
metabolic alterations.

Results from the present study show that strict glycemic control
(HbAlc < 6.5%) is highly efficient in reducing sLRP1 levels and
increasing ANP levels in T2DM patients to the same levels found in
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the control group. These results suggest that an optimal glycemic
control of T2DM patients may exert beneficial effects on parameters
associated to cardiovascular risk, such as LRP1 (9). Currently, there is
an intense debate about the potential and mechanisms of lowering
HbA1Ic to provide protection against cardiovascular complications of
T2DM (28, 29). Over the last decade, one of the proposed markers of
glycemic control has been TG/HDLc (30-32). Results from the present
study evidenced a positive correlation of sSLRP1 with TG and with the
TG/HDLc ratio in line with previous studies by our group showing the
association of circulating TGs with epicardial LRP1 levels in T2DM
patients (16). Here, we also showed that the decline in SLRP1 over 1-
year caused by achieving a strict glycemic control correlated with the
decrease in TGs and TG/HDL. This association between sLRP1 and
TG remained after adjusting by weight and BMI. At this moment, the
mechanisms underlying this association remain unclear. TG/HDLc
has been proposed to be associated with CVD in the context of
metabolic conditions (30-32), and sLRP1 has been reported to be
predictive of cardiovascular risk in a case-cohort study (9). Therefore, it
seems important to ascertain the mechanisms that determine the close
association between sLRP1 and TG/HDLc in order to elucidate new
mechanisms that are potentially involved in increasing the
cardiovascular risk of patients with diabetes.

Here, we also observed that the reduction in sLRP1 after
reaching optimal glycemic control correlated with the changes in
other lipid parameters, such as TC, LDL-C and ApoB100. Such
correlations were previously observed in different populations, in
which sLRP1 is associated with cardiovascular risk (7-9). Further
studies will be required to know whether sLRP1 reduction is
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FIGURE 2

This graphical abstract combines previous findings from our group in a murine model of prediabetes with results obtained in the current study in
T2DM patients. In the murine model, the reduction of cardiomyocyte LRP1 levels causes the increase of corin enzyme activity and ANP release (22).
In addition, LRP1 levels are increased in the myocardium of diabetic hearts (13) and circulating sLRP1 levels correlate with atherosclerosis in humans
(7). The main findings of the present study are that circulating levels of sLRP1 are increased while those of ANP are decreased in newly diagnosed
type 2 diabetic patients (T2DM), and that altered sLRP1 and ANP levels are normalized in the T2DM group that reached an optimal metabolic control

associated to a decrease of atherosclerosis in T2DM patients. In
addition, further studies with increased numbers of participants and
long-term follow-up are required to validate the potential of sSLRP1
and sLRP1/ANP to predict the beneficial effects of lipidic/glycemic
control in cardiac and metabolic alterations

Strengths and limitations

The main limitation of this study is the reduced number of
participants due to the difficulty to recruit newly diagnosed
untreated T2DM patients. One remarkable strength is the
homogeneity of the newly diagnosed T2DM patients included in
this study in terms of lack of previous hypoglycemic, lipid lowering
or anti-inflammatory treatments.

Conclusion

Results from the present study show that the cardiac LRP1-ANP
axis previously reported by our group in an experimental murine
model of prediabetes is likely working in T2DM patients. The high
levels of SLRP1 in the cardiovascular system of T2DM patients could
lead to low circulating levels of ANP, explaining the high sSLRP1/ANP
ratio found in these patients as compared to healthy controls
(summarized in Figure 2). Altered sLRP1 and ANP levels are
normalized in the T2DM group that reached an optimal metabolic
control. Therefore, we propose that sSLRP1/ANP can be a potential
marker of the cardiovascular benefits of glycemic control in T2DM
patients. Further studies are required to know whether SLRP1/ANP
index might improve the predictive value of other biomarkers in terms
of cardiovascular and metabolic outcomes in T2DM patients.
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Background: Heart failure with preserved ejection fraction (HFpEF) is associated
with changes in cardiac metabolism that affect energy supply in the heart.
However, there is limited research on energy metabolism-related genes
(EMRGs) in HFpEF.

Methods: The HFpEF mouse dataset (GSE180065, containing heart tissues from
10 HFpEF and five control samples) was sourced from the Gene Expression
Omnibus database. Gene expression profiles in HFpEF and control groups were
compared to identify differentially expressed EMRGs (DE-EMRGs), and the
diagnostic biomarkers with diagnostic value were screened using machine
learning algorithms. Meanwhile, we constructed a biomarker-based
nomogram model for its predictive power, and functionality of diagnostic
biomarkers were conducted using single-gene gene set enrichment analysis,
drug prediction, and regulatory network analysis. Additionally, consensus
clustering analysis based on the expression of diagnostic biomarkers was
utilized to identify differential HFpEF-related genes (HFpEF-RGs). Immune
microenvironment analysis in HFpEF and subtypes were performed for
analyzing correlations between immune cells and diagnostic biomarkers as
well as HFpEF-RGs. Finally, gRT-PCR analysis on the HFpEF mouse model was
used to validate the expression levels of diagnostic biomarkers.

Results: We selected 5 biomarkers (Chrna2, Gnb3, Gng7, Ddit4l, and Prss55) that
showed excellent diagnostic performance. The nomogram model we
constructed demonstrated high predictive power. Single-gene gene set
enrichment analysis revealed enrichment in aerobic respiration and energy
derivation. Further, various miRNAs and TFs were predicted by Gng7, such as
Gng7-mmu-miR-6921-5p, ETS1-Gng7. A lot of potential therapeutic targets
were predicted as well. Consensus clustering identified two distinct subtypes
of HFpEF. Functional enrichment analysis highlighted the involvement of DEGs-
cluster in protein amino acid modification and so on. Additionally, we identified
five HFpEF-RGs (Kcntl, Acotl, Kcnc4, Scn3a, and Gpam). Immune analysis
revealed correlations between Macrophage M2, T cell CD4+4+ Thl and
diagnostic biomarkers, as well as an association between Macrophage and
HFpEF-RGs. We further validated the expression trends of the selected
biomarkers through experimental validation.
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Conclusion: Our study identified 5 diagnostic biomarkers and provided insights
into the prediction and treatment of HFpEF through drug predictions and
network analysis. These findings contribute to a better understanding of HFpEF
and may guide future research and therapy development.

KEYWORDS

heart failure with preserved ejection fraction, energy metabolism-related genes,
diagnostic biomarkers, machine learning, immunoscape, targeted drug prediction

1 Introduction

Heart failure with preserved ejection fraction (HFpEF) is a
type of heart failure that occurs when the diastolic function of the
heart is impaired. In HFpEF, the cardiac ejection fraction remains
within the normal range, but the condition is characterized by
ventricular underfilling, left atrial dilatation, and elevated left
atrial pressure (1). The prevalence of HFpEF is believed to be
increasing and is associated with factors such as age, gender,
obesity, and hypertension (2). The diagnosis of HFpEF relies on
clinical symptoms, electrocardiogram, cardiac ultrasound, and
other examination methods, but there are no specific diagnostic
biomarkers (3). Therefore, it is crucial to identify potential
biomarkers that can aid in the accurate diagnosis of HFpEF.

Energy metabolism is essential for maintaining normal
physiological functions in the body, including processes
like glycolysis, the tricarboxylic acid cycle, and oxidative
phosphorylation. The heart’s energy supply primarily relies on
the metabolism of glucose, fatty acids, and lactate (4). Genes and
proteins related to energy metabolism play critical roles in various
human diseases, including cardiovascular disease (5), diabetes,
and obesity (6). A deeper understanding of the molecular
mechanisms underlying energy metabolism may provide
insights into novel therapeutic approaches for HFpEF (7, 8).

To identify potential diagnostic biomarkers and therapeutic
targets for HFpEF, this study conducted bioinformatics analysis
using the mouse HFpEF transcriptome from the GEO database.
Through screening and research, we identified five potential
biomarkers and constructed a regulatory network based on
energy metabolism-related genes. These biomarkers have the
potential to serve as diagnostic biomarkers for HFpEF and may
provide a foundation for discovering new therapeutic targets.

2 Materials and methods
2.1 Source of data
The GSE180065 dataset was sourced from the GEO database

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180065).
The GSE180065 dataset (GPL24247) comprises RNA-seq data
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obtained from heart tissue samples of 10 HFpEF mice and five
control mice. To construct the HFpEF mouse model in this publicly
available dataset, wide-type male C57BL/6] mice were treated with a
combination of high-fat diet and N[w]-nitro-l-arginine methyl ester
(L-NAME) at a concentration of 0.5g/L for five weeks. The 325
energy metabolism-related genes (EMRGs) were downloaded from
the NCBI and MsigDB databases.

2.2 ldentification of DEGs

DEGs between the HFpEF and control groups were chosen by
using the DESeq2 package (v 1.36.1) (9) in the GSE180065 dataset
at P value < 0.05 and [log,FC| > 0.5. The results of the differential
analysis were illustrated by volcano map plotted by the ggplot2
package (v 3.4.1) (10). Next, the DEGs were intersected with the
EMRGs to obtain DE-EMRGs.

2.3 Machine learning screening and
performance evaluation of biomarkers

Three machine learning models were constructed based on DE-
EMRGs by least absolute shrinkage and selection operator (LASSO),
random forest (RF) and Support Vector Machine-Recursive Feature
Elimination (SVM-RFE) algorithms to screen feature genes
separately. LASSO regression profiling was carried out using the
glmnet package (version 4.1-6) (11) to obtain LASSO-feature genes.
RF analysis was performed using the caret package (v 6.0-86) based
on DE-EMRGs, and genes with top 10 importance scores were
screened as RF signature genes. Next, SVM analysis was performed.
Finally, the genes included in the portfolio with the highest accuracy
rate and lowest error rate were selected as SVM-RFE-feature genes.
The biomarkers were screened by overlapping LASSO-feature genes,
RE-feature genes and SVM-RFE-feature genes.

Subsequently, ROC curves were plotted using the pROC
package (v 1.17.0.1) (12) to assess the diagnostic value of the
biomarkers. In addition, logistic regression models were
constructed using the biomarkers as a whole and the model was
evaluated using ROC curves. Immediately after, the nomogram was
constructed and visualized via regplot (v 1.1) and rms package
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(v 4.1-1) (13). Next, the calibration curve was plotted to judge the
model performance.

2.4 Single-gene GSEA analysis

In order to further explore the biomarkers related
pathways and the functions they play, we performed a single-gene
GSEA analysis. The single-gene GSEA analysis of biomarkers
was carried out via clusterProfiler package (v 4.4.4) (14). The
top 10 most significant results for each biomarker were
visualized separately.

2.5 Construction of mRNA-drug interaction
and TF-mRNA-miRNA networks

In order to find potential therapeutic small molecule drugs
acting on biomarkers, we performed drug prediction. The drugs
targeting the biomarkers (transformation into human genes) were
predicted through the DrugBank database. A mRNA-drug network
was constructed based on the predicted results. Then,
NetworkAnalyst database was utilized to predict the targeting
miRNAs and TFs of biomarkers. Lastly, the network was
visualized using Cytoscape software (v 3.8.2) (15).

2.6 Consensus clustering analysis

The consensus clustering analysis was performed on the
GSE180065 dataset utilizing the ConsensusClusterPlus package (v
1.60.0) (16) on the basis of biomarkers.

2.7 Screening and enrichment analysis of
DEGs-cluster

DEGs-cluster between the subtypes were selected via the
DESeq2 package (v 1.36.1) (9) with P < 0.05 and |log,FC| > 0.5.
Gene Ontology (GO) enrichment analysis of DEGs-cluster was
executed via clusterProfiler package (v 4.4.4) (14) (P value < 0.05)
and org.Mm.eg.db package (v 3.12.0).

2.8 Screening for HFpEF-related genes

This part of the analysis was carried out in order to obtain
further information on the genes associated with the development
of HFpEF. Firstly, the DEGs was intersected with the DEGs-cluster
to obtain the intersected genes. Then, the protein-protein
interaction (PPI) network was created on the basis of intersected
genes via the STRING database (https://cn.string-db.org/). In this
study, the topology of the PPI network was analyzed using the
plugin cytoHubba, and the top 5 genes under the MCC algorithm
were selected as HFpEF-RGs for subsequent analysis.
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2.9 Immune-infiltration analysis

To obtain correlations of subtypes and biomarkers with
immune cells, we performed an immune infiltration analysis. The
immune score and proportions of immune cell subtypes for each
sample in the GSE180065 dataset were computed via the xcell
algorithm of the immunedeconv package (v 2.0.4) (17). In the first
step, the differences in abundance of each immune cell between
HFpEF and the control groups (differential immune cells 1) were
compared and the results were presented by box plots. Then,
differences in the proportion of immune cells were analyzed
between subtypes (differential immune cells 2). In addition, the
correlation of biomarkers with differential immune cells1 and the
association of HFpEF-RGs with differential immune cells2 were
computed using the Spearman method.

2.10 A 'two-hit’ mouse model of HFpEF
and echocardiography

Male wild-type (WT) C57BL/6 mice weighing about 20 g at the
age of 8 weeks were obtained from the Hu'nan Silaikejingda
Experimental Animal Co., Ltd, China. All applicable international
and national guidelines for the care and use of animals were
followed. Mice were divided into two treatment groups and
exposed to a combination of a high-fat diet (HFD) (60%
kilocalories from fat) and Nw-nitro-L-arginine methyl ester (L-
NAME) (0.5 g1-1 in drinking water) or a standard (chow) diet for
15 weeks (18). The concomitant metabolic stress (obesity and
metabolic syndrome) and mechanical stress (hypertension
induced by constitutive NO synthases suppression) in mice—
elicited by the aforementioned ‘two-hit’—recapitulates the
numerous systemic and cardiovascular features of HFpEF in
humans. Transthoracic echocardiography was performed on mice
at 15 weeks after treatment. A two-dimensional echocardiographic
system (Philips iE33, Netherlands) was used to examine the cardiac
function of the left ventricle by detecting and calculating the left
ventricular systolic and diastolic indexes.

2.11 RNA isolation and quantitative real-
time polymerase chain reaction

Eight pairs of frozen left ventricle tissue of mouse heart (8
HFpEF and 8 control samples) were collected. Afterwards, 16
samples were lysed with TRIzol reagent and total RNA was
isolated following the manufacturer’s instructions. The
concentration of RNA was measured with a NanoPhotometer
N50. Afterwards, RNA was reverse transcribed into cDNA using
the SureScript First strand cDNA synthesis kit (Servicebio, Wuhan,
China). The qRT-PCR reaction consisted of 3 uL of reverse
transcription product, 5 pL of 2xUniversal Blue SYBR Green
qPCR Master Mix, and 1 pL each of forward and reverse primer.
All primer sequence information were shown in Table 1. The
GAPDH gene served as an internal control, and the relative
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expression of genes was determined using the 27**“" method (19).
Graphpad Prism 5 was used to make the graph and calculate the
p-value.

2.12 Statistical analysis

All bioinformatics analyses were carried out in R language. And
then, the data of different groups were compared by rank sum test.
It was a truism that P < 0.05 was in significant difference, where
P <0.05: %, P < 0.01: **, P < 0.001: ***, and P < 0.0001: ****,

3 Results
3.1 Screening of DE-EMRGs

A total of 971 DEGs were identified through differential
expression analysis based on the GSE180065 dataset (P value <
0.05 and |log,FC| > 0.5; Supplementary Table 1). Among them, 599
genes were significantly upregulated, and 372 genes were
significantly downregulated (Figure 1A). To identify the EMRGs
within these DEGs, an intersection analysis was performed. The
results revealed 31 overlapping genes (Figure 1B), with 18 genes
showing upregulation and 13 genes showing downregulation in
expression (Supplementary Table 2). Hence, these genes were
defined as DE-EMRGs.

3.2 Screening and performance evaluation
of biomarkers

In order to obtain biomarkers, we filtered DE-EMRGs using 3
machine learning algorithms. A total of 6 LASSO-feature genes
(Chrna2, Rbp7, Gnb3, Gng7, Ddit4l, and Prss55) were screened by
LASSO regression analysis (Figure 2A). Subsequently, a total of 10
RF-feature genes (Cd36, Chrna2, Nrldl, Prss55, Cacna2d2,
Selenom, Gnb3, Ddit4l, Gng7, and Cacnald) were obtained after
RF analysis (Figure 2B). The accuracy and error rate were computed
and found that the SVM model had the highest accuracy rate and
lowest error rate when it contained 17 genes (Figure 2C). Therefore,
these 17 genes were selected as SVM-RFE-feature genes (Acot2,
Cacnald, Cacna2d2, Rbp7, Gnb3, Ddit4l, Chrna2, Selenom, Gng7,
Prss55, Pparg, Ucp2, Nrldl, Vdr, Npcl, S100a9, and

TABLE 1 Primer sequences of PCR.

10.3389/fendo.2023.1296547

4930590J08Rik) for further analysis. Hence, a total of 5
biomarkers (Chrna2, Gnb3, Gng7, Ddit4l, and Prss55) were
screened by overlapping LASSO-feature genes, RF-feature genes
and SVM-RFE-feature genes (Figure 2D).

The ROC results revealed excellent diagnostic performance for
both biomarkers and logistic regression models (Figures 3A-F).
The nomogram on the basis of biomarkers was utilized to predict
the risk of patients developing HFpEF (Figure 3G). The accuracy
of the nomogram was relatively high, which was validated by the
calibration curve (Figure 3H).

3.3 Single-gene GSEA analysis
of biomarkers

In quick succession, single-gene GSEA was performed to
explore the enriched regulatory pathways and molecular functions
of each biomarker. Chrna2, Gng7, Ddit4l, and Prss55 were
mainly enriched to GO terms such as aerobic respiration,
ribonucleoprotein complex biogenesis, etc. (Figures 4A-D;
Supplementary Tables 3-6). Gnb3 was mainly enriched to
ribosome, energy derivation by oxidation of organic compounds,
cellular amino acid metabolic process and so on (Figure 4E;
Supplementary Table 7).

3.4 The TF-mRNA-miRNA and mRNA-drug
networks of biomarkers

Considering the targeting drugs and regulatory factors of these
diagnostic biomarkers, we constructed the mRNA-drug and TF-
mRNA-miRNA networks. Through DrugBank database, 5
biomarkers were found that targeted by 97 therapeutic drugs
(Figure 5A; Supplementary Table 8). The network included 25
drugs (Cimetidine, Nonoxynol-9, Polyethylene glycol and so on) for
Chrna2, 25 drugs (Tetradecyl hydrogen sulfate (ester), Leuprolide,
Cianidanol, Methyldopa and so on) for Gnb3, 25 drugs
(Ursodeoxycholic acid, Caffeine, Rotavirus vaccine and so on) for
Gng7, 25 drugs (Lactitol, Loxapine, Lixisenatide and so on) for
Ddit4l, 15 drugs (Hydroxyethyl cellulose, Human adenovirus b
serotype 7, Tyrphostin B56 and so on) for Prss55In addition, based
on biomarkers, we obtained 73 miRNAs (mmu-miR-6921-5p,
mmu-miR-6988-5p, mmu-miR-6998-5p, mmu-miR-7049-3p and
so on) and 13 TFs (ETS1, NRF1, USF1 and so on) (Figure 5B;

Gene Forward primer (5-3) Reverse primer (5-3)
Chrna2 AACAATGCAGACGGGGAGTTT GGGAAGAAAGTCACGTCGATG
Gnb3 ATACTCCAGGGGCCATTCCT GGGGAAGGGGTCCATTCTTG
Gng7 GCTTTGCTATATCGAGCCTGC CCCAGCACTGAGGTTCCAAT
Ddit41 TGGATAGGATCGTGTGTGATGC CGTTCCAATCAGGGAGTACAGTT
Prss55 CTGCTACTTGTTGCCCACAC GAGGCGAGGAGAGCAGGTAT
GAPDH CCTTCCGTGTTCCTACCCC GCCCAAGATGCCCTTCAGT
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Supplementary Table 9). Among them, more miRNAs and TFs
were predicted by Gng7. Among mmu-miR-7076-5p, mmu-miR-
7030-5p, mmu-miR-7075-5p were common targets of Gng7 and
Ddit4l, and mmu-miR-505-5p was shared by Gng7 and Chrna2.
Besides, TFs SIN3A and MAZ might common to regulate Gng7 and
Gnb3. TCF12 was related to Gnb3 and Prss55.

3.5 Identification of subtypes based on
biomarkers and enrichment analysis

In order to perform a comparative analysis of the different
subtypes of HFpEF, a consensus clustering analysis based on
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biomarkers was performed. The consensus clustering results
revealed that the samples were clustered into 2 subtypes
(Clusterl and Cluster2), which had the discrimination between
subtypes (Figures 6A, B). A total of 464 DEGs in different
clusters were obtained. Among these clusters, Cluster 1 showed
upregulation with 217 genes and downregulation with 247 genes
compared to Cluster 2 (Figure 6C; Supplementary Table 10). The
results of functional enrichment analysis indicated that DEGs-
clusters were mainly enriched to GO entries such as the
regulation of carbohydrate metabolic process and blood
circulation, the N-terminal protein amino acid modification,
regulatory T cell differentiation and so on (Supplementary
Figure 1, Supplementary Table 11).
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FIGURE 4

10.3389/fendo.2023.1296547

Single gene GSEA-GO for the 5 key DE-EMRGs. Enrichment in GO collection by Chrna2 (A), Ddit4l (B), Gng7 (C), Prss55 (D), and Gnb3 (E). Each line
represents one gene set with unique color. Gene sets were considered significant only when |[NES| > 1, P < 0.05, and g < 0.05. Only several leading
gene sets (Top 10) were displayed in the plot. GSEA, gene set enrichment analysis; GO, Gene Ontology; DE-EMRGs, differentially expressed energy

metabolism-related genes; NES, normalized enrichment score.

3.6 PPI network analysis and acquisition
of HFpEF-RGs

In order to further explore the crucial genes related to the
occurrence and development of HFpEF based on the genes-based
clusters of HFpEF, 55 intersected genes (Hmgcs2, Chrna2, Fbp2,
Gpam and so on) were acquired by overlapping 971 DEGs (DEGs1)
between the HFpEF and control groups and 464 DEGs (DEGs2) in
different clusters (Supplementary Figure 2A). The PPI network of
these 55 genes was built to understand the association among which
(Supplementary Figure 2B), where Kentl had the most interactions
with the remaining genes. Furthermore, five core genes (Kentl,
Acotl, Kened4, Scn3a, and Gpam) in the network were obtained as
HFpEF-RGs using MCC algorithm (Supplementary Figure 2C).

3.7 Immune analysis of biomarkers
and HFpEF-RGs

To obtain correlations between biomarkers and HFpEF-RGs
with immune cells, we performed an immune-related analysis. The
Xcell analysis demonstrated significant down-regulation of B cell
and T cell CD4+ Thl in the HFpEF group compared to the control
group, whereas Hematopoietic stem cell and Macrophage M2
exhibited higher expression in the HFpEF group (all P < 0.05;
Figure 7A). Additionally, the subsequent correlation analysis
(Figure 7B) revealed a strong positive correlation between
Macrophage M2 and Chrna2 (cor 0.81, P = 0.00044).
Furthermore, moderate negative correlations were observed with
Gnb3 (cor = -0.7, P = 0.0049), Ddit4l (cor = -0.59, P = 0.02), and
Prss55 (cor = -0.56, P = 0.03). As for T cell CD4+ Thl, it
demonstrated strong and moderate positive correlations with
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Prss55 (cor = 0.81, P = 0.00025) and Ddit4]l (cor = 0.52, P =
0.047), respectively, along with a moderate negative correlation with
Chrna2 (cor = -0.66, P = 0.047). Conversely, B cell only exhibited a
significant correlation with Chrna2, indicating a moderate negative
relationship (cor = -0.56, P = 0.029).

In terms of differential expression between Cluster 1 and
Cluster 2, Mast cell and Macrophage were the only cell types that
exhibited significant differences, with both being significantly lower
in Cluster 1 (Supplementary Figure 3A). The correlation analysis
results indicated a moderate negative correlation between Acotl
and both Macrophage (cor = -0.54) and Mast cell (cor = -0.53).
Furthermore, Macrophage showed a moderate negative correlation
with Gpam (cor = -0.7) and Scn3a (cor = -0.53) (all P < 0.05;
Supplementary Figure 3B).

3.8 Expression analysis of biomarkers

Echocardiography evaluation revealed significant alterations in
left ventricular diastolic indexes, including interventricular septal
thickness (IVS), left ventricular posterior wall thickness (LVPW),
and mitral ratio of peak early to late diastolic filling velocity (E/A),
in the HFpEF group compared to normal mice. However, both
groups exhibited preserved left ventricular ejection fraction
(LVEF) (Figure 8).

To further investigate the expression changes of biomarkers in
the HFpEF and control groups, eight pairs of HFpEF and control
samples were collected and subjected to qRT-PCR. The results
demonstrated that the expression levels of Gng7 and Prss55 were
significantly lower in HFpEF samples compared to control tissues;
conversely, the expression of Chrna2 was higher in HFpEF samples
than in control tissues (Figures 9A-C), which aligns with findings
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from public databases. On the other hand, no significant differences
in expression were observed for Gnb3 and Ddit4] between the two
groups (Figures 9D, E).

4 Discussion

The pathogenesis of HFpEF remains complex and not fully
understood. However, accumulating evidence suggests a significant
association between energy metabolism and the development of this
disease (20-22). In patients with HFpEF, abnormal energy
metabolism in cardiomyocytes leads to pathological changes,
including ventricular underfilling, left atrial dilatation, and
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elevated left atrial pressure (23). Therefore, investigating the
expression changes of genes related to energy metabolism in
HFpEF can shed light on their roles in disease progression and
potentially offer novel targets for the diagnosis and treatment
of HFpEF.

After conducting a differential gene analysis and integrating
three distinct machine-learning methods in the online HFpEF
mouse dataset (GSE180065), cholinergic receptor nicotinic alpha
2 subunit (Chrna2), DNA damage-inducible transcript 4-like
(Ddit4l), guanine nucleotide binding protein beta 3 (Gnb3),
guanine nucleotide binding protein gamma 7 (Gng7), and serine
protease 55 (Pess55) emerged as promising potential diagnostic
biomarkers for HFpEF associated with energy metabolism.
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Identification of DEGs among biomarker-based subtypes. (A) Heatmap depicts consensus clustering solution (k = 2) for 5 biomarkers in 10 HFpEF
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DEGs between Clusterl and Cluster2. Red and blue dots indicate upregulated and down-regulated genes, respectively, and gray is the non-

significant gene. DEGs, differentially expressed genes; HFpEF, heart failure with preserved ejection fraction; CDF, cumulative distribution function.

Subsequent qRT-PCR experiment on the our HFpEF mouse model
that were collected from eight HFpEF and eight control samples
validated the upregulation of Chrna2, and the downregulations of
Gng7 and Prss55 in HFpEF, as did in public database.

Chrna2, the gene encoding acetylcholine receptor subunit 02, is
expressed primarily in the nervous system (24). It is involved in
signaling of the neurotransmitter acetylcholine and plays an
important regulatory role in the nervous system. Additionally, it
is closely associated with the onset and progression of a variety of
neurological diseases (25). Although no direct association
between Chrna2 and cardiovascular disease has been identified,
acetylcholine regulates physiological processes in the cardiovascular
system. For example, it controls the contraction and diastole of the
heart and the dilation and contraction of blood vessels by binding to
acetylcholine receptors on the heart and blood vessels (26).
Furthermore, the results of Chrna2-GSEA in this study indicate
its association with energy metabolism, angiogenesis and
development, and cardiac ventricle morphogenesis. These
findings suggest that Chrna2, as an energy metabolism-related
gene, may have potential diagnostic value for HFpEF.

Ddit4l is a gene that plays an important role in cellular stress
and DNA damage response. The expression of Ddit4l is regulated
by a variety of factors such as oxygen levels, nutritional status, and
cellular stress (27, 28). Bridget Simonson et al.’s study in mice with
conditional cardiac-specific overexpression of DDiT4L (29)
indicated that in the heart, DDiT4L may be an important
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pathway for pathological stress (such as metabolic stress)
transduction to autophagy through the mTOR signaling pathway.
This suggests that DDiT4L may be a therapeutic target in
cardiovascular diseases when autophagy and mTOR signaling
pathways play important roles. Our study also supports these
findings, as the Ddit4l-GSEA results showed a close association
between Ddit4l and apoptotic signaling regulation, cardiac
conduction, cardiac contraction, and ventricular development.
Additionally, through miRNA-Ddit4] network analysis, we
identified that miR-669¢-5p might regulate Ddit4l. Interestingly,
previous research has shown that miR-669c-3p has a protective
effect in a mouse model of ischemic stroke by enhancing alternative
microglia/macrophage activation and inhibiting MyD88 signaling
(30). This evidence further supports the important regulatory role
of Ddit4l in the development of heart failure or HFpEF.

Gnb3 is a gene encoding the beta subunit of the G protein. It has
been considered a candidate gene for hypertension, autonomic
nervous system disorders, and coronary heart disease (31-33). A
genetic association study has demonstrated a pathophysiological
association between the genetic locus rs5443 (Gnb3) and ventricular
remodeling in heart failure (34). In this study, Gnb3-GSEA results
consistently showed its involvement in the development of cardiac
chambers/ventricles, morphogenesis of the heart/ventricles, and
development of ventricular myocardial tissue. These findings
suggest that the Gnb3 gene may be associated with structural and
functional abnormalities in the hearts of patients with HFpEF. On
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the other hand, the GNB3 825T allele might be involved in ET-1-
induced vasoconstriction in the skin microcirculation (35), and
there is association of GNB3 825T variant with increased renal
perfusion (36), suggesting the potential relationship of Gnb3 and
circulating changes as well as cardiorenal interaction in patients
with HFpEF (37). Furthermore, an analysis of the TF-Gnb3
network revealed interesting results about TBP expression. When
comparing the right ventricle to the left ventricle or ventricle in
healthy controls and HF patients, TBP expression was found to be
highly erratic (38). However, in another study conducted on the MI
mouse model, TBP expression was stable (39). These findings
indicate that the TBP-Gnb3 axis may play a significant role in the
pathogenesis of HFpEF.

Gng7 is a gene that encodes the gamma subunit of G protein,
which plays a regulatory or translational role in various
transmembrane signaling systems (40). Previous studies have
shown a correlation between reduced expression of Gng7 and
breast cancer (41), lung cancer (42), head and neck cancer (43,
44), and esophageal cancer (45). However, there have been no
studies directly linking Gng7 to HFpEF. Our study discovered a
potential close association between Gng7 and ventricular
development, myocardial tissue development, and cardiac
contractile regulation through Gng7-GSEA results. Additionally,
our analysis of the miRNA-Gng7 network revealed a close
relationship between miR-199a-5p (46), miR-18a-3p (47), miR-
491-5p (48), and On the other hand, the GNB3 825T allele might be
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involved in ET-1-induced vasoconstriction in the skin
microcirculation, and there is an association of the GNB3 825T
variant with increased renal perfusion, suggesting the potential
relationship of Gnb3 with circulating changes, as well as
cardiorenal interaction in patients with HFpEF. The predicted
interaction of Gng7 and Gnb3 in the BioGRID database might
provide more theoretical support to study the underlying
mechanism of Gng7 in HFpEF as well (49). These findings
suggest that Gng7 may play a role in the pathogenesis of HFpEF.

Prss55 is a gene that encodes a protease known as “proteinase,
serine 55”. It belongs to the serine family of proteases and is
primarily expressed in testicular tissue (50). Despite being
relatively understudied, Prss55 is an important enzyme molecule,
and its specific function and mechanism of action remain unknown.
Nevertheless, emerging research suggests a potential association
between Prss55 and the reproductive system (51, 52). In our study,
utilizing Prss55-GSEA, we have identified its potential involvement
in crucial biological processes such as angiogenesis and
developmental regulation, myocardial tissue development,
myocardial contraction, and cardiomyocyte development. To fully
comprehend the function and biological significance of Prss55,
further investigations are warranted.

In the development of HFpEF, inflammatory response plays a
significant role (53). This response is triggered by the infiltration of
immune cells, leading to the release of inflammatory mediators in
cardiac tissue. The present study’s immunoscape analysis revealed
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that in the HFpEF group, CD4+ Th1 expression was downregulated
in B cells and T cells, while hematopoietic stem cells and M2
macrophages were dominant compared to the control group. B
lymphocytes, specialized immune cells present in all jawed

vertebrates, have shown increasing association with the heart
(54). Although limited, available evidence suggests that B cells
may be key players in the development of HFpEF. Biopsies from
patients with diastolic dysfunction and controls have shown higher
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RNA expression of the 5 biomarkers was measured in HFpEF and control samples. RNA expression of Gng7 (A), Prss55 (B), Chrna2 (C), Gnb3 (D), and Ddit4l
(E) were measured in blood samples using gRT-PCR. P-values were calculated using a two-sided unpaired Student’s t-test. *P < 0.05; ****P < 0.0001; ns
represents no significance. HFpEF, heart failure with preserved ejection fraction; gRT-PCR, quantitative reverse transcription polymerase chain reaction.
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circulating IgGl and IgG3 levels in patients at higher risk of
developing HFpEF (55). Anecdotal evidence points towards the
potential improvement of HFpEF with immunomodulation using
B-cell-targeted drugs in patients with connective tissue diseases
(56). Animal models have also demonstrated the pathogenic role of
CD4+ Th1 and Th17 in HF development (57, 58). Sinha et al. found
that a higher proportion of CD4+ Thl cells was associated with a
lower risk of developing HF, consistent with the present study (59).
Zhang et al. observed increased neutrophil and macrophage
infiltration in HFpEF mice hearts, but their results showed an
increase in M1 macrophages and a decrease in M2 macrophages,
contrasting our findings. However, further studies are needed to
explore this discrepancy and provide a rational explanation.

To promote the clinical application of the five diagnostic
biomarkers, we used the DrugBank database to predict potential
target drugs. Among the predictions, Cianidanol emerged as a co-
targeted drug for Chrna2, Gnb3, and Gng?7. Cianidanol is a member
of the polyphenolic brass subfamily known for its strong
antioxidant properties (60). It has been recognized for its
potential therapeutic effects in cardiometabolic disorders (61, 62)
and cancers (63). Animal and preclinical studies have also
demonstrated the vasoprotective effects of cianidanol (64, 65).
Additionally, studies suggest that it may offer a unique approach
to reducing atherosclerosis (66). Esmolol, which is currently used in
the treatment of cardiovascular disease, has been predicted as a co-
targeted agent targeting Chrna2 and Gnb3. This cardioselective -
blocker has shown effectiveness in controlling tachycardia and acute
ischemic elevated hemodynamic parameters in patients with heart
disease (67). Perindopril, a co-target of Chrna2 and Gng7, is an
angiotensin-converting enzyme inhibitor indicated for the
treatment of hypertension (68). Furthermore, a review has shown
that Perindopril, when combined with other antihypertensives,
minimizes cardiovascular events (69). Methyldopa has been
identified as a co-targeted agent of Ddit4l and Gng3. This drug
has been used in the treatment of hypertension since the 1960s (70).
Lovastatin, on the other hand, is a co-targeted drug for Ddit4] and
Gng7 and is commonly used to treat coronary heart disease and
hypercholesterolemia (71). Additionally, other potentially targeted
drugs such as Rosuvastatin (72), Mexiletine (73), Labetalol (74),
Lomitapide (75), and Metolazone (76) may be beneficial in the
treatment of cardiovascular disease. However, no reports or
studies have been conducted on the association of these targeted
agents with HFpEF or with Chrna2, Ddit4]l, Gnb3, and Gbg7.
Therefore, further studies are needed to confirm their potential
mechanisms of action. As for Prss55, DrugBank analysis showed
that there are no potential targeted drugs directly related to
cardiovascular disease treatment. This finding deserves further
attention and investigation.

There are some shortcomings of this study that need to be
noted. First, the study was based on bioinformatic analysis of
HFpEF mouse transcriptome data from the GEO database.
However, the sample size was relatively small, which may limit
the statistical reliability and generalizability of the results. Second,
the study identified five diagnostic biomarkers associated with
energy metabolism, but expression validation in human clinical
samples was not performed. It is crucial to perform clinical sample
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validation to determine the practical application and validity of
these markers in patients with HFpEF. Although PCR validation
was conducted using HFpEF mice, the results did not successfully
validate the differential expression of Gnb3 and Ddit4l between the
control and HFpEF groups. This lack of validation may be
attributed to individual differences between samples, the
variability of experimental techniques, and the complexity of gene
regulation. Thirdly, although a consistent cluster analysis of HFpEF
was performed based on five diagnostic biomarkers associated with
energy metabolism, practical clinical significance could not be
assigned to these subclasses due to the current lack of human
data. Additionally, bioinformatics analysis, while important in
HFpEF research, still suffers from limitations such as the quality
and consistency of data, data processing, and choice of analysis
methods. Furthermore, this study used a mouse model to study
HFpEF, but the mouse model cannot fully reflect the complex
pathological process and biological characteristics of human
HFpEF, while enough public data on human HFpEF samples
could not be found for analysis. Therefore, caution should be
exercised when applying these findings to clinical practice. To
overcome these shortcomings, future studies should aim to
increase the sample size, perform human clinical sample
validation, and validate and confirm the clinical application
potential of these analytical results by integrating other
experimental models and methods.

5 Conclusion

The analysis of HFpEF mouse transcriptome data from the
GEO database successfully identified five diagnostic biomarkers,
namely Chrna2, Ddit4l, Gnb3, Gng7, and Prss55, which are
associated with energy metabolism. These biomarkers
demonstrated a strong ability to distinguish between HFpEF
samples and control samples. Furthermore, the GSEA analysis
revealed their potential involvement in crucial biological processes
like ventricular development and cardiac contraction. These
findings have significant implications for understanding the
pathogenesis of HFpEF and identifying potential disease
biomarkers. Moreover, these biomarkers hold promise as early
diagnostic and predictive indicators for HFpEF, offering new
prospects for personalized therapy.
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samples. (A) Relationship among the top 10 enriched BP terms and targets is
represented in a chord plot. (B) Relationship among the top 10 enriched CC
terms and targets is represented in a chord plot. (C) Relationship among the
top 10 enriched mf terms and targets is represented in a chord plot. The
colors of the nodes range from red to blue in descending order of logFC
values. The genes are ordered according to logFC values. GO: Gene
Ontology; DEGs: differentially expressed genes; BP: biological process; CC:
cellular component; MF: molecular function.
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of DEGs was constructed using Cytoscape. (C) The top 5 key genes were
screened through the PPl network map. PPI: protein-protein interaction;
DEGs: differentially expressed genes.
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*P < 0.05.. Primer sequences of PCR.
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Objective: The effect of hypolipidemic drugs on male erectile function is still
controversial. This Mendelian randomization (MR) study aimed to explore the
potential impact of lipid-lowering drug targets on ED.

Methods: We collected seven genetic variants encoding lipid-lowering drug
targets (LDLR, HMGCR, NPC1L1, PCSK9, APOB, APOC3 and LPL) from published
genome-wide association study (GWAS) statistics, and performed drug target MR
analysis. The risk of ED was defined as the primary outcome, sex hormone levels
and other diseases as the secondary outcomes. Mediation analyses were
performed to explore potential mediating factors.

Results: The results showed that LDLR, LPL agonists and APOC3 inhibitors were
significantly associated with a reduced risk of ED occurrence. APOB inhibitors
were associated with an increased risk of ED occurrence. In terms of sex
hormone levels, LDLR and LPL agonists were significantly associated with
increased TT levels, and HMGCR was associated with decreased TT and BT
levels significantly. In terms of male-related disease, MR results showed that
LDLR agonists and PCSK9 inhibitors were significantly associated with an
elevated risk of PH; HMGCR, NPC1L1 inhibitors were associated with a reduced
risk of PCa; and LDLR agonists were significantly associated with a reduced risk of
AS and MI; in addition, HMGCR inhibitors were associated with a reduced risk
of PCa.

Conclusion: After performing drug-targeted MR analysis, we found that that
there was a causal relationship between lipid-lowering drug targets and ED.
APOC3, APOB, LDLR and LPL may be new candidate drug targets for the
treatment of ED.
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Introduction

Erectile dysfunction (ED), defined as the persistent inability of
the penis to achieve and/or maintain an erection sufficient for
a satisfactory sex life, is one of the most common diseases in
urology (1). Although ED does not pose a threat to life, it poses a
significant safety hazard to society. It not only affects the physical
and mental health of patients, but also causes great distress to sexual
partners, leading to a decrease in the quality of life for patients and
their partners, disharmony in the family, and more seriously,
a decrease in work productivity, an increase in domestic violence,
and an increase in medical burden. ED is highly related to
cardiovascular risk factors such as hyperlipidemia, diabetes and
abnormal blood pressure. Previous studies have found that the
pathogenesis of ED and cardiovascular disease is basically the
same, both centered on vascular endothelial dysfunction,
ultimately leading to vascular atherosclerosis (2-4). Therefore, ED
and cardiovascular disease share common risk factors. Lipids,
including total cholesterol (TC), triglycerides (TG), low-density
lipoprotein (LDL), and high-density lipoprotein (HDL), play a
crucial role in this process.

Nicotinic acid, statins, fibrates and novel Lipid Lowering drugs
are commonly used in the treatment of hyperlipidemia (5-8). There
is clinical evidence that lipid-lowering drug therapy can
significantly improve erectile function in patients with organic ED
caused by hyperlipidemia (9, 10). However, some scholars have
found that patients with hyperlipidemia may experience a decrease
in testosterone levels during the use of lipid-lowering drugs, which
in turn can lead to the occurrence of ED. Several meta-analyses have
also shown similar conclusions (11, 12). In addition, some studies
suggest that statins may indirectly lead to the occurrence of ED by
affecting autonomic nervous function or psychological factors (13).
Randomized controlled trials (RCTs) are the standard methods for
determining drug efficacy and adverse reactions. However, there is
currently a lack of large-scale randomized controlled trials between
lipid-lowering drugs and ED. The impact of lipid-lowering drugs on
the occurrence of ED and sex hormone levels is still unclear, and
further exploration is needed.

With the increasing popularity of genome-wide association
studies (GWAS), Mendelian randomization (MR) may be an
effective alternative to RCT studies for problem solving. Because
genetic variants (alleles) are randomly assigned during meiosis,
participants in MR studies are “randomized” based on the presence
of alleles. This is similar to a randomized controlled trial, where
participants are randomly assigned to either an experimental
treatment group or a control group (14, 15). Thus, MR analysis
has the advantage of being less susceptible to confounding factors
than other research methods. In recent years, drug target MR
analysis has emerged as an effective tool. It is used to infer the
effect of drugs targeting protein-coding genes, antagonists, agonists,
or inhibitors on disease risk (16). This tool is very helpful in
deciphering the potential of drug therapy and facilitating
drug development.
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In this study, we performed drug-targeted MR analysis to
determine the effect of lipid-lowering drugs on ED and to explore
the potential impact of lipid-lowering drug targets on sex hormone
levels and other common male disorders.

Materials and methods
Study design

To explore the relationship between lipid-lowering drug target
genes and male reproductive health at the genetic level, a two-
sample Mendelian randomization approach was used in this study.

Genetic variant selection

Based on the latest guidelines for the treatment of dyslipidemia,
we selected common lipid-lowering drugs and novel therapeutic
approaches such as statins, ezetimibe, PCSK9 inhibitors,
mipomersen and antisense oligonucleotides targeting
apolipoprotein C-IIT (APOC3) mRNA. The genes encoding the
pharmacological targets of these drugs were identified using the
DrugBank database. These target genes were further classified into
LDL-c reducing target genes (i.e; LDLR, HMGCR, NPCILI,
PCSK9 and APOB) and TG reducing target genes (i.e,, LPL and
APOCS3) based on the primary pharmacological effect (Table 1).

The summary data of LDL-C and TG were from two GWAS
summary statistics containing 440,546 and 441,016 European
individuals respectively (17). By obtaining instrumental variables
that target each drug target to lower LDL-C or TC, they can be used
to model the effects of each lipid-lowering drug. The instrumental
variables were selected to be single nucleotide polymorphisms
(SNP) located within £100kb of the drug target locus and
associated with LDL-C or TG levels (P< 10x57%). To avoid the
influence of strong linkage disequilibrium (LD) on the results, a
threshold for LD was set (> < 0.3).

Outcome

We used coronary heart disease (CHD) and ED as the results of
drug-targeted MR analyses, where CHD was the positive control
dataset to validate the feasibility and efficacy of lipid-lowering drug
targets. The CHD dataset was derived from a GWAS summary
statistic with a total of 184,305 cases, which contained 60,801 cases
and 123,504 controls (18). ED as the main outcome, the data were
from two independent GWAS datasets, respectively from FinnGen
and ebi databases (19). Total testosterone (TT), bioavailable
testosterone (BT), estrogen (E2) and SHBG were used as
secondary outcomes, and their gender specific genetic
instruments were from previously published UKB studies (20).
Prostatitis (PI), prostate hyperplasia (PH), prostate cancer (PCa),
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TABLE 1 Basic information on lipid-lowering drugs.

10.3389/fendo.2024.1362499

Drug name Pharmacological Drug targets Chromosome
action
— Reduce LDL-C LDL Receptor LDLR chr19:11,200,038-11,244,492
Simvastatin, Reduce LDL-C HMG-CoA reductase HMGCR chr5:74,632,154-74,657,929
Atorvastatin, Rosuvastatin
Ezetimibe Reduce LDL-C Niemann-Pick Cl-like protein 1 NPCI1L1 chr7:44,552,134-44,580,914
Alirocumab, Evolocumab Reduce LDL-C Proprotein convertase subtilisin/kexin PCSK9 chr1:55,505,221-55,530,525
type 9
Mipomersen Reduce LDL-C Apolipoprotein B-100 APOB chr2:21,224,301-21,266,945
— Reduce TG Lipoprotein Lipase LPL chr8:19,759,228-19,824,769
Volanesorsen Reduce TG Apolipoprotein C-III APOC3 chr11:116,700,422-
116,703,788

LDLR, low density lipoprotein receptor; HMGCR, HMG-CoA reductase; NPC1L1, Niemann-Pick C1-Like 1; PCSK9, proprotein convertase subtilisin-kexin type 9; APOB, Apolipoprotein (apo)

B; LPL, Lipoprotein lipase; APOC3, antisense oligonucleotides targeting apolipoprotein C-III.

aberrant spermatogenesis (AS), and male infertility (MI) equally
performed as secondary outcomes with genetic instrumentation
from previously published studies and the FinnGen database (21).
Detailed information can be found in Supplementary Table 1.

Estimation of causal effects

We used the inverse variance weighted method (IVW) to
estimate the causal effect between the drug targets and ED. In
addition, we performed additional analyses by weighted median
method and weighted model (22-24). Sufficient evidence of a causal
effect was consistently provided by statistically significant IVW
results plus direction of results across all 3 analyses. We also
conducted Steiger filtering to ensure directional correlation
between medication and outcomes.

Meta-analysis

The ‘metafor’ package was used to analyze the data indicators,
and the Risk ratio OR was used as the merging statistic (25). When
1>>50%, the study was considered to have greater heterogeneity, and
the results of the combined analysis were analyzed using the
random effects model for Meta-analysis, and when 1’<50%, the
study was considered to have homogeneity, and the results of the
combined analysis were analyzed using the fixed effects model.

Quality controls

Heterogeneity was tested using MR Egger and IVW methods.
Cochrane’s Q was used to evaluate the heterogeneity of the genetic
tools, and p>0.05 indicated the absence of significant heterogeneity.
MR Egger regression equation was used to evaluate the horizontal
multiplicity of genetic tools and p > 0.05 indicated the absence of
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horizontal multiplicity. To ensure that our results were not
significantly affected by a particular SNP, we also removed each
SNP in turn using the leave-one-out method and compared the
results of the IVW method with all variants.

Mediation MR analysis

To determine whether there was a direct relationship between
the observed associations between drugs and outcomes, we used a
“two-sample” approach to assess potential intermediate effects
(exposure-mediated-outcome pathways) of drugs on established
outcome variables (Figure 1). This method reduces the bias of
high LD correlations between genetic variants in MR analyses
compared with multivariate MR methods. The method uses a
“product of coefficients” approach to evaluate indirect effects and
a delta method to derive standard errors for indirect effects (26).

The statistical analysis in this study was conducted using
RStudio software (version 4.1.2). The resources used were mainly
obtained from the TwoSampleMR R package developed by
Hemani et al.

Results
Positive control analysis

We identified 48 SNPs associated with LDLR agonists, 19 SNPs
associated with HMGCR inhibitors, 6 SNPs associated with
NPCI1L1 inhibitors, 33 SNPs associated with PCSK9 inhibitors,
and 32 SNPs associated with apoB inhibitors from the genetic tools
of LDL-C; Forty SNPs associated with APOC3 inhibitors and 58
SNPs associated with LPL agonists were identified from the genetic
tools of TG. In the MR analysis with CHD as the outcome, as
expected, the results of IVW showed that the seven drugs
significantly reduced the risk of CHD (Figure 2).
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Mediator
(TT, BT, E2, SHBG)

MR analysis: p1, SE1

MR analysis: p2, SE2

b(mesomeric effect) = p1*f32

Exposure
(Lipid-lowering drugs)

FIGURE 1
Mediation analysis of the effect of drug targets on male diseases.

The causal relationship between lipid-
lowering drug targets and
primary outcomes

According to the IVW results of the primary analysis method,
LDLR agonists showed a significant association with a reduced risk
of ED occurrence in the ebi database (OR [95%] = 0.755 [0.559-
0.951], p=0.005). In the FinnGen database, the APOC3 inhibitors
reduced the risk of ED occurrence (OR [95%] = 0.733 [0.439-1.026],
p=0.038). In contrast, APOB inhibitors showed a significant
association with an elevated risk of ED occurrence (OR [95%] =
2.77 [2.289-3.251], p<0.001). Results of MR analysis are shown
in Table 2.

Meta-analysis was performed on the MR results obtained from
each of the two databases. The combined analysis showed that
LDLR, LPL agonists and APOC3 inhibitors were significantly
associated with a reduced risk of ED occurrence (OR [95%]
0.766 [0.586 - 0.947], p=0.004 vs OR [95%] = 0.806 [0.643-0.968],
p=0.009 vs OR [95%] = 0.866 [0.749-0.984], p=0.016)
(Figure 3).APOB inhibitors were significantly associated with an
increased risk of ED occurrence (OR[95%]=1.331 [1.087-1.574],

S = VBI>*SE1+B22*SE2?

Z = b(mesomeric effect) / S

Outcome
(PH, PI, PCa, AS, MI)

p=0.021). Other inhibitors were not significantly associated with the
risk of ED occurrence.

The causal relationship between lipid-
lowering drug targets and
secondary outcomes

In the results of MR analysis with sex hormone levels as an
outcome, LDLR and LPL agonists were significantly associated with
increased T'T levels (OR[95%] = 1.048 [1.019-1.078], p=0.001 vs OR
[95%] = 2.77 [2.289-3.251], p<0.001), and HMGCR was
significantly associated with decreased TT and BT levels
significantly (OR[95%] 1.08 [1.060-1.1006], p<0.001 vs OR
[95%] = 0.824 [0.764-0.884], p<0.001).LDLR, LPL agonists, and
PCSK9, APOCS3 inhibitors were significantly correlated with
elevated SHBG levels, while HMGCR was decreased significantly.
In addition, no significant causal relationship was found between

drugs and E2 levels (Supplementary Figures 12, 13).
In studies with male-related disease as an outcome, MR results
showed that LDLR agonists and PCSK9 inhibitors were significantly

Outcome Target method nsnp pval OR (95% Cl)
CHD LDLR Weighted median 42 <0.001 = i 0.4653 (0.2990 - 0.6317)
Inverse variance weighted 42 <0.001 == E 0.4384 (0.2938 - 0.5831)
Weighted mode 42 <0.001 +—— E 0.4712 (0.2480 - 0.6944)
CHD HMGCR  Weighted median 19 <0.001 —— 0.6204 (0.3862 - 0.8546)
Inverse variance weighted 19 <0.001 bt 0.6183 (0.4425 - 0.7941)
Weighted mode 19 <0.001 — 0.6226 (0.4065 - 0.8388)
CHD NPC1L1  Weighted median 6 0.0082 <—°—Ii 0.4977 (-0.0193 - 1.0147)
Inverse variance weighted 6 <0.001 «——— E 0.4575 (0.0176 - 0.8973)
Weighted mode 6 0.0910 «——1 0.5287 (-0.0692 - 1.1266)
CHD PCSK9  Weighted median 28 <0.001 =t | 0.4701 (0.2427 - 0.6974)
Inverse variance weighted 28 <0.001 == 0.4355 (0.2738 - 0.5972)
Weighted mode 28 <0.001 +—— 0.4719 (0.2416 - 0.7023)
CHD APOB Weighted median 29 <0.001 == f 0.7353 (0.5799 - 0.8906)
Inverse variance weighted 29 <0.001 et : 0.7132 (0.5819 - 0.8446)
Weighted mode 29 0.0053 H-ﬂ' 0.7498 (0.5633 - 0.9363)
CHD APOC3  Weighted median 37 <0.001 '" 0.8577 (0.7741 - 0.9413)
Inverse variance weighted 37 <0.001 - E 0.8168 (0.7609 - 0.8726)
Weighted mode 37 <0.001 ..43 0.8524 (0.7808 - 0.9240)
CHD LPL Weighted median 56 <0.001 - E 0.6621 (0.5605 - 0.7637)
Inverse variance weighted 56 <0.001 L E 0.6414 (0.5761 - 0.7068)
Weighted mode 56 <0.001 : , 0.6712 (0.5587 - 0.7837)
T T 1
1

FIGURE 2
MR analysis of association between drug targets and CHD.
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TABLE 2 The effect of drug targets on ED.

10.3389/fendo.2024.1362499

Drug target Methods ED (FinnGen database) ED (ebi database)
OR (95% Cl) P value OR (95% Cl) P value

LDLR Inverse variance weighted 0.834 (0.375, 1.294) 0.44 0.755 (0.559, 0.951) 0.005

Weighted median 1.109 (0.426, 1.791) 0.767 0.852 (0.563, 1.14) 0.275

Weighted mode 1.222 (0.532, 1.913) 0.572 0.896 (0.562, 1.23) 0.523

HMGCR Inverse variance weighted 1.768 (1.032, 2.504) 0.129 0.716 (0.364, 1.068) 0.063

Weighted median 1.63 (0.653, 2.608) 0.327 0.821 (0.339, 1.304) 0.425

Weighted mode 1.715 (0.73, 2.7) 0.297 0.762 (0.282, 1.242) 0.282

NPCIL1 Inverse variance weighted 2.12 (0.412, 3.827) 0.389 1.191 (0.346, 2.037) 0.685

Weighted median 1.544 (-0.481, 3.569) 0.674 0.911 (-0.208, 2.03) 0.871

Weighted mode 1.327 (-0.845, 3.5) 0.808 0.882 (-0.406, 2.169) 0.855

PCSK9 Inverse variance weighted 0.933 (0.494, 1.373) 0.759 1.222 (0.935, 1.509) 0.170

Weighted median 0.818 (0.24, 1.396) 0.495 1.466 (1.069, 1.863) 0.059

Weighted mode 0.836 (0.291, 1.381) 0.524 1.481 (1.108, 1.853) 0.048

APOB Inverse variance weighted 2.77 (2.289, 3.251) <0.001 1.034 (0.752, 1.316) 0.816

Weighted median 3.097 (2.529, 3.665) <0.001 0.818 (0.438, 1.197) 0.298

Weighted mode 3.182 (2.562, 3.803) 0.001 0.796 (0.385, 1.206) 0.289

LPL Inverse variance weighted 0.932 (0.641, 1.223) 0.635 0.906 (0.775, 1.037) 0.138

Weighted median 1.152 (0.729, 1.576) 0.511 0.96 (0.775, 1.146) 0.67

Weighted mode 1.092 (0.676, 1.509) 0.679 0.958 (0.775, 1.141) 0.647

APOC3 Inverse variance weighted 0.733 (0.439, 1.026) 0.038 0.894 (0.767, 1.022) 0.087

Weighted median 0.804 (0.410, 1.197) 0.276 0.92 (0.745, 1.095) 0.352

Weighted mode 0.801 (0.393, 1.210) 0.296 0.909 (0.743, 1.075) 0.267

LDLR, low density lipoprotein receptor; HMGCR, HMG-CoA reductase; NPC1L1, Niemann-Pick C1-Like 1; PCSK9, proprotein convertase subtilisin-kexin type 9; APOB, Apolipoprotein (apo)

B; LPL, Lipoprotein lipase; APOCS3, antisense oligonucleotides targeting apolipoprotein C-IIL

associated with an elevated risk of PH occurrence (OR [95%]=1.362
[1.196-1.527], p<0.001 vs OR [95%]=1.261 [1.095-1.427], p=0.006);
HMGCR, NPCI1LL1 inhibitors were significantly associated with a
reduced risk of developing PCa (OR [95%] = 0.616 [0.399-0.833],
p<0.001 vs OR [95%] = 0.427 [-0.23-1.088], p=0.01); and LDLR
agonists were significantly associated with a reduced risk of
developing AS and MI (OR [95%] = 0.473 [-0.028 - 0.974],
p=0.003 vs OR[95%] = 0.412 [-0.192 - 1.015], p=0.003); in
addition, HMGCR inhibitors were significantly associated with a
reduced risk of developing PCa (OR[95%] = 7.239 [6.286-8.193], p<
0.001) (Supplementary Figures 14, 15).

Sensitivity analysis

Cochrane’s Q and MR Egger regression equations were used to
assess levels of heterogeneity and horizontal pleiotropy. When we
examined the causal relationship between APOC3 inhibitors and
ED (FennGen), we found significant horizontal pleiotropy (p=0.03)
(Supplementary Table 11). When we examined the causal
relationship between PCSK9, APOB inhibitors and ED(ebi), we
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found significant horizontal pleiotropy (p=0.03 vs p=0.03).
Therefore, in order to obtain more reliable results, we used more
stringent criteria for selecting instrumental variables, changing the
LD parameters from ’<0.3 to r’<0.2 (PCSK9 and APOC3) and
’<0.1 (APOB). MR analysis was performed again, and the updated
results did not show significant heterogeneity or horizontal
pleiotropy, and the updated results will be used for subsequent
Meta-analysis (Supplementary Table 12).

The results of the sensitivity analysis also showed no heterogeneity
or horizontal pleiotropy (p>0.05) in all other outcomes (MR analysis
between drugs and hormones, MR analysis between drugs and other
male diseases) (Supplementary Tables 14, 16).

The leave-one-out method showed that there would be no
significant difference in the results after removing any SNP
(Supplementary Figures 1-11).

Mediation analysis

Given the close relationship between sex hormones and male
erectile function, reproductive function, and some male disease
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FIGURE 3

Meta analysis of association between drug targets and ED.

interest, they may mediate the effect of lipid-lowering drugs on male
disease risk. We therefore used the coefficient product method of
mediation analysis to examine the mediating pathway from drug to
disease. The results of the mediation analyses suggest that lipid-
lowering drugs do not influence the risk of disease development by
altering hormone levels. Sex hormone levels were not a mediator
between lipid-lowering drugs and disease occurrence
(Supplementary Table 18).

Discussion

Erectile dysfunction is a common disease in urology and
andrology, which not only brings great pain to the patient and his
family, but also is not conducive to the stability of society and
family. Therefore, the epidemiology and pathogenesis of ED have
attracted more and more attention from scholars all over the world.
A large number of experimental and clinical data show that
hyperlipidemia is an important risk factor for erectile
dysfunction. Current studies have shown that hyperlipidemia
induced arterial stenosis and occlusion may only be the late
mechanism of hyperlipidemia induced ED. Hyperlipidemia can
affect the endothelial cells, smooth muscle cells and peripheral
nerves of the penis in the early stage and damage the erectile
function of the penis (27-29).

Firstly this study identified two potential targets, low density
lipoprotein receptor (LDLR) and Lipoprotein lipase (LPL), which
are significantly associated with the development of ED by drug
target MR analysis. LPL is a key enzyme regulating lipid fuel
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processing, and decreased levels or activity can alter LPL lipolytic
function, leading to hyperlipidemia and metabolic disorders in the
body, causing damage to the vascular endothelium (30). Lorentzen
et al’s study concluded that high blood lipids can increase
endothelial cell activity or sensitivity (31). In vitro experiments
also demonstrated that high plasma TG can damage vascular
endothelial cells (32). Therefore, we hypothesized that LPL gene
agonists could increase LPL enzyme activity, reduce plasma TG
levels, and protect vascular endothelial function, thereby achieving a
reduction in the risk of ED. Similar to LPL, LDLR is a key receptor
for the body to remove LDL-C from plasma by endocytosis, and it is
one of the 3 genes known to be associated with autosomal dominant
inheritance of familial hypercholesterolemia (33, 34). Increased
LDLR expression reduces plasma cholesterol levels. Musicki et al.
found that LDLR-deficient mice fed a high cholesterol diet had a
significantly reduced erectile response, and further studies found
significantly increased levels of oxidative stress in the penises of
mice (35). Similar results were obtained in the present study that
LDLR agonists significantly reduced the risk of CHD development
and were significantly associated with a reduced risk of
ED development.

3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR)
inhibitors, also known as statins, are the first-line drugs used for the
prevention and treatment of cardiovascular diseases (36, 37).
Currently, the main statins used in clinical practice are lovastatin,
simvastatin, pravastatin, fluvastatin and atorvastatin. As early as
1996, Bruckert et al. reported the first case of statin-induced ED,
and subsequently divided 678 hyperlipidemic male patients aged
30-70 years into a lipid-lowering drug group and a placebo group
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(339 cases in each group), and found that the incidence of ED in the
lipid-lowering drug group was 12.1%, and the placebo group was
5.6%, with the difference statistically significant (P=0.0029) (38).
Rizvi et al. have also reported 5 patients with ED triggered by
simvastatin (10 mg/d and 20 mg/d), which returned to normal after
1 week of discontinuation of the drug (2 of them had ED recurrence
in the provocation test) (11). However, in the present study, MR
analysis did not reveal a significant causal relationship between
HMGCR inhibitors and ED occurrence. We believe that most of the
patients reported in the previous literature had ED risk factors such
as hyperlipidemia and essential hypertension, and the increased
incidence of ED may be a result of the combined effect of the above
multifactorial factors, which should not be simply attributed to
lipid-lowering drugs alone. And simvastatin listed earlier, can not
completely represent other statin drugs. Some scholars believe that
statins cause ED may be related to their inhibition of HMG-CoA
reductase to reduce cholesterol synthesis, affecting the synthesis of
steroid hormones (including testosterone).Corona et al. found that
244 cases of statin users serum total testosterone and free
testosterone concentrations were significantly lower than normal
values (39). In the present study, MR analysis showed that HMGCR
inhibitors were associated with significantly lower levels of TT, BT,
and SHBG, consistent with previous studies. In addition, the non-
lipid-lowering effects of statins (e.g., antioxidant effects) have
received increasing attention. The results of foreign studies in
recent years have shown that statins can reduce the risk of
prostate cancer, decrease the recurrence rate of prostate cancer,
and delay the progression of the disease (40, 41). The results of this
study are consistent with previous findings, but the specific
mechanism of action is not clear.

Currently lipid-lowering drugs still recommend statins as the
first-line therapeutic drugs, but there are some patients who are
intolerant to statins or have poor therapeutic effects (8). With the
development of new drugs, some non-statin lipid-lowering drugs
have been gradually applied to clinical practice. Since the
identification of the causative gene, proprotein convertase
subtilisin-kexin type 9 (PCSK9), in familial hypercholesterolemia
family lines in 2003, the development of PCSK9-targeted inhibitors
has progressed rapidly (42, 43). PCSK9 inhibitors are now widely
used as a new class of lipid-lowering drugs in a wide range of
patients with cardiovascular diseases, including familial
hypercholesterolemia. A study by Mostaza et al. found that the
R46L variant of PCSK9 was significantly associated with the
development of ED, and that the prevalence of ED was higher in
carriers of the T allele of the R46L gene (44). And in a real-world
study, Scicali et al. evaluated the effect of PCSK9-i on sexual
function as assessed by the Men’s Sexual Health Questionnaire
(MSHQ) and the International Index of Erectile Function (IIEF-5)
questionnaires, and found that patients’ MSHQs improved with the
addition of PCSK9-i treatment, whereas there was no significant
difference in the IIEF-5 before and after use (45). In the present
study, MR analysis similarly did not find a significant causal
relationship between PCSK9-i and the development of ED. In
addition the present study also found that PCSK9-i and SHBG
levels were associated with an elevated risk of PH development, but
the exact mechanism still needs to be explored subsequently.
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ApoC 1II is a strong inhibitor of LPL, which hinders the
breakdown and clearance of TRLs and leads to the aggregation of
circulating pro-atherosclerotic factors such as coeliac particles and
VLDL. Numerous studies at home and abroad have shown that
elevated serum ApoC III levels can cause hypertriacylglycerolemia,
and that inhibiting ApoC III synthesis or lowering blood (46-48).
Levels of ApoC III is an effective strategy for the prevention of
cardiovascular disease. In the present study, ApoC III inhibitors
were found to significantly reduce the risk of ED. APOB also plays a
central role in human lipoprotein metabolism. The APOB gene
produces two forms of apoB through a unique post-transcriptional
editing process: apoB-48 and apoB-100.ApoB-100 is an important
structural component of very low-density lipoproteins (VLBIs) and
their metabolites, intermediate-density lipoproteins (IDL) and
ApoB-100 is an important structural component of LDL and its
metabolites, intermediate density lipoprotein (IDL) and LDL, as
well as a ligand for receptor-mediated endocytosis of LDL (49).
Increased plasma concentrations of ApoB have been shown to be a
key risk factor for the development of atherosclerosis. Mipomersen,
an antisense oligodeoxynucleotide inhibitor of apolipoprotein B-
100, has been approved for the treatment of familial
hypercholesterolemia (50). Some studies have suggested a
significant negative correlation between ApoB and testosterone
levels (51, 52), but the present study did not find a significant
causal relationship between ApoB inhibitors and testosterone levels.
It is noteworthy that ApoB inhibitors were the only lipid-lowering
agents found to be associated with an increased risk of ED
development in the MR analysis results of this study, and this
result and the specific mechanism still need to be verified in
subsequent clinical trials.

Our study has some unavoidable limitations. First, MR analysis
is only a method for analyzing causal relationships between
exposures and outcomes, and it is more useful for determining
the direction of the association than for quantifying the magnitude
of the association. It cannot completely replace clinical trials in the
objective world. Secondly, drug-targeted MR analysis may not
accurately reflect the effects of short-term and different routes of
administration. Finally, due to insufficient GWAS data resources,
we only performed MR analysis on European populations and our
findings may not be applicable to other ethnicities.

Conclusion

In conclusion, after performing drug-targeted MR analysis, we
found that APOC3 inhibitors among lipid-lowering drugs
significantly reduced the risk of ED occurrence, while on the
contrary APOB inhibitors may be associated with an elevated risk
of ED occurrence. In addition, the results also found that PCSK9
inhibitors increased the risk of PH, and NPC1L1, HMGCR
inhibitors decreased the risk of PCa, but at the same time
HMGCR inhibitors increased the risk of male infertility. Notably,
this study suggests that LDLR and LPL may be new candidate drug
targets for the treatment of ED, and their agonists significantly
reduced the risk of ED occurrence in MR analysis, but the results
still need to be further validated in basic, clinical studies.
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The impact of SLCO1B1
rs4149056 on LDL-C target
achievement after lipid

lowering therapy optimization in
men and women with

familial hypercholesterolemia

Giosiana Bosco, Francesco Di Giacomo Barbagallo,

Maurizio Di Marco, Nicoletta Miano, Sabrina Scilletta,
Salvatore Spampinato, Alessio Vitale, Federica Di Bella,

Maria Montalbano, Stefania Di Mauro, Agnese Filippello,
Alessandra Scamporrino, Agostino Milluzzo, Antonino Di Pino,
Lucia Frittitta, Francesco Purrello, Salvatore Piro*

and Roberto Scicali

Department of Clinical and Experimental Medicine, University of Catania, Catania, Italy

Background and aims: FH women are less likely to receive intensive statin
treatment and to obtain a 50% reduction of LDL-C from baseline compared to
men with FH. SLCO1B1 rs4149056 might influence statin therapy compliance
and thus LDL-C target achievement. Our aim was to evaluate the impact of
SLCO1B1 rs4149056 on LDL-C target achievement after lipid lowering therapy
(LLT) optimization in men and women with FH.

Methods: This was a retrospective observational study involving 412 FH subjects
with a probable or defined clinical diagnosis of FH who had had genetic analysis
from June 2016 to September 2022. Biochemical analysis was obtained from all
subjects at baseline and at the last follow-up after LLT optimization.

Results: After LLT optimization the percentage of FH subjects on high-intensity
statins decreased from the M/SLCO1B1- group to the W/SLCO1B1+ group and
the same was found in LDL-C target distribution (for both p for trend < 0.01). The
prevalence of SASE fear increased from the M/SLCO1B1- group to the W/
SLCO1B1+ group and the same was observed in reported myalgia distribution
(for both p for trend < 0.01). Logistic regression analysis showed that the W/
SCLO1B1-, M/SCLO1B1+ and W/SCLO1B1+ groups were inversely associated
with LDL-C target achievement (p for trend < 0.001) and the W/SCLO1B1+ group
exhibited the strongest association.
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Conclusion: A low prevalence of FH women with SLCO1B1 rs4149056 were on
high intensity statins and they rarely achieved LDL-C target. The genotype effect
of SLCO1B1 rs4149056 could be more pronounced in FH women than men.

KEYWORDS

familial hypercholesterolemia, LDL-C target, lipid lowering therapy, SLCO1B1
rs4149056, cardiovascular risk

Introduction

Familial hypercholesterolemia (FH) is the most frequent
monogenic lipid disorder characterized by an increased plasma
level of low-density lipoprotein cholesterol (LDL-C) since
childhood (1). FH subjects have a high risk of premature
atherosclerotic cardiovascular disease (ASCVD) mainly due to a
lifelong elevated LDL-C plasma level that promotes the
development and the progression of atherosclerotic injury in the
arterial wall (2); however, among FH subjects ASCVD risk is highly
heterogeneous and it seems to be also influenced by other risk
factors beyond LDL-C (3).

Early diagnosis and lipid lowering treatment optimization can
considerably reduce the risks of premature atherosclerotic
cardiovascular disease (ASCVD) in FH subjects (4). Statin treatment
is the cornerstone of lipid-lowering therapies (LLT) and it should be
initiated as soon as possible, even during childhood, as it has been
shown to decrease the risk of CVD in adults (5, 6). Although the
efficacy and safety of statins have already been demonstrated (7), statin
treatment discontinuation is frequent in clinical practice, especially
among patients on high intensity or long-term statin therapies (8, 9).
The most frequently observed disorder is the onset of statin associated
muscle symptoms (SAMS) that leads to statin discontinuation (10);
moreover, a higher SAMS prevalence was reported in women than in
men and this could be explained by the different effects of gender on
pharmacokinetics and pharmacodynamics of statins (11). Previous
findings from the CAscade SCreening for Awareness and DEtection of
Familial Hypercholesterolemia (CASCADE-FH) registry reported that
FH women were less likely to receive an intensive statin treatment as
well as not obtaining a 50% reduction from baseline LDL-C compared
to FH men (12). Thus, a different statin approach could partially
explain the high percentage of premature ASCVD reported both in
men and women with FH in contrast to the sex related cardiovascular
injury onset observed in the general population (13). Beyond the
impact of sex on LLT use, genetic polymorphisms associated with
statin trafficking into the liver might influence the adherence as well as
the efficacy of statins (14).

The solute carrier organic anion transporter 1B1 (SLCOI1BI)
gene encodes organic anion transporter polypeptide 1bl
(OATP1B1) that carries statins into tissues (15). It has been
shown that the single nucleotide polymorphism SLCO1B1
521T>C (rs4149056) enhanced statin plasma levels and it was
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associated with an increased risk of SAMS in the general
population (16). However, the liver concentration of statins as
well as their LDL-C lowering effect are reduced in subjects with
SLCO1B1 1rs4149056 (17). Thus, the achievement of the
recommended LDL-C target could be difficult in FH subjects with
SLCO1BI rs4149056. There is no data regarding the impact of
SLCO1BI rs4149056 on LDL-C target achievement in FH subjects.

In this study we aimed to evaluate the impact of SLCOIB1
rs4149056 on LDL-C target achievement after lipid lowering
therapy optimization in men and women with FH.

Methods
Study design and population

This was a retrospective observational study involving subjects
with a probable or defined clinical diagnosis of FH (Dutch Lipid
Clinical Network score > 6) who had had genetic analysis (18) from
June 2016 to September 2022. All subjects were enrolled from the
referral lipid center of the University Hospital of Catania and were
aged between 18 and 70 years at the time of enrollment. At baseline, all
participants underwent a physical examination and review of their
clinical history. All subjects had biochemical analysis at baseline and at
the last follow-up (January 2023-June 2023) after at least 3 month’s
lipid lowering therapy optimization that was performed according to
LDL-C values as well as a physician’s decision and Italian
reimbursement rules. According to 2019 ESC/EAS guidelines for the
management of dyslipidemias, all FH subjects obtained lipid lowering
therapy optimization that was defined as a daily intake of high
intensity statins plus ezetimibe +/- proprotein convertase subtilisin/
kexin type 9 monoclonal antibodies (PCSK9-mAb). Based on the
recommendations of the ESC/EAS guidelines for the management of
dyslipidemias, baseline LDL-C target was defined as the following:
LDL-C < 70 mg/dL or < 100 mg/dL in FH subjects with or without
ASCVD enrolled from June 2016 to August 2019 or LDL-C < 55 mg/
dL or < 70 mg/dL in FH subjects with or without ASCVD enrolled
from September 2019 to September 2022 (19, 20). At the last follow-
up, LDL-C target was defined as an LDL-C < 55 mg/dL or < 70 mg/dL
for FH subjects with or without ASCVD, respectively.

Body weight and height were measured, and body mass index
(BMI) was calculated as weight divided by the squared value of height
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(kg/m2). Arterial hypertension was defined as brachial blood pressure
(BP) = 140 mm Hg (systolic) and/or 90 mm Hg (diastolic) on at least
two different occasions, or if the subjects were on antihypertensive
therapy. Lipid lowering therapy was defined as a daily intake of one of
the following drugs: statins, ezetimibe, or PCSK9-i. According to drug
intensity, statin therapy was classified as low-intensity (fluvastatin
20-40 mg, lovastatin 20 mg, pravastatin 20 mg, simvastatin 10 mg)
moderate-intensity (fluvastatin XL 80 mg, lovastatin 40 mg,
pravastatin 40 mg, simvastatin 20-40 mg, atorvastatin 10-20 mg,
rosuvastatin 5-10 mg) or high-intensity (atorvastatin 40-80 mg,
rosuvastatin 20-40 mg) (21). When they occurred, the fear of
statin associated side effects (SASE) or myalgia were reported by
FH subjects on low to moderate intensity statins at the last follow-up.
PCSK9-mAb therapy included alirocumab or evolocumab. Type 2
diabetes (T2D) was defined as a fasting plasma glucose (FPG) = 126
mg/dL on two consecutive readings and/or glycated hemoglobin
(HbAlc) = 6.5% or the use of anti-diabetic medications (22).
Smoking habits were divided into either current smoking (defined
as a minimum of one cigarette in the last month) or not (23). ASCVD
was defined as a documented myocardial infarction, acute coronary
syndrome, coronary revascularization (percutaneous coronary
intervention or coronary artery bypass graft surgery) or other
arterial revascularization procedures, stroke or transient ischemic
attack, or peripheral arterial disease (24).

The study population was stratified into two groups according to
sex. The study was approved by the local ethics committee in
accordance with the ethical standards of the institutional and
national research committees and with the 1964 Declaration of
Helsinki and its later amendments or comparable ethical standards.
Informed consent was obtained from each subject enrolled in the study.

Biochemical analysis

FPG was measured with the glucose oxidase method. Serum total
cholesterol (TC), triglycerides (TG), high-density lipoprotein
cholesterol (HDL-C), hs-CRP, aspartate transaminase (AST),
alanine transaminase (ALT), and creatine phosophokinase (CPK)
were assessed by available enzymatic methods. Apolipoprotein B
(ApoB), and Apolipoprotein Al (ApoAl) were evaluated with a
nephelometer assay (Siemens AG Healthcare Sector, Erlangen,
Germany). Levels of lipoprotein(a) [Lp(a)] were measured with the
latex agglutination immunoassay. LDL-C was calculated using the
Friedewald formula. HbAlc was measured with high-performance
liquid chromatography using a National Glycohemoglobin
Standardization Program and standardized to the Diabetes Control
and Complications Trial assay reference (22). Chromatography was
performed using a certified automated analyzer (HPLC; HLC-723G7
hemoglobin HPLC analyzer; Tosoh Corp.; normal range 4.25-5.9%
[23-41 mmol/mol]).

Statistical analysis

The distributional characteristics of each variable, including
normality, were assessed by the Kolmogorov-Smirnov test. Data are
reported as mean + standard deviation (SD) for continuous
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parametric and median (interquartile range-IQR) for continuous
non-parametric variables and as frequency (percentage) for
categorical variables. When necessary, continuous non-parametric
variables (TG, Lp(a), hs-CRP, CPK) were logarithmically
transformed for statistical analysis to reduce skewness. The Chi
square (XZ) test was used for categorical variables. To test differences
in clinical and biochemical characteristics between the groups
Student’s t test was used.

In a secondary analysis, the study population was stratified into
four groups according to sex and SLCO1B1 rs4149056 presence: men
without SLCO1B1 rs4149056 (M/SLCO1B1- group), women without
SLCO1B1 rs4149056 (W/SLCO1BI1- group), men with SLCO1BI
rs4149056 (M/SCLO1B1+ group), women with SLCO1B1 rs4149056
(W/SCLO1B1+ group). A > test was performed to assess the
distributions of high-intensity statins, LDL-C target, fear of SASE
and reported myalgia in the four groups. In order to evaluate the
impact of sex and SLCO1B1 rs4149056 on LDL-C target
achievement, we performed a logistic regression analysis adjusted
for age, statin intensity, ezetimibe, and PCSK9-i. The variance
inflation factor (VIF) was used to check for the problem of
multicollinearity in multivariate analysis. All statistical analyses
were performed using IBM SPSS Statistics for Windows version 23.
For all tests, p < 0.05 was considered significant.

Results

A total of 488 probable/defined FH subjects who had had
genetic analysis were evaluated; of these, 412 FH subjects (210
men and 202 women) satisfied the inclusion criteria and
participated in this retrospective observational study (Figure 1).

The genetic profile of the study population is presented in
Table 1. While fewer than one third of subjects did not present a
genetic variant, the prevalence of mutation positive FH was 72.6%
and it was similar both in men and women. The majority of subjects
were heterozygous FH and the most frequent genetic variant was
LDLR mutation with no difference between the two groups. Finally,
the proportion of FH subjects with SLCO1B1 rs4149056 was 24.5%
and it was similar between FH men and women.

Table 2 shows the baseline characteristics of the study population.
No differences in age and BMI were found between the two groups
and the prevalence of FH subjects with ASCVD history was similar
both in men and women. Pretreatment TC and LDL-C as well as
baseline TC, LDL-C, Non-HDL-C, ApoB and Apo Al plasma levels
were significantly higher in women compared to men (for
pretreatment TC 339.26 + 26.19 vs 356.15 + 25.97 p < 0.05; for
pretreatment LDL-C 255.21 + 24.47 vs 271.14 + 23.87 p < 0.05; for TC
217.93 +25.71 vs 235.52 + 24.93 p < 0.05; for LDL-C 149.54 + 21.84 vs
164.21 + 21.13 p < 0.05; for Non-HDL-C 165.76+ 22.08 vs 180.69 +
21.93 p < 0.05; for ApoB 114.64 + 12.44 vs 128.22 + 12.01 p < 0.05; for
Apo AI 140.65 + 13.8 vs 151.22 + 12.81 p < 0.001). Moreover, the
percentage of FH subjects on lipid lowering therapy was significantly
lower in women than men (42.6% vs 61%, p < 0.01); of these, while a
higher prevalence of FH subjects on moderate or high-intensity
statins were found in men than women (45.0% vs 31.9% and 25.4%
s 19.1% respectively, for both p < 0.05) the distribution of subjects on
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488 probable/defined FH subjects (DLCN 2 6)
who had had genetic analysis were included
412 FH subjects participated in the study
FIGURE 1

Enrollment flowchart of the study population. DLCN, Dutch Lipid Clinic Network; FH, familial hypercholesterolemia.

TABLE 1 Genetic profile of the Study Population stratified according
to sex.

Men
(n = 210)

Women
(n =202)

p Value
between
two
groups

FH Genotype

Mutation-negative,

1 (%) 58 (27.6) 55 (27.2) 0.87
Mutation-positive,
1 (%) 152 (72.4) 147 (72.8) 0.87
- LDLR, n (%) 149 (98.0) 144 (97.9) 091
) LDL,R 83 (55.7) 77 (53.5) 0.23
defective, n (%)
- LDLR nul 66 (44.3) 67 (46.5) 0.23
n (%)
- ApoB, n (%) 3(2.0) 1(07) -
- PCSK9, n (%) - 1(0.7) -
- ApoE, n (%) - 1(0.7) -
FH Phenotype
Heterozygous FH, n (%) 147 (98.7) 142 (98.6) -
}(ljzt:;z(z);l;:us FH, n (%) 203 107) -
Homozygous FH, n (%) - 1(0.7) -
SLCO1B1 Polymorphism
1s4149056, n (%) 48 (22.9) 53 (26.2) 0.26
;;i‘;:)‘;zggzu:%) 47 (97.9) 51 (96.2) 0.72
- Homozygous 121 2(38) B

54149056, n (%)

Data are presented as mean * standard deviation or percentages. FH, familial
hypercholesterolemia; LDLR, low-density lipoprotein receptor; ApoB, apolipoprotein B;
PCSK9, proprotein convertase subtilisin/kexin type 9; ApoE, apolipoprotein E; SLCO1BI,
solute carrier organic anion transporter family member 1B1.
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low-intensity statin was higher in FH women than men (49.0% vs
29.6%, p < 0.01). As concerns lipid lowering combination therapy,
while a higher prevalence of FH men was on moderate intensity
statins plus ezetimibe compared to women (39.5% vs 32.0%, p < 0.05),
the percentage of subjects on low intensity statins plus ezetimibe was
higher in FH women than men (40.0% vs 31.6%, p < 0.05).

At the last follow-up, after LLT optimization, a significant
improvement of lipid profile was observed in the study population;
however, FH women exhibited a higher LDL-C than men (104.82 +
20.05 vs 92.83 + 19.79, p < 0.05) and the proportion of subjects on
LDL-C target was lower in FH women than men (27.7% vs 38.1%, p <
0.05). The glucose profile was similar between FH men and women
and only 3 new cases of T2D occurred. All FH subjects were on lipid
lowering therapy but the majority of them were on low to moderate
intensity statins and they were more prevalent in FH women than
men (70.3% vs 48.6% p < 0.001). Among these, the percentages of FH
subjects who reported the fear of SASE or myalgia were higher in
women than men (48.0% vs 32.9%, p < 0.01 and 22.3% vs 15.7%, p <
0.05, respectively). While a higher prevalence of FH men were on
high-intensity statins plus ezetimibe compared to women (53.7% vs
32.0%, p < 0.01), an increased percentage of subjects on low-intensity
statins plus ezetimibe was found in FH women than men (30.5% vs
13.2%, p < 0.01) and the same prevalence was reported in subjects on
statins plus ezetimibe plus PCSK9i (for high-intensity statins plus
ezetimibe plus PCSK9i 51.5% vs 29.2%, p < 0.01; for low-
intensity statins plus ezetimibe plus PCSK9i 33.9% vs 10.3%,
p < 0.01) (Table 3).

In a secondary analysis, the study population was stratified into
four groups according to sex and SLCO1B1 rs4149056 presence:
men without SLCO1B1 rs4149056 (M/SLCO1B1- group), women
without SLCO1B1 rs4149056 (W/SLCOI1BI1- group), men with
SLCO1B1 rs4149056 (M/SCLO1B1+ group), women with
SLCO1B1 rs4149056 (W/SCLOI1BI1+ group). After LLT
optimization, the percentage of FH subjects on high-intensity
statins decreased from the M/SLCO1B1- group to the W/
SLCO1B1+ group and the same was found in LDL-C target
distribution (for both p for trend < 0.01) (Figure 2); however, the
prevalence of SASE fear increased from the M/SLCO1B1- group to
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TABLE 2 Baseline characteristics of the Study Population stratified
according to sex.

p Value

between
two groups

Demographic Characteristics

Age, years 524 +83 519 +8.7 0.61
Bod index,
oy mass index 252432 25.1+32 0.83
kg/m
History of ASCVD,
istory o 39 (18.6) 26 (12.9) 0.07
n (%)
Glucose Profile
Type 2 diabetes,
4019 3(15 -
n (%) (1.9) (1.5)
FPG, mg/dL 895 + 5.4 88.8+ 5.4 0.59
HbALc, % 55403 55403 0.54
Lipid Profile
Pretreatment TG, 3393 + 262 3562 + 26 <005
mg/dL
P t LDL-
retreatmen 2552 + 245 2711 +23.9 <005
C, mg/dL
TC, mg/dL 217.9 + 257 2355 + 249 <005
HDL-C, mg/dL 495+ 9.4 564 + 9.3 <0.001
Triglycerides,
95 (77-120 87 (73-115 0.06
et (77-120) (73-115)
LDL-C, mg/dL 1495 + 21.8 1642 + 21.1 <005
Non-HDL-C,
165.8 + 22.1 180.7 + 21.9 <005
mg/dL
ApoB, mg/dL 1146 + 12.4 1282 = 12 <005
ApoAL m g/dL 1407 + 13.8 1512 + 12.8 <0.001
ApoB
pobto 08+02 09 +03 0.14
ApoAl ratio
Lp(a), mg/dL 19.9 (10.4-40.4) | 22.7 (10.4-45.1) 0.19
LDL-C target,
a1ge 11 (5.2) 7 (3.5) 0.11
n (%)
Liver and Muscle Enzymes
AST, U/L 25.1 %69 244+7 0.18
ALT, U/L 277 + 84 258+ 8.6 021
CPK, U/L 126 (94-166) 121 (92-161.5) 0.17
Risk Factors
Systolic BP, mmHg 120 + 9.9 1186 = 9.8 039
Diastolic
0.28
BP, mmHg 72.1%9.1 70.6 + 9.5
Smoking, n (%) 53 (25.2) 42 (20.8) 0.11
hs-CRP, mg/dL 0.1 (0.1-0.2) 0.1 (0.1-0.2) 051
(Continued)
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TABLE 2 Continued

Men Women p Value
(n = 210) (n =202) between
two groups
Treatment
Antihr i
ntihypertensive 56 (26.6) 45 (22.3) 0.12
therapy, n (%)
Liid 1 .
1pic fowering 128 (61.0) 86 (42.6) <001
therapy, n (%)
Statin
monotherapy, 71 (33.8) 47 (23.3) <0.01
n (%)
- Low-intensit
ow-iniensity 21 (29.6) 23 (49.0) <001
statin, n (%)
- Moderate-intensity
32 (45.0 15 (31.9 0.05
statin, n (%) ( ) ( ) <
- High-intensity
18 (25.4 9 (19.1 0.05
statin, n (%) (254) (19.1) <
Ezetimibe
monotherapy, 19 (9.0) 14 (6.9) 0.13
n (%)
Statin plus
38 (18.1 25 (124 0.05
ezetimibe, n (%) as.n (1z4) <
- Low-intensity
statin plus 12 (31.6) 10 (40.0) <0.05
ezetimibe, n (%)
- Moderate-intensity
statin plus 15 (39.5) 8 (32.0) < 0.05
ezetimibe, n (%)
- High-intensity
statin plus 11 (28.9) 7 (28.0) 0.51
ezetimibe, n (%)

Data are presented as mean * standard deviation, percentages, or median (interquartile
range). ASCVD, atherosclerotic cardiovascular disease; FPG, fasting plasma glucose; HbAlc,
glycated hemoglobin; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; ApoB, apolipoprotein B; ApoAl, apolipoprotein
AT; Lp(a), lipoprotein (a); BP, blood pressure; hs-CRP, high sensitivity C-reactive protein.

the W/SLCOI1B1+ group and the same was observed in reported
myalgia distribution (for both p for trend < 0.01) (Figure 3).
Logistic regression analysis showed that the W/SCLO1B1-, M/
SCLO1B1+ and W/SCLOI1B1+ groups were inversely associated
with LDL-C target achievement (p for trend < 0.001) and the F/
SCLO1B1+ group exhibited the strongest association (Table 4).

Discussion

In this study, we investigated the impact of SLCO1B1 rs4149056
on LDL-C target achievement after lipid lowering therapy
optimization in FH men and women; to the best of our
knowledge, this is the first study exploring the SLCO1BI1
genotype-sex interaction in this population. We found that the
prevalence of subjects on LDL-C target as well as on high intensity
statin therapy was significantly lower in FH women with SLCO1B1
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TABLE 3 Metabolic profile and adverse events of the Study Population
stratified according to sex at the last follow-up after lipid lowering

therapy optimization.

Men
(n = 210)

Glucose Profile

Women
(n = 202)

p Value

between
two groups

FPG, mg/dL 925+ 54 90.4 £ 5.8 0.39
HbAlc, % 5.6 £0.3 56 £0.3 0.24
Lipid Profile
TC, mg/dL 164.6 £ 20.9 1752 + 21.3 < 0.05
HDL-C, mg/dL 50.5+9.8 572 +£9.7 < 0.001
Triglycerides,
rigycerides 89 (73-115) 82 (66-110) 0.07
mg/dL
LDL-C, mg/dL 92.8 £ 19.8 104.8 + 20.1 < 0.05
Non-HDL-C,
1225 £ 18.6 124.1 + 19.5 0.46
mg/dL
ApoB, mg/dL 83.7 £ 13.2 87 +12.6 0.38
ApoAI, m g/dL 141.7 £ 13.8 1549 + 13.6 < 0.001
ApoB to
. 0.7 £0.3 0.7 £0.3 0.44
ApoAl ratio
Lp(a), mg/dL 22.4 (10.4-42.5) 26.9 (10.4-51.4) 0.1
LDL-C target, n (%) 80 (38.1) 56 (27.7) < 0.05
Liver and Muscle Enzymes
AST, U/L 252 + 6.7 255+72 0.67
ALT, U/L 279 £9.5 28+99 0.74
CPK, U/L 130 (99-171.5) 144 (107.5-186) 0.09
Treatment
Liid 1 .
1pic fowering 210 (100.0) 202 (100.0) -
therapy, n (%)
High-intensity
1 1.4 29. .001
tatim, n (%) 08 (51.4) 60 (29.7) <0.00
Low-to-moderate-
intensity statin, 102 (48.6) 142 (70.3) < 0.001
n (%)
- F SASE,
ear of 69 (32.9) 97 (48.0) <001
n (%)
- Myalgia, n (%) 33 (15.7) 45 (22.3) < 0.05
Statin plus
136 (64.8 128 (63.4 0.82
ezetimibe, n (%) (648) (©34)
- Low-intensity
statin plus 18 (13.2) 39 (30.5) <001
ezetimibe, n (%)
- Moderate-intensity
statin plus 45 (33.1) 48 (37.5) 0.09
ezetimibe, n (%)
- High-intensity
statin plus 73 (53.7) 41 (32.0) < 0.01
ezetimibe, n (%)
(Continued)
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TABLE 3 Continued

Men Women p Value
(n = 210) (n =202) between
two groups

Statin plus
ezetimibe plus 68 (32.4) 65 (32.2) 0.92
PCSK9i, n (%)
- Low-intensity
statin plus ezetimibe 7 (10.3) 22 (33.9) < 0.01
plus PCSK9i, n (%)
- Moderate-intensity
statin plus ezetimibe 26 (38.2) 24 (36.9) 0.37
plus PCSK9i, n (%)
- High-intensity
statin plus ezetimibe 35 (51.5) 19 (29.2) < 0.01
plus PCSK9i, n (%)
Ezetimibe plus

2. 4.4 .12
PCSK9i, n (%) 628 o 44 0
Adverse events
Newly diagnosed

2 (1. 1 (0. -

T2D, n (%) (1.0) ©3)
Newly diagnosed
cardiovascular 5(2.4) 7 (3.5) 0.36
events, n (%)

Data are presented as mean + standard deviation, percentages, or median (interquartile
range). ASCVD, atherosclerotic cardiovascular disease; FPG, fasting plasma glucose; HbAlc,
glycated hemoglobin; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; ApoB, apolipoprotein B; ApoAl, apolipoprotein
AT; Lp(a), lipoprotein (a); BP, blood pressure; hs-CRP, high sensitivity C-reactive protein;
SASE, statin associated side effects; PCSK9-i, proprotein convertase subtilisin/kexin type 9
inhibitors; T2D, type 2 diabetes.

rs4149056 than the other groups; moreover, FH women with
SLCO1BI1 rs4149056 exhibited the strongest inverse association
with LDL-C target. Thus, our findings suggest that the genotype
effect of SLCO1BI rs4149056 could be more pronounced in women
than men and it is in line with a previous finding by Turkmen et al.
who found that, in a large cohort of subjects in a primary care
setting, women with SLCO1B1 rs4149056 had elevated cholesterol
levels compared to men and this was largely explained by a higher
prevalence of women who discontinued the prescribed statins (25).
A possible explanation of this finding may be that the sex difference
of SLCO1BI1 rs4149056 effect could be due to biological differences
as well as to a lower percentage of muscle mass in women than men
leading to an increased plasma level of statins with a possible higher
risk of muscle symptoms (26). In this context, in our study a higher
prevalence of myalgia as well as of SASE fear were observed in FH
women with SLCO1B1 rs4149056 than men with the same
polymorphism or subjects without SLCO1B1 rs4149056. Our
results are in line with previous findings that evaluated the sex
difference of statin therapy management in the general population
(27, 28). In fact, Voora et al. found that in the STRENGHT Study
SASE were more prevalent in women than men and that SLCO1B1
rs4149056 and female sex were significantly associated with SASE;
moreover, Bradley et al. showed that in the PALM Registry the fear
of side effects was the main reason for statin discontinuation and
this was largely observed in women. However, in our study we
found that after lipid lowering therapy optimization the majority of

frontiersin.org


https://doi.org/10.3389/fendo.2024.1346152
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Bosco et al.

80

60

(%)

40 349%

20

M/SLCO1B1-

FIGURE 2

329

WisLco1B1-

10.3389/fendo.2024.1346152

I High-intensity statin

[ voLcCtarget
292
27.4%
151°
1321
MISCLO1B1+ WISCLO1B1+

Percentages of high-intensity statin use and LDL-C target achievement in the Study Population stratified according to sex and SLCO1B1 rs4149056
presence after lipid lowering therapy optimization. M/SLCO1B1-, men without SLCO1B1 rs4149056; W/SLCO1B1-, women without SLCO1B1
rs4149056; M/SCLO1B1+, men with SLCO1B1 rs4149056; W/SCLO1B1+, women with SLCO1B1 rs4149056. *, p <0.05; #, p < 0.01; 1, p < 0.001.

FH women were on low to moderate intensity statins plus other
lipid lowering drugs and this was in line with a recent finding by
Schreuder et al. who found that in a multicenter cohort of FH
subjects, more than half of the women were on low to moderate
intensity statins and only 26.9% of them achieved the recommended
LDL-C target (29). Accordingly, in our study after lipid lowering
therapy optimization the percentage of FH women who reached the
specified LDL-C target was 27.7%.

In the last few years, it has been shown that in FH the
cardiovascular risk is heterogeneous and the identification of FH
subjects who are more vulnerable to cardiovascular injury is needed
to better improve their management and treatment (30, 31). In this
context, sex related differences of cardiovascular prevention and
LLT management have been observed in FH subjects (32, 33); these
findings could have a deleterious impact on the long-term
cardiovascular health in this population. This could be
attributable to different behavioral characteristics, life course
lipoprotein distribution or hormone related lipid fluctuations (34,

35); however, genetic polymorphisms involved in pharmacokinetic
and pharmacodynamic pathways could also influence the sex
differences of LLT adherence (14, 36). In this context, in our
study the genetic evaluation of SLCO1B1 rs4149056 presence was
able to detect FH subjects who reported myalgia, discontinued high
intensity statins and did not achieve the recommended LDL-C
target. Thus, the application of a genetic tool able to identify
subjects at higher risk of statin intolerance could be useful to
ameliorate LLT management in FH subjects more vulnerable to
cardiovascular injury (37).

There are several limitations to our study; first this was a
retrospective observational study and thus causal relationship and
temporality cannot be established between starting lipid lowering
therapy optimization and reported myalgia or SASE fear. Moreover,
based on the type of study the lipid lowering therapy optimization
after the addition of inclisiran or bempedoic acid was not evaluated
due to the restricted time of follow-up. Furthermore, no data on
muscle mass as well as on plasma levels of sex hormones, menopausal

- Fear of statin associated side effects

D Myalgia
80
60 sa7t
5211
456 as3f
£ 4 37st
272
20 14.1°*
9.3
0
M/SLCO1B1- WISLCO1B1- M/SCLO1B1+ WISCLO1B1+

FIGURE 3

Percentages of FH subjects with fear of statin associated side effects and reported myalgia in the Study Population stratified according to sex and
SLCO1B1 rs4149056 presence after lipid lowering therapy optimization. M/SLCO1B1-, men without SLCO1B1 rs4149056; W/SLCO1B1-, women
without SLCO1B1 rs4149056; M/SCLO1B1+, men with SLCO1B1 rs4149056; W/SCLO1B1+, women with SLCO1B1 rs4149056. *, p <0.05; #, p < 0.01;

t, p < 0.001
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TABLE 4 Logistic regression of LDL-C Target Achievement in the Study
Population stratified according to sex and SLCO1B1 rs4149056 presence.

Multivariate ORs

(95% Cls)
[\[o}

Quartiles of Participants Model
M/SLCO1B1- 162 1.00 (reference)
W/SLCO1B1- 149 0.72 (0.6 - 0.85)
M/SLCO1B1+ 48 0.69 (0.58 - 0.81)
W/SLCO1B1+ 53 0.39 (0.3 - 0.52)
P for trend < 0.001

Logistic regression model was used to estimate ORs and 95% Cls. The model was adjusted for
age, statin intensity, ezetimibe, and PCSK9-i. M/SLCO1B1-, men without SLCO1B1
rs4149056; W/SLCO1B1-, women without SLCO1B1 rs4149056; M/SCLO1B1+, men with
SLCOIBI rs4149056; W/SCLO1B1+, women with SLCO1B1 rs4149056.

status or estrogen supplementation were available in our cohort of
subjects; further studies are needed to better evaluate the impact of
these variables on lipid lowering therapy optimization in FH subjects
with SLCO1BI rs4149056. Finally, data on nutritional counseling as
well as on physical activity were not available.

In conclusion, the adherence of intensive lipid lowering therapy
was low in FH women with SLCO1B1 rs4149056 and these subjects
rarely achieved the recommended LDL-C target in clinical practice.
The genotype effect of SLCO1B1 rs4149056 could be more
pronounced in women than men; further prospective studies are
needed to evaluate the applicability of a genetic tool able to identify
FH subjects who are more vulnerable to cardiovascular injury.
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Background: Over the years, there has been extensive exploration of the
association between testosterone and lipid profiles, yet the precise
mechanisms underlying their interaction remain incompletely elucidated.
Similarly, there is a dearth of research on the correlation between serum
apolipoprotein B (apoB) and serum total testosterone (TT), particularly within
specific populations.

Methods: We conducted a cross-sectional study to assess the relationship
between serum TT concentration and serum apoB concentration. Using the
National Health and Nutrition Examination Survey (NHANES) from 2011 to 2016,
we employed weighted generalized linear models, weighted univariate, weighted
multivariate analysis, and smooth curve fitting to assist in exploring the
relationship between serum TT and apoB. Serum apoB concentration served as
the independent variable, and serum TT concentration as the dependent variable.
ApoB was divided into four quartiles—Q1 (<0.7g/L, N=691), Q2 (>0.7g/L to <0.9g/
L, N=710), Q3 (>0.9g/L to <1.1g/L, N=696), and Q4 (>1.1g/L, N=708)—thereby
further solidifying the stable association between the two. Additionally, the
application of smooth curve fitting will contribute to a more detailed
elucidation of the specific relationship between serum TT concentration and
serum apoB concentration under different factors (Drinking, Smoke, Diabetes,
Hypertension, and High cholesterol level.).

Results: The results indicate a negative correlation between serum TT
concentration and apoB concentration (B=-113.4; 95% CI: -146.6, -80.2;
P<0.001). After adjusting for confounding variables, the negative correlation
between apoB concentration and TT concentration remains significant (f=-
61.0; 95% Cl: -116.7, -5.2; P=0.040). When apoB concentration was converted
from a continuous variable to a categorical variable (quartiles: Q1<0.7g/L;
Q2:>0.7g/L to<0.9g/L; Q3:>0.9g/L to <1.1g/L; Q4: >1.1g/L), TT level of
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participants in the highest quartile (>1.1g/L) was -47.2 pg/mL (95% Cl: -91.2, -3.3;
P=0.045) lower than that in the lowest quartile (<0.7g/L). The smooth curve
fitting diagram revealed differences in the relationship between TT concentration
and apoB among individuals with different cardiovascular disease (CVD)
risk factors.

Conclusions: This study elucidates a robust inverse correlation between serum
TT concentration and apoB concentration, maintaining statistical significance
even upon adjustment for confounding factors. These findings present a
promising avenue for addressing the prevention and treatment of low

testosterone and CVD.

KEYWORDS

testosterone, ApoB, LDL-C, CVD, NHANES

Introduction

Testosterone is produced by Leydig cells within the testis,
playing a crucial role in the differentiation of the male
reproductive tract and masculinization of the external genitalia
during fetal development (1). The release of testosterone is
regulated via the hypothalamus-pituitary-testis interstitial cell axis
(2). Decreased levels of serum testosterone (at or below 300 ng/dL)
often present with diminished sexual thoughts and frequency,
weight gain, and erectile dysfunction (3, 4). Gonadotropin-
releasing hormone (GnRH) binds to membrane receptors on the
pituitary gonadotropes, stimulating the biosynthesis and secretion
of luteinizing hormone (LH) (5, 6). LH binds to LHR on the surface
of interstitial cells, initiating intracellular signal transduction. Dufau
and Catt (7) demonstrated that cCAMP is generated in response to
LH. The cAMP pathway through protein kinase A (PKA) is crucial
in steroidogenesis. Furthermore, the chronic stimulation of
interstitial cells by LH and cAMP is vital for regulating the
expression levels of proteins and enzymes involved in
steroidogenesis, thus playing a crucial role in the nutritional
regulation of steroid production responsible for sustained
steroidogenesis over an extended period. The intricate link
between male testosterone and lipid metabolism is evident. Lee
et al. observed a negative correlation between testosterone and one-
tenth of triglycerides, a positive correlation between testosterone
and one-tenth of high-density lipoprotein cholesterol, and an
inverted U-shaped correlation between testosterone and one-tenth
of low-density lipoprotein (8). In a cross-sectional study conducted
by Liu et al,, elevated lipid accumulation products were found to be
associated with a higher incidence of testosterone loss and

Abbreviations: ApoB, Apolipoprotein B; TT, Total testosterone; TG,
Triglyceride; TC, Total cholesterol; CVD, Cardiovascular Disease; LDL-C, Low-
density lipoprotein cholesterol; HDL-C, High-density lipoprotein cholesterol; CI,
Confidence interval; OR, Odds ratio; Ref, Reference.
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deficiency, particularly in individuals with hypertension and non-
smokers (9). Lipid accumulation products have a certain
significance in predicting testosterone deficiency (9). A study by
Hurley demonstrated that the use of high-dose androgens resulted
in a 50% reduction in HDL-C and an increase of over 50% in LDL-C
(10). Furthermore, the biosynthesis and secretion of testosterone
exhibit a tight correlation with age. During puberty, testosterone
levels peak in response to luteinizing hormone stimulation and
subsequently decline with advancing age (11). A study conducted by
Mohr BA et al. (12) established percentile thresholds for
testosterone level fluctuations in distinct age cohorts, thereby
revealing substantial horizontal and vertical associations between
serum TT, CFT, bioactive testosterone levels, and age. Additionally,
several observational studies suggest an association between low
testosterone levels in males and adverse cardiovascular outcomes
(13, 14).

Recent evidence suggests that while lipid-lowering therapies
targeting serum LDL-C levels reduce the risk of atherosclerotic
cardiovascular disease (ASCVD) in the general population, some
individuals with normal or low LDL-C concentrations still
experience ASCVD-related events, and some may even show the
progression of atherosclerosis (15). Some researchers have
constructed Cox proportional hazard models to analyze data,
revealing that for each increase of one standard unit in non-
HDL-C cholesterol and apoB levels, there is a 19% escalation in
the incidence rate of major cardiovascular events, surpassing the
impact of LDL-C levels (15%). The predictive capability of apoB
(HR = 1.24) and non-HDL-C cholesterol (HR = 1.31) was more
pronounced than that of LDL-C. Subsequent research further
indicated that in assessing residual cardiovascular risk following
statin therapy, apoB, and non-HDL-C cholesterol levels exhibited
higher predictive value (16). A meta-analysis by Sniderman et al.
(17) in 2011 found that compared to a 40% reduction in LDL-C
levels, a 40% reduction in non-HDL-C cholesterol would reduce
cardiovascular events by 200,000 over ten years, while a 40%
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reduction in apoB would prevent 500,000 cardiovascular events.
This highlights the superior predictive value of apoB compared to
LDL-C and non-HDL-C in assessing cardiovascular benefits of
lipid-lowering therapy, further endorsing apoB as a crucial
treatment target, especially post-achievement of LDL-C targets.

Exploring the relationship between testosterone and apoB dates
back to Stefanick’s study in 1987 (18). In our study, we investigated
the relationship between testosterone and apoB in diverse
populations and exposure factors. Among individuals without
cancer, we explored the linear relationship between serum TT
and serum apoB in various CVD, and visually depicted the
relationship using a smooth curve fitting plot. Investigating the
correlation between serum apoB and serum TT offers valuable
insights into screening individuals with potential CVD within the
population exhibiting normal or low LDL-C levels. Notably, certain
guidelines currently propose apoB as a secondary target for
intervention in blood lipid management, aiming to reduce the
residual risk of ASCVD in patients (19, 20). Therefore, exploring
the association between apoB and TT contributes significantly to
the comprehensive understanding and management of CVD.

Methods
Study design and population

The NHANES is an extensive health and nutrition survey
conducted by the National Center for Health Statistics in the
United States. Since its initiation in the early 1960s, NHANES has
been dedicated to evaluating the health and nutritional status of
individuals throughout the country. By conducting family
interviews and physical examinations, this survey gathers
comprehensive information encompassing biological, social,
psychological, behavioral, and demographic aspects, all provided
at no cost to participants. In this cross-sectional study, we utilized
NHANES data from 2011 to 2016 to explore the relationship
between apoB and total TT within the general population.

Sample selection

We conducted our analysis using the NHANES database, which
comprised a total of 29,902 participants from the years 2011 to
2016. The dataset encompassed various demographic variables,
including age, race, ratio of family income to poverty, marital
status, and education level. Additionally, we considered several
cardiovascular disease risk factors such as hypertension, high
cholesterol levels, diabetes, BMI, drinking habits, and smoking
variables. It also includes Vigorous work activity. All data can be
found at the following URL: www.cdc.gov/nchs/nhanes/ (Date of
access online: January 12, 2024).

From the initial pool of 29,902 participants, we excluded those
who were female (n=15,151), individuals below 18 years or above 65
years of age (n=7,820), participants with a cancer diagnosis
(n=267), and those with missing data for apoB (n=3,827) and
total testosterone (n=32). Consequently, a total of 2,805
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participants were included in this cross-sectional study (Figure 1).
It is important to note that all NHANES research participants from
2011 to 2016 provided informed consent, and the study protocol
obtained approval from the Research Ethics Review Committee of
the National Health Statistics Center.

Variables

The demographic variables considered in this study were age,
race (including Mexican American, other Hispanic, non-Hispanic
white, non-Hispanic black, or other race), the ratio of family income
to poverty, marital status, and education level. For this study, the
age range of 18 to 65 years was chosen due to the known variations
in testosterone levels across different age groups. Testosterone levels
are typically low in children under 10 years of age, start to increase
during the ages of 10 to 15 with the onset of puberty (21), and reach
their peak around the age of 19 (22). However, as men continue to
age, testosterone levels gradually decline, particularly in older men
above the age of 65 (23). To classify the education level variable,
individuals with educational attainment below the 9th grade, those
with 9th-11th grade education (including 12th grade without a
diploma), and high school graduates or equivalent were categorized
as the “High School Grad and Less Than” group. On the other hand,
individuals with some college or associate degrees, as well as college
graduates or above, were classified as the “Above” group. Thus, the
education level variable was dichotomized as “High School Grad
and Less Than” versus “Above.”

The questionnaire variables in this study encompassed several
factors. These included hypertension (categorized as “No” or
“Yes”), high cholesterol levels (“No” or “Yes”), diabetes (“No” or
“Yes”), drinking (“No” or “Yes”), smoke (“Not at all,” “Every day,”
or “Some days”), and vigorous work activity (“No” or “Yes”). To
define alcohol users, individuals who consumed a minimum of 12
drinks within the past 12 months were considered (24). Therefore,
we used the threshold of 12 drinks in the past 12 months as the

NHANES 2011-2016
n=29,902

Excluded(n=27,097)

15,151 = Female

7,820 = individuals below 18 years or above 65
years of age

267 = cancer

3,827 = ApoB missing data

32 =TT missing data

Analyzed sample
n=2,805

FIGURE 1
Flow chart of the study population.
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criterion to categorize the drinking variable into a binary form,
namely “Drinking” (“No” or “Yes”).

The examination variable included body mass index (BMI),
which was treated as a continuous variable. For analysis, BMI was
categorized into two groups: < 25 kg/m” and > 25 kg/m>.

For the NHANES laboratory methodology regarding the
determination of TT, further information can be accessed at:
https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/TST_G.htm (Date
of access online: January 12, 2024). Similarly, detailed
information regarding the NHANES laboratory methodology for
apoB determination is available at: https://wwwn.cdc.gov/Nchs/
Nhanes/2011-2012/APOB_G.htm (Date of access online: January
12, 2024). Additional covariates can be found at the following URL:
www.cdc.gov/nchs/nhanes/ (Date of access online: January
12, 2024).

Data analysis

Given the intricate probability cluster design of NHANES,
individual sample weights were assigned to each survey
participant, and all statistical analyses in this study took into
account these weights. We conducted statistical analyses in
accordance with the guidelines outlined by the Centers for
Disease Control (CDC) (25). To study the associations of
participant characteristics, we utilized weighted linear regression
and the Chi-square test where appropriate. Initially, we conducted a
weighted univariate analysis to examine the relationship between
TT and the covariates. Subsequently, we conducted weighted
multifactor analyses while adjusting for covariates such as age,
race, education level, ratio of family income to poverty, marital
status, hypertension, high cholesterol levels, BMI, diabetes,
drinking, smoking, and vigorous work activity. Furthermore, to
confirm the relationship between apoB and TT, we performed
smooth curve fitting using apoB (g/L) as the independent variable
and TT (ng/dL) levels as the dependent variable. This analysis
allowed us to visualize and assess the relationship between apoB
and TT.

All statistical analyses were carried out using Empowerstats
(https://www.empowerstats.net/cn/) and R software. All estimates
were weighted using appropriate NHANES sample weights.
Following guidelines from the Centers for Disease Control and
Prevention, weighted models were used to address oversampling of
minority ethnicities, ensuring fair and accurate estimates of the
population impact. Results were considered statistically significant
when p-values were less than 0.05.

Results

Table 1 presents 14 study variables, including the independent
variable ApoB, the dependent variable TT, and covariates Age,
Ratio of family income to poverty, Race, Education level, Marital
status, Diabetes, Smoking, Drinking, Hypertension, High
cholesterol level, Vigorous work activity, and BMI. The analysis
sample comprises 2,805 male participants. We divided ApoB into
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quartiles Q1-Q4, corresponding to mean ages of 36.3, 40.9, 43.1,
and 43.9 years, and corresponding TT levels of 501.1, 472.1, 442.7,
and 427.1 ng/dL, respectively. For continuous variables, we
calculated weighted means (95% CI) and determined P-values
using survey-weighted linear regression (svyglm). For categorical
variables, we calculated weighted percentages (95% CI) and
obtained P-values using survey-weighted chi-square tests (svytable).

Table 2 presents the univariate analysis results for 13 variables
related to the dependent variable TT. The table reveals a close and
statistically significant association between serum ApoB and TT.
Additionally, Ratio of family income to poverty, Age, Marital status,
Hypertension, High cholesterol level, Diabetes, Smoking, and BMI
are also linked to TT. For each unit increase in Ratio of family
income to poverty, TT decreases by 6.2 ng/dL. With every year’s
increment in Age, TT decreases by 1.2 ng/dL. Regarding Marital
status, the “unmarried” group exhibits a 53.3 ng/dL increase in TT
compared to the “married or with partners” group. Hypertension is
associated with a 56.7 ng/dL decrease in TT compared to
individuals without Hypertension. High cholesterol level is linked
to a TT reduction of 42.5 ng/dL compared to those without High
cholesterol level. Each 1 kg/m? increase in BMI corresponds to a
13.1 ng/dL decrease in TT. When dichotomized, individuals with a
BMI >25 kg/m” experience a 151.6 ng/dL decrease in TT compared
to those with a BMI <25 kg/m?. Diabetes individuals witness a TT
decrease of 72.5 ng/dL compared to non-Diabetes individuals. In
the Smoking category, compared to “Not at all,” the “Every day”
and “Some days” groups show TT increases of 46.2 ng/dL and 51.3
ng/dL, respectively.

Table 3 presents the model results, indicating that in the
unadjusted model, there is a negative correlation between apoB
concentration and serum TT concentration (f=-113.4; 95% CI:
-146.6, -80.2; P<0.001). This implies that for every 1g/L increase in
apoB, serum TT decreases by 113.4ng/dL, with statistical
significance. In the adjusted model (B=-61.0; 95% CI: -116.7, -5.2;
P=0.040), each 1g/L increase in apoB is associated with a 61.0ng/dL
decrease in serum TT, and this association is statistically significant.
The conversion of the apoB concentration from a continuous
variable to a categorical variable (quartile: Q1<0.7g/L; Q220.7g/L
to <0.9g/L; Q320.9g/L to <1.1g/L; Q4>1.1g/L) revealed that the level
of TT of the participants in the highest quartile (=1.1g/L) was -47.2
pg/mL (95% CI: -91.2, -3.3; P=0.045) lower than that in the lowest
quartile (<0.7g/L).

It can be seen that after adjusting the relevant variables, apoB
was linearly correlated with TT, and TT decreased with the increase
of apoB.

In the drinking population, TT showed a downward trend with
increasing apoB, and then the downward trend tended to slow
down. In the non-alcohol drinkers, apoB was linearly correlated
with TT, and TT decreased with the increase of apoB. The results
were obtained after adjusting for Age, Race, Education level, Ratio
of family income to poverty, Marital status, Hypertension, High
cholesterol level, BMI, Diabetes, Smoke, and Vigorous work
activity (Figure 2C).

In the smoker(Every day and Some days smoke)population,
apoB was linearly correlated with TT, and TT decreased with the
increase of apoB. In the non-smoker population, The relationship
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TABLE 1 Characteristics of participants, Weighted (N =2,805).

: Q2 Q3
Apele [ et >0.7g/L to <0.9g/L  >0.9g/L to <L.1g/L P
N 691 710 696 708
ApoB (g/L) 0.6 (0.6,0.6) 0.8 (0.8,0.8) 1.0 (1.0,1.0) 13 (1.3,1.3) <0.001
TT (ng/dL) 501.1 (481.6,520.5) 472.1 (454.9,489.4) 442.7 (424.6,460.8) 427.1 (411.7,442.4) <0.001
Age (years) 36.3 (34.8,37.7) 40.9 (39.4,42.4) 43.1 (41.9,44.3) 43.9 (42.8,45.0) <0.001
Ratio of family income to poverty 2.7 (2.5,3.0) 2.9 (2.7,3.2) 3.1(2.93.3) 2.8 (2.6,3.0) 0.010
Race <0.001
Mexican American 8.8 (6.3,12.2) 9.1 (6.2,13.3) 11.1 (8.0,15.2) 13.5 (10.1,17.8)
Other Hispanic 6.0 (4.2,8.5) 5.9 (4.0,8.5) 7.6 (5.5,10.3) 9.4 (6.6,13.2)
Non-Hispanic White 63.8 (57.3,69.8) 65.4 (59.2,71.1) 65.0 (58.8,70.8) 60.8 (54.1,67.0)
Non-Hispanic Black 13.2 (9.9,17.4) 9.9 (7.7,12.7) 7.4 (5.89.4) 8.2 (6.2,10.8)
Other Race 8.3 (6.7,10.2) 9.8 (7.6,12.5) 8.9 (6.7,11.6) 8.1 (6.2,10.7)
Education level 0.058
High School Grad and Less Than 36.9 (31.6,42.6) 37.6 (32.0,43.5) 39.0 (32.1,46.4) 46.7 (39.9,53.6)
Above 63.1 (57.4,68.4) 624 (56.5,68.0) 61.0 (53.6,67.9) 533 (46.4,60.1)
Marital status <0.001
married or with partners 53.3 (48.0,58.5) 63.7 (57.5,69.4) 69.2 (65.0,73.2) 68.1 (63.0,72.8)
widowed or divorced 9.0 (6.5,12.3) 10.8 (7.7,15.0) 9.1 (6.5,12.7) 12.5 (10.0,15.4)
unmarried 36.5 (31.9,41.4) 23.8 (19.5,28.7) 20.1 (16.7,24.1) 16.8 (13.1,21.2)
separated 1.2 (0.6,2.2) 1.7 (1.1,2.6) 1.5 (0.7,3.4) 2.7 (1.7,4.3)
Diabetes 0.686
No 90.8 (87.4,93.4) 92.2 (89.4,94.4) 92.9 (89.4,95.4) 92.7 (90.3,94.5)
Yes 9.2 (6.6,12.6) 7.8 (5.6,10.6) 7.1 (4.6,10.6) 73 (559.7)
Smoke 0.402
Not at all 45.3 (36.8,54.2) 54.9 (47.3,62.2) 54.4 (46.8,61.8) 48.0 (41.0,55.1)
Every day 43.6 (35.9,51.7) 35.0 (28.3,42.4) 33.3 (26.9,40.4) 40.5 (33.0,48.4)
Some days 11.0 (7.0,16.8) 10.1 (7.0,14.5) 12.3 (8.4,17.8) 11.5 (7.3,17.7)
Drinking 0.653
No 96.9 (93.2,98.6) 97.7 (95.8,98.8) 97.1 (94.4,98.6) 98.3 (96.9,99.1)
Yes 3.1 (1.4,6.8) 2.3 (1.2,4.2) 2.9 (1.4,5.6) 1.7 (0.9,3.1)
Hypertension 0.007
No 78.5 (74.9,81.8) 73.1 (67.5,78.1) 73.0 (68.9,76.7) 67.1 (61.2,72.5)
Yes 21.5 (18.2,25.1) 26.9 (21.9,32.5) 27.0 (23.3,31.1) 32.9 (27.5,38.8)
High cholesterol level <0.001
No 81.6 (76.6,85.7) 76.0 (71.3,80.1) 66.5 (61.4,71.3) 55.9 (50.6,61.0)
Yes 18.4 (14.3,23.4) 24.0 (19.9,28.7) 33.5 (28.7,38.6) 44.1 (39.0,49.4)
Vigorous work activity 0.298
No 68.3 (63.2,73.1) 69.2 (65.7,72.4) 70.7 (65.1,75.7) 64.5 (58.1,70.4)
Yes 31.7 (26.9,36.8) 30.8 (27.6,34.3) 29.3 (24.3,34.9) 35.5 (29.6,41.9)

(Continued)
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TABLE 1 Continued

ApoB (g/L) quartile te ce Q4
>0.7g/L to <0.9g/L >0.9g/L to <1.1g/L >1.1g/L
BMI (kg/m2) <0.001
<25 45.6 (40.3,50.9) 30.1 (25.9,34.7) 220 (18.1,26.4) 162 (13.0,20.1)
>=25 54.4 (49.1,59.7) 69.9 (65.3,74.1) 78.0 (73.6,81.9) 83.8 (79.9,87.0)

Data in Table 1:
For continuous variables: survey-weighted mean (95% CI), P-value was by survey-weighted linear regression.
For categorical variables: survey-weighted percentage (95% CI), P-value was by survey-weighted Chi-square test.

TABLE 2 Univariate analysis for TT, Weighted.

Covariate Mean/percentage (95% Cl) B (95%Cl) P-value

ApoB (g/L) ‘ 1.0 (0.9,1.0) -113.4 (-146.6, -80.2) <0.001

‘ ApoB (g/L) quartile

Q1 23.3 (21.2,25.6) Ref

Q2 26.1 (24.2,28.0) -28.9 (-50.9, -7.0) 0.013

Q3 25.8 (23.2,28.6) -58.4 (-85.8, -30.9) <0.001

Q4 24.8 (22.2,27.6) -74.0 (-97.3, 50.7) <0.001
Ratio of family income to poverty 2.9 (2.8,3.0) -6.2 (-11.7, -0.76) 0.031

Ratio of family income to poverty Tertile

Low 23.0 (20.1,26.2) Ref

Middle 32.3 (29.9,34.8) -24.8 (-43.0, -6.5) 0.010

High 44.7 (40.7,48.8) -29.1(-52.0, -6.30) 0.016
Age(years) 41.1 (40.4,41.9) 12 (-2.1, -0.35) 0.009

Age (years) Tertile

Low 31.5 (28.9,34.2) Ref

Middle 35.1 (32.4,37.8) -63.1 (-81.7, -44.4) <0.001
High 33.4 (30.9,36.1) -43.1 (-73.2, -13.0) 0.007

‘ Race

Mexican American 10.6 (8.2,13.6) Ref

Other Hispanic 7.2 (5.59.4) -17.0 (-61.3, 27.3) 0.456

Non-Hispanic White 63.8 (58.8,68.5) -9.6 (-32.9, 13.7) 0.424

Non-Hispanic Black 9.6 (7.7,11.9) 17.3 (-13.3, 47.8) 0.274

Other Race 8.8 (7.3,10.5) 1.4 (-25.2, 28.1) 0.916

‘ Education level

High School Grad and Less Than 40.2 (36.2,44.3) Ref

Above 59.8 (55.7,63.8) -14.0 (-34.0, 6.0) 0.177

‘ Marital status

married or with partners 64.0 (61.1,66.9) Ref

widowed or divorced 10.4 (8.9,12.1) -2.5 (-25.8, 20.8) 0.833
unmarried 23.8 (21.4,26.4) 53.3(28.8, 77.8) <0.001
separated 1.8 (1.3,2.5) 42.4 (-26.0, 110.9) 0.230

(Continued)
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TABLE 2 Continued

10.3389/fendo.2024.1304344

Covariate Mean/percentage (95% ClI) B (95%Cl) P-value
Hypertension

No 72.9 (70.3,75.3) Ref

Yes 27.1 (24.7,29.7) -56.7 (-78.9, -34.5) <0.001
High cholesterol level

No 69.8 (67.1,72.3) Ref

Yes 30.2 (27.7,32.9) -42.5 (-57.8, -27.2) <0.001
BMI(kg/m2) 28.8 (28.4,29.2) -13.1 (-14.2, -11.9) <0.001
BMI (kg/m2) dichotomous

<25 28.2 (26.0,30.5) Ref

>=25 71.8 (69.5,74.0) -151.6 (-171.6, -131.6) <0.001
Diabetes

No 92.2 (90.7,93.4) Ref

Yes 7.8 (6.6,9.3) 725 (-116.1, -28.9) 0.002
Drinking

No 97.5 (96.5,98.3) Ref

Yes 2.5 (1.7,3.5) 5.3 (-46.2, 56.9) 0.840
Smoke

Not at all 50.9 (46.7,55.2) Ref

Every day 37.8 (33.4,42.4) 46.2 (14.0, 78.3) 0.007

Some days 11.3 (9.1,13.9) 513 (5.3, 97.2) 0.034
Vigorous work activity

No 68.2 (65.3,71.0) Ref

Yes 31.8 (29.0,34.7) 7.8 (-9.6, 25.3) 0.384

between apoB and TT loses its linear correlation. The results were
obtained after adjusting for Age, Race, Education level, Ratio of
family income to poverty, Marital status, Hypertension, High
cholesterol level, BMI, Diabetes, Drinking, and Vigorous work
activity (Figure 2D).

In diabetic and non-diabetic patients, apoB was linearly
correlated with TT, and TT decreased with the increase of apoB.
The results were obtained after adjusting for Age, Race, Education
level, Ratio of family income to poverty, Marital status,
Hypertension, High cholesterol level, BMI, Drinking, Smoke, and
Vigorous work activity (Figure 2E).

In the hypertensive and non-hypertensive population, apoB was
linearly correlated with TT, and TT decreased with the increase of
apoB. The results were obtained after adjusting for Age, Race,
Education level, Ratio of family income to poverty, Marital status,
High cholesterol level, BMI, Diabetes, Drinking, Smoke, and
Vigorous work activity (Figure 2F).

In the high cholesterol level population, the change in TT is not
significant with the increase of apoB; In the non-high cholesterol
level population, apoB was linearly correlated with TT, and TT
decreased with the increase of apoB. The results were obtained after

Frontiers in Endocrinology

adjusting for Age, Race, Education level, Ratio of family income to
poverty, Marital status, Hypertension, BMI, Diabetes, Drinking,
Smoke, and Vigorous work activity (Figure 2G).

Discussion

According to the findings of this study, in the population of adult
males with an average age of 41.1 years and without cancer, there exists
a negative linear correlation between serum apoB and TT, as illustrated
in Figures 2A, B. This correlation remains consistent even in the
presence of several cardiovascular risk factors such as smoking,
diabetes, and hypertension, as depicted in Figures 2D-F. However,
the relationship between apoB and TT takes a different pattern among
individuals with alcohol consumption and high cholesterol levels. In
the population with alcohol consumption, TT shows a declining trend
as apoB increases, followed by a slower rate of decline (Figure 2C). On
the other hand, in the population with high cholesterol levels, the
change in TT is not significantly evident with increasing apoB
(Figure 2G). Based on two crucial theoretical concepts: the strong
correlation between apoB and LDL-C and the role of apoB as a
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TABLE 3 Relationship between ApoB and TT, Weighted.

Crude Model Adjusted Model

Outcome

Bor OR (95%Cl) Bor OR (95%Cl)

ApoB (g/L) -113.4 (-146.6, -80.2) <0.001 -61.0 (-116.7, -5.2) 0.040

ApoB (g/L) quartile

Q1 Ref Ref
<0.7g/L
2 -26.7 (-61.8, 8.4 0.148
Q -28.9 (-50.9, -7.0) 0.013 ( )
>0.7g/L to <0.9g/L
Q3 -12.5 (-59.7, 34.6) 0.606
-58.4 (-85.8, -30. .001
>0.9g/L to <L1g/L 58.4 (-85.8, -30.9) <0.00
4 -47.2 (-91.2, -3.3 0.045
Q -74.0 (-97.3, 50.7) <0.001 ( )

>11g/L

Data in the table: B or OR (95%CI); P-value.

Result variable: TT (ng/dL).

Exposure variable: ApoB(g/L); ApoB(g/L) quartile.

The adjusted model adjusts for Age; Race (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Other Race); Education level (High School Grad and Less Than and
Above); Ratio of family income to poverty; Marital status (married or with partners, widowed or divorced, unmarried, and separated); Hypertension (No, Yes); High cholesterol level (No, Yes);
BMI (<=25, >25); Diabetes (No, Yes); Drinking (No, Yes); Smoke (Not at all, Every day, and Some days); Vigorous work activity (No, Yes).
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FIGURE 2

Association between apoB and TT. (A) Cross-combination modeling of each apoB and TT. A black dot represents a sample. (B) A linear association
between apoB and TT was found in a generalized additive model (GAM). The Solid red line represents the smooth curve fit between variables. Blue
bands represent the 95% confidence interval from the fit. The results were obtained after adjusting for Age, Race, Education level, Ratio of family income
to poverty, Marital status, Hypertension, High cholesterol level, BMI, Diabetes, Drinking, Smoke, and Vigorous work activity. (C) Association between apoB
and serum Klotho in Drinking (No, Yes) group. (D) Association between apoB and serum TT in Smoke (No, Yes) group. (E) Association between apoB and
serum TT in Diabetes (No, Yes) group. (F) Association between apoB and serum TT in Hypertension (No, Yes) group. (G) Association between apoB and
serum TT in High cholesterol level (No, Yes) group.
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potential risk factor for CVD (26). The association between
testosterone and CVD is easily conceivable. Some researchers have
pointed out that testosterone and its synthetic derivatives are related to
sudden cardiac death (27, 28). As demonstrated by epidemiological
research, individuals who misuse steroids are more prone to engage in
criminal activities, with steroids occasionally identified as an indirect
cause of death (29, 30). Kintz et al., based on the increased risk of
antisocial lifestyle associated with steroid hormones, explored methods
for detecting steroid hormones through body hair analysis (31). Thus,
elevated levels of apoB may serve as a significant predictor of CVD risk,
particularly in individuals with normal or low LDL-C levels.
Consequently, further investigation into the relationship between
apoB and TT could prove valuable in identifying potential CVD
patients within this population. Additionally, for the treatment of
testosterone deficiency, apart from direct testosterone
supplementation, maintaining apoB at a certain level may also hold
promise as a potential adjunctive treatment.

Several studies have explored the potential connection between
serum TT and blood lipids. These studies have revealed that
testosterone deficiency can lead to elevated serum TG levels and
increased white adipose tissue in male mice fed a high-fat diet (32).
Additionally, the San Antonio Heart Research Center found negative
correlations between testosterone and TG, TC, and LDL-C, and a
positive correlation with HDL-C (33). Similar associations were
observed in the Tromsa study, with testosterone being negatively
correlated with TG and positively correlated with HDL-C (34). The
Turku Male Aging Study reported positive correlations between
testosterone and HDL-C, and negative correlations with TC and
TG, although no statistically significant relationship was observed
with LDL-C (35). These findings demonstrate the close relationship
between testosterone and CVD-related factors such as HDL-C, LDL-
C, TG, and TC. However, the investigation of the relationship
between apoB and serum TT has received limited attention thus
far. Previous evidence has demonstrated the beneficial effects of
testosterone replacement therapy in male patients with
hypogonadism, including improvements in certain cardiovascular
risk factors (36). Elevated serum testosterone levels can lead to
adverse outcomes. Coward et al. found that the administration of
synthetic androgens may result in testicular dysfunction. Males under
50 years old, previously exposed to assimilative androgens, exhibit
over 10 times the likelihood of testicular dysfunction compared to
those aged 50 and above, and these findings are statistically significant
(37). In a rat model, Shirpoor et al. observed cardiac and aortic
remodeling induced by the synthetic androgenic steroid, Nandrolone.
They documented an increase in systolic pressure, diastolic pressure,
mean arterial pressure, and necrotic pressure (38). Esposito et al.
summarized that the misuse of synthetic androgenic steroids can
induce various side effects on organ systems, including the
reproductive system (39).

In our study, we examined the association between serum apoB
and TT, while considering various potential confounders including
age, race, education level, ratio of family income to poverty, marital
status, hypertension, high cholesterol level, BMI, diabetes, drinking,
smoking, and vigorous work activity. Through the use of linear
regression models and smooth curve fitting, we discovered a
negative correlation between serum apoB concentration and TT
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concentration. Overall, our study sheds light on an underexplored
area of research and provides valuable insights into the association
between serum apoB and TT in the context of cardiovascular health
in adult males without cancer. These findings contribute to our
understanding of the complex interplay between lipoproteins,
testosterone, and cardiovascular risk factors.

Lee et al. utilized the Framingham Risk Score (FRS) to assess the
impact of testosterone on cardiovascular disease in patients with
sexual dysfunction (40). The findings revealed an association between
testosterone levels and FRS in the sexual dysfunction cohort,
suggesting that elevated testosterone levels may reduce the risk of
cardiovascular disease in these individuals. In another study, Grandys
et al. found that reduced serum testosterone concentrations were
associated with increased inflammation and worsening of blood
lipids in men (41). Diverging from prior research (18, 40, 41), our
study investigates the association between serum T'T and apoB across
diverse populations and exposure factors. Within individuals devoid
of cancer, we explore the linear relationship between serum TT and
apoB in various CVD. This study represents a pioneering effort to
investigate the correlation between serum TT and the potential
cardiovascular risk factor apoB using publicly available NHANES
data. While this study offers notable strengths, it is crucial to
recognize and address its limitations. Firstly, the cross-sectional
design of the NHANES database restricts our ability to establish
any causal relationship between human serum apoB and TT.
Secondly, it is plausible that there are unidentified confounding
variables that could influence serum TT and apoB levels, which
were not accounted for in this study. It is important to consider these
limitations when interpreting the findings and to encourage further
research to explore these associations in more depth.

Conclusions

This nationally representative study indicates a negative linear
correlation between serum ApoB and TT in adult American males
without cancer. Upon adjustment, for every 1 g/L increase in ApoB,
there is a significant decrease of 61.0 ng/dL in TT. This suggests that
reducing ApoB concentration could be beneficial in preventing low
testosterone occurrence. Furthermore, low testosterone levels can
serve as predictive indicators for the development of CVD. These
findings offer a promising avenue for the prevention and treatment
of both low testosterone and cardiovascular disease. In general,
investigating the relationship between apoB and serum testosterone
levels can yield profound insights into preventing and managing
testosterone deficiency, aiding in the development of more effective
preventive and therapeutic strategies. This necessitates a
comprehensive consideration of multiple factors, including lipid
metabolism, cardiovascular health, and lifestyle factors.
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Prevalence and clinical
correlates of
hyperhomocysteinemia in
Chinese urban population
with hypertension

Yayun Xu', Haixing Feng', Liping Zhang, Yanlei Li, Feng Chi
and Lijie Ren*

Department of Neurology, The First Affiliated Hospital of Shenzhen University, Shenzhen Second
People’s Hospital, Shenzhen, China

Context: The coexistence of hypertension and elevated homocysteine (Hcy)
levels has a mutually reinforcing impact on the susceptibility to cardio-
cerebrovascular disease.

Objective: The aim was to assess the prevalence, clinical correlation, and
demographic characteristics of hyperhomocysteinemia (HHcy) within the
Chinese urban population with hypertension.

Methods: A cohort of 473 individuals with hypertension were selected from four
communities in Shenzhen, China. Demographic attributes, clinical profiles, and
lifestyle behaviors were gathered and compared between individuals with and
without HHcy. A logistic regression model was employed to examine potential
factors associated with the prevalence of HHcy. Correlation between Hcy levels and
clinical characteristics was assessed through multiple linear regression analysis.

Results: The prevalence of HHcy in the population with hypertension was 31.3%.
In comparison to individuals without HHcy, those with HHcy exhibited a higher
proportion of males, a higher prevalence of smoking and alcohol consumption,
and a higher proportion of cases with the homozygous (TT) genotype at the
MTHFR C677T polymorphism. Moreover, individuals with HHcy had lower levels
of folic acid (FA), and lower fruit and vitamin B12 intake. Furthermore, the risk
factors for HHcy were male (B = 1.430, OR = 4.179) and MTHFR (TT) (B = 1.086,
OR = 2.961). In addition, the multiple linear regression analysis revealed a
significant association between Hcy levels and gender (B = -2.784, P = 0.004),
MTHFR genotypes (B = 1.410, P = 0.005), and FA levels (B = -0.136, P = 0.030).

Conclusion: The high prevalence of HHcy among hypertensive patients in this

Chinese urban population underscores the necessity for interventions targeting
modifiable risk factors such as dietary choices and lifestyle practices.
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Introduction

In the past three decades, there has been a persistent global rise in
the prevalence of cardio-cerebrovascular disease. Specifically,
cardiovascular disease (CVD) persists as the leading cause of
mortality and morbidity on a global scale. Over the course of the last
three decades, the burden of CVD has consistently escalated, with a
notable 53.7% increase in the number of deaths (from 12.1 million in
1990 to 18.6 million in 2019) and a substantial 94.4% rise in years lived
with disability (from 17.7 million in 1990 to 34.4 million in 2019) (1).
Significantly, China experienced the highest number of CVD fatalities,
with CVD ranking as the primary cause of death in both rural and
urban regions, constituting 46.7% and 44.3% of total mortalities in
2019, respectively (2). Similarly, cerebrovascular disease ranks as the
second most lethal ailment on a global scale, and acute cerebrovascular
disease exhibits a higher incidence of disability compared to any other
individual disease, thereby imposing substantial societal burdens (3).
Hypertension has emerged as the primary risk factor for cardio-
cerebrovascular disease (4). Due to the widespread adoption of
unhealthy lifestyles resulting from rapid economic development and
the accelerated aging process, hypertension has witnessed an increase
in low- and middle-income countries, including China (5). According
to recent survey data from China, the prevalence of hypertension
among individuals aged 18 years from 2012 to 2015 reached a
significant rate of 27.9% (6). Unfortunately, the existing measures for
preventing and controlling hypertension are inadequate (7, 8).
Consequently, determining the most effective approach to enhance
hypertension management and alleviate the burden of cardio-
cerebrovascular disease is a significant global concern.

Homocysteine (Hcy) is a sulfur-containing intermediary amino
acid generated through the metabolic conversion of methionine to
cysteine. The condition of having elevated plasma concentrations of
Hcy above the established normal threshold of 15 pmol/l is referred
to as hyperhomocysteinemia (HHcy) (9, 10). HHcy could potentially
have detrimental effects on individuals with hypertension, as it
collaboratively enhances the risk of cardio-cerebrovascular disease
through a multiplicative effect (11, 12). At present, the specific
mechanisms by which HHcy influences the susceptibility to
hypertension and cardio-cerebrovascular disease remain uncertain.
Several hypotheses have been proposed. HHcy has been suggested to
potentially elevate the likelihood of developing hypertension and
cardio-cerebrovascular disease through the subsequent mechanisms
(13): (1) elevation of arterial blood pressure; (2) induction of
endothelial dysfunction by augmenting oxidant stress and reducing
nitric oxide release, thereby impairing vasodilation; (3) provoking
oxidative damage to vascular endothelial cells and hindering the
synthesis of nitric oxide, a potent vasodilator, by the endothelium; or
(4) augmenting platelet adhesion to endothelial cells, thereby
facilitating the proliferation of vascular smooth muscle cells. A
nested case-control study conducted in China, involving a cohort
of 39,165 Chinese participants who were followed for an average
duration of 6.2 years, revealed that individuals diagnosed with
hypertension and exhibiting elevated levels of Hcy faced a
significantly heightened risk of stroke and stroke-related mortality
(14). Compared to those with normal blood pressure and Hcy levels,
the aforementioned group experienced an 11.7-fold increase in the
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likelihood of stroke and a 10.7-fold increase in the likelihood of
stroke-related death (14). More recently, a retrospective cohort study
conducted in China, involving a total of 1226 participants and a
follow-up period of 17 years, presents compelling evidence indicating
that individuals with hypertension and an Hcy level exceeding 15
umol/L had a significantly higher risk of developing stroke and
cardiovascular diseases compared to those with hypertension and
an Hcy level below 10 pumol/L (15). The adjusted hazard ratios for
stroke and cardiovascular diseases were found to be 2.12 and 2.24,
respectively (15). Therefore, the identification of distinct risk factors
associated with HHcy in hypertensive patients holds significant
academic importance in mitigating the occurrence of cardio-
cerebrovascular events.

In China, the prevalence of H-type hypertension, characterized by
hypertension and HHcy, is observed to be higher compared to other
populations (16). This can be attributed to inadequate dietary intake of
folic acid (FA) and B vitamins, as well as a high mutation rate of the
methylenetetrahydrofolate reductase (MTHFR) gene (the C677T single
nucleotide polymorphism), leading to elevated levels of Hey (17, 18). In
the present study, we evaluated the prevalence, clinical association, and
demographic attributes of HHcy among hypertensive individuals in the
Chinese urban population, with the aim to identify specific risk factors
of HHcy in hypertensive patients and provide intervention and
management strategies for cardio-cerebrovascular disease.

Methods
Subjects

This study employed a cross-sectional observational design and
involved the recruitment of 473 individuals diagnosed with
hypertension from four communities in Shenzhen, China. Inclusion
criteria for all participants encompassed: (1) being over 18 years of age;
(2) belonging to the Han Chinese population; (3) adhering to the
Chinese Guidelines for the Prevention and Treatment of Hypertension
(2018 Revised Edition); (4) being local residents. Exclusion criteria for
all participants encompassed: (1) the existence of a neurological
diagnosis, a serious medical condition, or an unstable medical
condition; (2) a diagnosis of major psychiatric disorders such as
schizophrenia and major depressive disorder, severe somatic disease,
or substance abuse. The study protocol received approval from the
Clinical Research Ethics Committee of Shenzhen Second People’s
Hospital (ID number: 20210824001) and was conducted in
adherence to the principles outlined in the Declaration of Helsinki.
Prior to participation, all participants provided written informed
consent subsequent to receiving a comprehensive explanation of
the study.

Demographic and clinical data collection

Each participant completed a comprehensive questionnaire
capturing general information, sociodemographic characteristics,
and lifestyle behaviors. Additionally, a physical examination was
conducted, encompassing assessments of height, weight, body mass
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index (BMI), heart rate, and blood pressure measurements.
Furthermore, fasting venous blood samples were collected from
each subject between 8:00 and 9:00 AM. Subsequently, the blood
samples were subjected to centrifugation at a speed of 2500
revolutions per minute for a duration of 20 minutes at a
temperature of 4°C. The resulting serum was then collected and
preserved at a temperature of -80°C until the time of analysis.
Biochemical parameters pertaining to liver and kidney function,
serum lipids, and glucose levels were quantified using an automated
biochemical analyzer. Plasma Hcy, folic acid (FA), vitamin B12 and
vitamin D levels, and methylenetetrahydrofolate reductase
(MTHFR) C677T and reduced folate carrier (RFC) G80A
genotypes were determined by the Shenzhen Tailored Medical
Laboratory (Shenzhen, China). In terms of MTHFR C677T
genotype and RFC G80A genotype, they were analyzed using a
fluorescence PCR detection kit (PCR-fluorescence probe).
Specifically, Fluorescence PCR detection was performed using a
4-ul whole genome DNA sample and a 10-pl PCR reaction system.
The denaturation step was carried out at 95°C for 15 s, followed by
annealing/extension at 60°C for 60 s, as recommended by the
manufacturer. The reaction was subjected to 45 cycles. Following
the completion of the PCR, the endpoint fluorescence in each well
of the samples was quantified utilizing the ABI 7500 fluorescence
quantitative PCR instrument (Applied Biosystems, Foster City, CA,
USA). Subsequently, the genotyping outcomes were precisely
ascertained employing the ABI 3730 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA).

Statistical analysis

The data analysis was carried out utilizing SPSS (Version 17.0;
SPSS, Inc, Chicago, IL, USA). The Kolmogorov-Smirnov one-sample
test was utilized to identify normal distributions. Descriptive analyses
were conducted, with normally distributed quantitative variables
presented as means + standard deviation (SD), and skewed
quantitative variables presented as median and interquartile range
(IQR; 25-75%). The Chi-square test was employed for categorical
variables. To account for multiple testing, the Bonferroni correction
was implemented. In order to investigate the risk factors associated
with HHcy in individuals diagnosed with hypertension, the study
employed univariate analyses to compare subjects with HHcy to
those without HHcy. Variables with a significance level of P < 0.1
were further analyzed using logistic regression analyses. Additionally,
Spearman correlation analysis and multiple linear regression analysis
were conducted to examine the associations between Hcy levels and
clinical factors. Statistical significance was determined at a P-value of
less than 0.05 (two-tailed). Goodness-of-fit test based on the Chi-
square was used to determine whether the genotype frequency
distribution conformed to Hardy-Weinberg equilibrium (HWE).
Sample size calculation was calculated using the G*Power 3.1
software, with power set at 0.99 to detect the medium-eftect size (d
= 0.50) and alpha = 0.01 with allocation ratio N2/N1 of 2.
Considering a previous study involving 5935 hypertensive patients
in China demonstrated a HHcy prevalence of 31.4% (13), the
allocation ratio N2/N1 was set at 2. The required sample size was
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436, with 145 subjects with HHcy and 291 subjects without HHcy. In
the present study, a total of 473 individuals diagnosed with
hypertension were enrolled, with 148 subjects with HHcy and 325
subjects without HHcy.

Results

Prevalence of HHcy in Chinese urban
population with hypertension

HHcy was operationally defined as plasma Hcy levels exceeding
15 umol/L. Consequently, a total of 473 hypertensive individuals
were enrolled in this study, of which 148 (31.3%) fulfilled the
diagnostic criteria for HHcy.

Differences in demographic characteristics,
clinical profiles, distribution of MTHFR and
RFC genotypes, and lifestyle behaviors of
subjects with or without HHcy

According to the data presented in Table 1, there is a notable
disparity in the gender distribution between individuals with and
without HHcy. The proportion of males is significantly higher (° =
68.237, P < 0.001, OR = 7.110; 95% confidence interval (CL): 4.30-
11.76) among those with HHcy (85.1%) compared to those without
HHcy (44.6%). Moreover, individuals with HHcy exhibit
significantly lower levels of FA (Z = -3.511, P < 0.001) in
comparison to individuals without HHcy.

As shown in Table 2, the results of Goodness-of-fit test based on
the Chi-square showed that the genotype frequency distribution of
RFC G80A and MTHFR C677T conformed to HWE, and the
difference was not statistically significant (P > 0.05), which
demonstrated that the study objects were community representative.
According to the data presented in Table 3, CT (OR = 1.611, 95% CI =
1.038-2.501, P = 0.034) and TT (OR = 3.054, 95% CI = 1.658-5.624, P <
0.001) genotypes of MTHFR C677T polymorphism increased the risk
of HHcy compared to CC genotype. The REC G80A variant was not
associated with HHcy in any inheritance models tested (co-dominant,
dominant and recessive).

In terms of lifestyle behaviors, individuals with HHcy exhibited
a greater prevalence of tobacco smoking (y° = 30.103, P < 0.001)
and alcohol use (){2 =33.922, P < 0.001), as well as a lower intake of
fruit (3° = 8.141, P = 0.017) and vitamin B12 (3° = 5.298, P = 0.021),
in comparison to those without HHcy (Table 4).

Risk factors for HHcy in Chinese urban
population with hypertension

A binary logistic regression model was applied to detect risk
factors for HHcy (subjects without HHcy = 0, subjects with HHcy =
1), including gender (assignment: male = 1, female = 2), heart rate,
FA, MTHEFR genotypes (assignment: CC = 1, CT = 2, TT = 3), fruit
consumption (assignment: < 2 days/week = 1, 3-4 days/week = 2, >
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TABLE 1 Demographic characteristics and clinical profiles of subjects with or without HHcy.

Subjects without HHcy

Subjects with HHcy

10.3389/fendo.2024.1369997

n = 325 n =148
Age (years) 53 (48, 59) 54 (49, 59.75) -1.009 0.313
BMI (kg/m?) 2523 (23.38, 27.66) 25.68 (23.54, 28.02) -0.536 0.592
Male, n (%) 145 (44.6%) 126 (85.1%) 68.237 <0.001
SBP (mmHg) 131.50 (125.00, 141.75) 133.50 (124.75, 143.25) -0.948 0.343
DBP (mmHg) 83.00 (77.00, 89.50) 84.50 (78.25, 91.50) -1.522 0.128
LSBP (mmHg) 131 (124, 141.5) 132 (125, 143) -0.870 0.384
LDBP (mmHg) 83 (76, 89) 85 (78, 91) -1.662 0.097
Heart rate (beats per minute) 75 (71, 81) 77 (71, 85) -1.843 0.065
RSBP (mmHg) 132 (126, 142.5) 133 (127, 145.5) -0.865 0.387
RDBP (mmHg) 83 (78, 90) 85 (78, 91) 1178 0.239
GLU (mmol/L) 5.22 (4.80, 6.10) 5.20 (4.80, 6.14) -0.320 0.749
ALT (U/L) 21.5 (16.0, 35.0) 20.0 (14.0, 29.75) -1.466 0.143
AST (U/L) 19.0 (16.0, 24.0) 19.0 (16.0, 22.0) -1.357 0.175
ALB (g/L) 47.1 (45.6, 49.0) 47.65 (46.12, 49.1) -1.254 0.210
TBIL (umol/L) 11.0 (8.3, 14.3) 10.6 (8.9, 14.1) 0.352 0.725
DBIL (imol/L) 3.45 (2.60, 4.42) 3.3 (2.60, 4.35) £0.449 0.653
BUN (umol/L) 5.4 (4.4, 6.5) 5.6 (4.45, 6.9) -0.593 0.553
CREA (umol/L) 68 (54, 81) 69.5 (52.5, 85.25) -0.907 0.364
TCHO (mmol/L) 4.62 (3.94, 5.43) 4.54 (3.83, 5.43) -0.672 0.502
TG (mmol/L) 1.55 (1.04, 2.29) 1.37 (1.07, 1.49) -0.066 0.947
HDL (mmol/L) 1.27 (1.05, 1.49) 1.21 (1.07, 1.49) 0.257 0.797
LDL (mmol/L) 2.92 (2.16, 3.61) 271 (2.13, 3.50) -0.685 0.493
FA (ng/ml) 10.43 (6.47, 15.15) 8.29 (4.52, 12.86) -3.511 <0.001
Vitamin B12 (pg/ml) 339.4 (193.05, 433.37) 274.40 (191.07, 425.87 -0.817 0.414
Vitamin D (ng/ml) 16.61 (12.61, 21.39) 17.77 (13.74, 22.06) -1.618 0.106
Hcy (umol/L) 11.35 (941, 12.97) 18.25 (16.40, 20.63) -17.448 <0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; LSBP, left ventricular systolic pressure; LDBP, left diastolic blood pressure; RSBP, right systolic blood pressure;
RDBP, right diastolic blood pressure; GLU, glucose; ALT, alanine transaminase; AST, aspartate aminotransferase; ALB, albumin; TBIL, total bilirubin; DBIL, direct bilirubin; BUN, Blood urea
nitrogen; CREA, creatinine; TCHO, Total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FA, folic acid; Hcy,
homocysteine. Units of measurement are reported in Table 1 where applicable.

TABLE 2 Hardy-Weinberg equilibrium (HWE) results of RFC G80A and MTHFR C677T variants polymorphisms.

Gene Genotype Actual frequencies n (%) Predicted frequencies n X P
RFC G80A GG 21.90 (99) 235 0372 0.830
GA 52.88 (239) 50.0
AA 25.22 (114) 26.6
MTHFR C677T cc 49.78 (225) 473 1.258 0533
cT 38.05 (172) 429
T 12.17 (55) 9.7

Frontiers in Endocrinology 62 frontiersin.org


https://doi.org/10.3389/fendo.2024.1369997
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

10.3389/fendo.2024.1369997

TABLE 3 Genotypic and allelic frequencies of RFC and MTHFR variants polymorphisms in subjects with or without HHcy.

Subjects without HHcy

Polymorphism

Subjects with HHcy

OR (95% ClI)

n =325 n = 148
RFC G80A
Codominant
GG 66 (21.1%) 33 (23.7%) 1.00 -
GA 170 (54.3%) 69 (49.6%) 0.812 (0.491, 1.342) 0.416
AA 77 (24.6%) 37 (26.6%) 0.961 (0.542, 1.704) 0.892
Dominant
GG 66 (21.1%) 33 (23.7%) 1.00 -
GA+AA 247 (78.9%) 106 (76.3%) 0.858 (0.533, 1.381) 0.529
Recessive
GG+GA 236 (75.4%) 102 (73.4%) 1.00 -
AA 77 (24.6%) 37 (26.6%) 1.112 (0.705, 1.754) 0.649
Allele
G 302 (48.2%) 135 (48.6%) 1.00 -
A 324 (51.8%) 143 (51.4%) 0.993 (0.717, 1.374) 0.966
MTHFR C677T
Codominant
CcC 171 (54.6%) 54 (38.8%) 1.00 -
CcT 114 (36.4%) 58 (41.7%) 1.611 (1.038-2.501) 0.034
TT 28 (8.9%) 27 (19.4%) 3.054 (1.658-5.624) <0.001
Dominant
CcC 171 (54.6%) 54 (38.8%) 1.00 -
CT+TT 142 (45.4%) 85 (61.2%) 1.896 (1.261-2.848) 0.002
Recessive
CC+CT 285 (91.1%) 112 (80.6%) 1.00 -
TT 28 (8.9%) 27 (19.4%) 2.454 (1.385-4.348) 0.002
Allele
C 456 (72.8%) 166 (59.7%) 1.00 -
T 170 (27.2%) 112 (40.3%) 1.523 (1.077-2.154) 0.017
-, not given.

5 days/week = 3), types of staple foods (assignment: mainly rice = 1,
mainly pasta = 2), type of meat (assignment: no meat = 1, mainly
lean meat = 2, eat both fat and lean meat = 3, mainly fat meat = 4),
beverage consumption (assignment: basically not drinking = 1, 1-2
times/week = 2, 3-5 times/week = 3, > 6 times/week = 4), vitamin
B12 supplements (assignment: no = 0, yes = 1), smoking
(assignment: never smoke = 1, quit smoking = 2, always smoke =
L
occasionally = 2, frequently = 3, every day = 4), and alcohol

3), frequency of alcohol consumed (assignment: never =
drinking status (assignment: never drinks alcohol = 1, quit
drinking = 2, drinking = 3). As shown in Table 5, the risk factors
for HHcy were as follows: male (B = 1.430, P < 0.001, OR = 4.179,
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95%CL: 2.005-8.707) and MTHER (TT) (B = 1.086, P = 0.006, OR =
2.961, 95%CL: 1.357-6.464).

Factors influencing Hcy levels in Chinese
urban population with hypertension

Spearman correlation analysis showed significant correlations
between Hcy levels and the following parameters: gender (r = -0.462,
P <0.001), MTHER genotypes (r = 0.231, P < 0.001), DBP (r = 0.098,
P =0.036), heart rate (r = 0.093, P = 0.047), ALB (r = 0.136, P = 0.025),
FA (r = -0.203, P < 0.001), Vitamin D (r = 0.131, P = 0.010), fruit
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TABLE 4 Lifestyle behaviors of subjects with or without HHcy.

Subjects without HHcy Subjects with HHcy
n = 325 n =148
Exercise 3.229 0.358
no exercise 59 (18.8%) 32 (23.4%)
occasional 41 (13.1%) 12 (8.6%)
more than once a week 41 (13.1%) 14 (10.2%)
daily 173 (55.1%) 79 (57.7%)
Vegetable consumption 2.765 0.251
< 2 days/week 19 (6.4%) 11 (9.2%)
3-4 days/week 15 (5.1%) 10 (8.3%)
> 5 days/week 262 (88.5%) 99 (82.5%)
Fruit consumption 8.141 0.017
< 2 days/week 96 (32.4%) 54 (45.4%)
3-4 days/week 49 (16.6%) 22 (18.5%)
> 5 days/week 151 (51.0%) 43 (36.1%)
Types of staple foods 3.764 0.052
mainly rice 284 (96.3%) 110 (91.7%)
mainly pasta 11 (3.7%) 10 (8.3%)
Meat consumption 2.718 0.437
basically not eating 30 (10.2%) 11 (9.2%)
1-2 times/week 25 (8.5%) 9 (7.5%)
3-5 times/week 42 (14.3%) 25 (20.8%)
6 times/week 197 (67.0%) 75 (62.5%)
Type of meat 6.855 0.077
no meat 15 (5.1%) 5 (4.3%)
mainly lean meat 212 (71.6%) 71 (60.7%)
eat both fat and lean meat 60 (20.3%) 33 (28.2%)
mainly fat meat 9 (3.0%) 8 (6.8%)
Tofu consumption 1.717 0.633
basically not eating 175 (59.3%) 64 (54.2%)
1-2 times/week 96 (32.5%) 45 (38.1%)
3-5 times/week 19 (6.4%) 6 (5.1%)
> 6 times/week 5(1.7%) 3 (2.5%)
Nut consumption 1.396 0.706
basically not eating 230 (78.0%) 93 (78.8%)
1-2 times/week 37 (12.5%) 14 (11.9%)
3-5 times/week 16 (5.4%) 4 (3.4%)
> 6 times/week 12 (4.1%) 7 (5.9%)
Beverage consumption 6.658 0.084
basically not drinking 261 (88.2%) 94 (79.7%)
(Continued)
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TABLE 4 Continued

Subjects without HHcy Subjects with HHcy
n = 325 n = 148
1-2 times/week 19 (6.4%) 13 (11.0%)
3-5 times/week 8 (2.7%) 3 (2.5%)
> 6 times/week 8 (2.7%) 8 (6.8%)
Water consumption 3.294 0.349
basically not drinking 3 (1.0%) 0 (0.0%)
1-2 times/week 4 (1.4%) 0 (0.0%)
3-5 times/week 12 (5.4%) 3 (2.6%)
> 6 times/week 276 (93.6%) 111 (97.4)
Kitchen type 3.695 0.158
open 90 (30.6%) 33 (28.0%)
semi-open 120 (40.8%) 40 (33.9%)
closed 84 (28.6%) 45 (38.1%)
Dietary habit 2.387 0.303
cooking at home 266 (90.8%) 102 (86.4%)
takeout eating 1 (0.3%) 0 (0.0%)
dining out 26 (8.9%) 16 (13.6%)
Vitamin B12 supplements 5.298 0.021
no 238 (81.2%) 105 (90.5%)
yes 55 (18.8%) 11 (9.5%)
Smoking 30.103 <0.001
never smoke 220 (73.3%) 63 (47.0%)
quit smoking 29 (9.7%) 19 (14.2%)
always smoke 51 (17.0%) 52 (38.8%)
Frequency of alcohol consumed 33.922 <0.001
never 240 (78.9%) 73 (54.9%)
occasionally 53 (17.4%) 43 (32.3%)
frequently 10 (3.3%) 9 (6.8%)
every day 1 (0.3%) 8 (6.0%)
Alcohol drinking status 27.504 <0.001
never drinks alcohol 240 (78.9%) 73 (54.9%)
quit drinking 20 (6.6%) 14 (10.5%)
drinking 44 (14.5%) 46 (34.6%)
Use of antihypertensive drugs 0.277 0.599
no 32 (10.4%) 17 (12.1%)
yes 276 (89.6%) 124 (87.9%)
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TABLE 5 Binary logistic regression analysis of potential risk factors related to HHcy in the hypertension population.

B S.E. P Exp (B) 95% CL
Gender (male) 1.430 0.375 < 0.001 4.179 2.005-8.707
LDBP -0.007 0.013 0.569 0.993 0.968-1.018
Heart rate 0.020 0.012 0.088 1.020 0.997-1.043
FA -0.019 0.024 0.415 0.981 0.936-1.028

MTHER (CC) 0.017
MTHEFR (CT) 0.520 0.295 0.078 1.682 0.943-3.000
MTHER (TT) 1.086 0.398 0.006 2.961 1.357-6.464
Fruit consumption -0.089 0.153 0.561 0.915 0.677-1.235
Type of staple food 0.614 0.589 0.298 1.847 0.582-5.859
Type of meat 0.149 0.218 0.494 1.161 0.757-1.779
Beverage consumption 0.222 0.182 0.222 1.249 0.874-1.785
Vitamin B12 supplements -0.884 0.476 0.064 0.413 0.162-1.051
Smoking 0.079 0.174 0.651 1.082 0.769-1.523
Frequency of alcohol consumed 0.684 0.352 0.052 1.981 0.993-3.951
Alcohol drinking status -0.271 0.292 0.353 0.762 0.430-1.352

consumption (r =-0.179, P < 0.001), type of meat (r = 0.100, P = 0.044),
vitamin B12 supplements (r = -0.123, P = 0.012), smoking (r = 0.304,
P < 0.001), frequency of alcohol consumed (r = 0.276, P < 0.001), and
alcohol drinking status (r = 0.270, P < 0.001). Figure 1 shows a scatter
plot representing the correlation serum Hcy and FA levels. All variables
except for DBP, ipulse, ALB, Vitamin D, type of meat, and vitamin B12
supplements passed Bonferroni correction (P < 0.05/30 = 0.0017).
These significantly different variables from univariate analysis were
included in multiple linear regression to detect correlates of Hcy levels
(Table 6). Finally, the multiple linear regression revealed a significant
association between Hcy levels and gender (B = -2.784, t = -2.931,
P =0.004), MTHEFR genotypes (B = 1.410, t = 2.815, P = 0.005), and FA
levels (B = -0.136, t = -2.192, P = 0.030).

Discussion

The objective of this study was to assess the prevalence, clinical
correlation, and demographic characteristics of HHcy in the
Chinese urban population with hypertension, with a focus on
identifying risk factors for HHcy in hypertensive patients. The
study yielded three key findings. Firstly, the prevalence of HHcy in
the Chinese urban population with hypertension was determined to
be 31.3%. Secondly, logistic regression analysis identified male
gender and the presence of the MTHFR (TT) genotype as
significant risk factors for HHcy. Lastly, the multiple linear
regression revealed a significant association between Hcy levels
and gender, MTHEFR genotypes, and FA levels.

Multiple studies have examined the occurrence of HHcy in
individuals with hypertension. One such study revealed that 73.3%
of newly diagnosed hypertensive patients residing in seven urban
communities in Nanjing, China, exhibited HHcy (19). Similarly,
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another study found a comparable prevalence of HHcy.
Specifically, among 105 patients diagnosed with primary
hypertension in Vietnam, 74.3% (78 patients) displayed elevated
plasma total Hcy levels > 15 pmol/L (20). The current investigation
aimed to ascertain the prevalence of HHcy among the urban Chinese
population with hypertension, revealing a rate of 31.3%. This finding
closely aligns with the outcomes of a prior study conducted within
China (13). Notably, a separate investigation involving 5935
hypertensive patients in China demonstrated a HHcy prevalence of
31.4% (13). Discrepancies in HHcy prevalence across studies may be
attributed to various contextual factors, including population
demographics, geographical location, and patient age. A meta-
analysis conducted in China involving a sample size of 60,754
individuals aged 3-97 years revealed a positive correlation between
age and the prevalence of HHcy, with the highest occurrence
observed among individuals aged 65 years and above (21).
Consequently, it is reasonable to hypothesize that the dissimilarity
in HHcy prevalence between the present study and the study
conducted in Nanjing (31.3% vs. 73.3%) could potentially be
attributed to the variance in age distribution among the respective
subject groups (54.1 vs. 63.3).

Previous evidence has indicated that gender plays a significant
role in determining the levels of Hey in humans. A study conducted
on healthy individuals revealed that males tend to have higher serum
Hcy levels compared to females (22). Moreover, a meta-analysis
encompassing 36 studies and involving 60,754 subjects from 19
provinces and municipalities in China found that the prevalence of
HHcy was notably higher in men than in women (21). Furthermore,
elevated levels of serum homocysteine have been observed in male
patients with hypertension (23), primary chronic venous disease (24),
and psoriasis (25). Potential factors contributing to the observed sex-
specific variation encompass disparities in muscle mass, estrogen
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FIGURE 1
Correlation between serum Hcy and FA levels in Chinese urban
population with hypertension.

levels, lifestyles, and vitamin levels. Specifically, Notably, the
connection between Hcy production and creatine-creatinine
synthesis is widely acknowledged. Given that males typically
possess greater muscle mass, they exhibit an augmented
requirement for creatine synthesis, consequently leading to
increased Hey production (26). Moreover, Chinese men exhibit a
higher prevalence of alcohol consumption and cigarette smoking
compared to women, both of which exhibit positive correlations with
Hcy concentrations (27). Furthermore, the presence of hormonal
disparities between males and females may also play a role in the
observed sex-related discrepancy. Research has indicated that the
administration of long-term hormone replacement therapy leads to
decreased overall concentrations of Hcy in women who have
undergone menopause (28). In the present study, the proportion of
males was notably greater among individuals with HHcy compared
to those without HHcy. Through the utilization of logistic regression

10.3389/fendo.2024.1369997

analysis, male gender was identified as a significant risk factor for
HHcy, while multiple linear regression analysis demonstrated a
significant association between Hcy levels and gender. These
findings offer additional empirical evidence establishing a
correlation between gender and Hcy levels.

The enzyme MTHFR, which is dependent on folate, plays a
significant role in the conversion of the amino acid homocysteine to
methionine (29). The activity of MTHFR has a detrimental impact
on the levels of Hcy in the serum (25). The MTHFR rs1801133
polymorphism involves a substitution of C to T at position 677,
resulting in the conversion of alanine to valine. This missense
mutation leads to a reduction of approximately 70% and 35% in
the normal activity of the MTHFR enzyme in carriers with the TT
and CT genotypes, respectively (30). Additionally, the TT allele is
associated with increased levels of homocysteine in the serum (31).
In this study, CT and TT genotypes of MTHFR C677T
polymorphism increased the risk of HHcy compared to CC
genotype. Additionally, logistic regression analysis revealed that
the presence of the MTHFR (TT) genotype was a significant risk
factor for HHcy. Furthermore, multiple linear regression analysis
demonstrated a significant association between homocysteine levels
and the MTHFR genotype. Given that approximately 25% of the
Chinese population possesses the MTHFR C677T TT genotype
(32), the assessment of MTHFR genotype within the Chinese
populace, particularly among individuals with hypertension, holds
significant clinical implications in terms of cardio-cerebrovascular
disease prevention and treatment.

Presently, the utilization of FA and B vitamins is employed to
attain desired Hcy levels, exhibiting evident efficacy in diminishing
plasma Hcy concentrations (33). While not yet substantiated, the
reduction of overall plasma Hcy levels via FA and/or vitamin B12
intake may potentially mitigate the susceptibility to vascular diseases
among HHcy individuals (34). Another clinical trial investigation has
documented that the addition of FA as a supplementary therapy,

TABLE 6 Associated factors for Hcy levels in Chinese urban population with hypertension based on multiple linear regression model.

Variables Unstandardized B Coefficient Std.error Standardized coefficients Beta t P VIF
Gender -2.784 0.950 -0.239 -2931 | 0.004 & 1.880
MTHER genotypes 1.410 0.501 0.173 2.815 0.005 | 1.075
DBP -0.067 0.035 -0.127 -1.903 | 0.059 | 1.257

Ipulse 0.053 0.029 0.124 1.863 0.064 | 1.251

ALB 0.023 0.052 0.027 0.433 0.658 | 1.023

FA -0.136 0.062 -0.144 -2.192 | 0.030 | 1.231

Vitamin D 0.197 0.066 0.191 2.961 0.003 | 1.174

Fruit consumption 0.050 0.401 0.008 0.125 0901 = 1.109
Type of meat 1.005 0.599 0.108 1.677 0.095 | 1.171
Vitamin B12 supplements -1.411 0.976 -0.088 -1.445 | 0.150 | 1.050
Smoking 0.802 0.524 0.113 1.530 0.128 | 1.560
Frequency of alcohol consumed 1.583 0.939 0.193 1.686 = 0.094 3.729
Alcohol drinking status -0.454 0.815 -0.065 -0.556 | 0.579 = 3.897
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administered at a dosage of 5 mg per day, exhibits the potential to
markedly decrease serum Hcy levels (35). This intervention may play
a contributory role in the pathogenesis of vascular disorders,
including Buerger’s disease (35). In the current investigation,
individuals diagnosed with HHcy exhibited notably diminished
levels of FA in comparison to those without HHcy. Regarding
lifestyle habits, individuals with HHcy demonstrated a reduced
intake of vitamin B12 in comparison to those without HHcy.
Furthermore, inverse associations were observed between Hcy
levels and both FA levels and vitamin B12 supplementation.
Additionally, fruits and vegetables are recognized as abundant
sources of FA and B vitamins, which contribute to elevated plasma
levels of these vitamins and decreased Hcy levels (36). In the present
study, it was consistently observed that individuals with HHcy
exhibited lower levels of fruit intake compared to those without
HHcy. These findings imply that augmenting FA levels and
incorporating vitamin B12 supplements could potentially decrease
Hcy levels in hypertensive patients, consequently reducing the
incidence of cardio-cerebrovascular disease.

Evidence consistently supports the notion that smoking, alcohol
consumption, and physical inactivity have a significant impact on
elevating Hcy levels (37, 38). Consequently, these lifestyle factors
were incorporated into the current study to ascertain the specific
risk factors associated with HHcy in hypertensive individuals.
Correspondingly, our findings revealed a heightened prevalence
of tobacco smoking and alcohol use among subjects with HHcy,
thereby reinforcing the recommendation for hypertensive patients
with HHcy to adopt lifestyle modifications such as reducing alcohol
intake and quitting smoking.

Several limitations to this study need to be acknowledged. First,
this is a cross-sectional study design and cannot show a causal
relationship between the presence of HHcy and a given risk factor.
Second, this study is limited by its observational design and small
subset size, which reduces the power of the statistical analysis.
Third, generalizability was limited due to the fact that the study was
performed in only one region of China. Fourth, an additional
limitation of this study pertains to the absence of validation for
the questionnaire tool and the omission of a reliability assessment.
Fifth, given that diuretics decrease the absorption of FA, the absence
of precise categorizations pertaining to the types of antihypertensive
drugs is regarded as a limitation of this research.

In conclusion, our study reveals a notable occurrence of HHcy
among the Chinese urban population with hypertension, those at
greatest risk are male, genotype MTHFR 677TT, and a decreased
FA level. Consequently, it is imperative to implement future
strategies for managing and intervening in these factors to
mitigate the development of H type hypertension and minimize
associated cardio-cerebrovascular events within this population.
For example, to mitigate the occurrence of HHcy and cardio-
cerebrovascular disease, particularly among male individuals with
the MTHFR C677T TT genotype, it is recommended to implement
pharmacotherapy and/or lifestyle adjustments encompassing
physical activity, nutrition, and dietary supplementation, such as
FA. Notably, HHcy has been considered a specific disease in the
Chinese Han population (39). The population with the TT genotype
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accounts for 25% of the Chinese Han population, whereas the
population with the TT genotype in North America and Europe
accounts for only approximately 12% of the combined population
(40). Thus, the risk factors for HHcy identified in the Chinese
population in this study, specifically the MTHFR677TT genotype,
may not be applicable to other populations, such as North
Americans and Europeans.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Clinical
Research Ethics Committee of Shenzhen Second People’s
Hospital. The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

YX: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Software,
Validation, Writing — original draft. HF: Investigation, Methodology,
Validation, Writing — original draft. LZ: Software, Supervision, Writing
— original draft. YL: Formal analysis, Resources, Software, Writing —
original draft. FC: Conceptualization, Data curation, Funding
acquisition, Project administration, Resources, Supervision, Writing —
review & editing. LR: Conceptualization, Funding acquisition,
Resources, Supervision, Validation, Visualization, Writing — review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Shenzhen Team on the Fusion of Health
Management and Prevention of Neurological Diseases (6099007),
Science and Technology Innovation Commission of Shenzhen
(ZDSYS20200811142600003) and Natural Science Foundation of
Guangdong Province (2023A1515010169).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1369997
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Xu et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Roth G, Mensah G, Fuster V. The global burden of cardiovascular diseases and risks: A
compass for global action. ] Am Coll Cardiol (2020) 76:2980-1. doi: 10.1016/jjacc.2020.11.021

2. Wang H, Zhang H, Zou Z. Changing profiles of cardiovascular disease and risk
factors in China: A secondary analysis for the global burden of disease study 2019. Chin
Med J (2023) 136:2431-41. doi: 10.1097/CM9.0000000000002741

3. Katan M, Luft A. Global burden of stroke. Semin Neurol (2018) 38:208-11.
doi: 10.1055/s-0038-1649503

4. Fan F, David Spence ], Huo Y. Beyond hypertension: Hypertension with
hyperhomocysteinemia. Sci Bull (2023) 68:1975-7. doi: 10.1016/j.scib.2023.08.018

5. Zheng W, Wang X, Xue X, Li W, Fan L, Zhang S, et al. Characteristics of
hypertension in the last 16 years in high prevalence region of China and the attribute
ratios for cardiovascular mortality. BMC Public Health (2023) 23:114. doi: 10.1186/
512889-022-14974-0

6. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 countries
and territories, 1990-2019: A systematic analysis for the global burden of disease study 2019.
Lancet (London England) (2020) 396:1223-49. doi: 10.1016/S0140-6736(20)30752-2

7. Lauder L, Mahfoud F, Azizi M, Bhatt D, Ewen S, Kario K, et al. Hypertension
management in patients with cardiovascular comorbidities. Eur Heart ] (2023)
44:2066-77. doi: 10.1093/eurheartj/ehac395

8. Zhang M, Shi Y, Zhou B, Huang Z, Zhao Z, Li C, et al. Prevalence, awareness,
treatment, and control of hypertension in China, 2004-18: Findings from six rounds of a
national survey. BMJ (Clinical Res ed.) (2023) 380:¢071952. doi: 10.1136/bmj-2022-071952

9. Wang Y, Xia H, Song Z, Zhou X, Zhang H. Plasma homocysteine as a potential
marker of early renal function decline in iga nephropathy. Front Med (2022) 9:812552.
doi: 10.3389/fmed.2022.812552

10. Liu W, Li Q, Wang Q, Ma S, Yang X, Zhang J, et al. Association between body fat
composition and hyperhomocysteinemia in the analysis of the baseline data of the
northwest China natural population cohort: Ningxia project (cnc-nx). J Clin
Hypertension (Greenwich Conn) (2023) 25:573-81. doi: 10.1111/jch.14666

11. Yan J, Zhou J, Huang J, Zhang H, Deng Z, Du Y. The outcomes of acute
myocardial infarction patients comorbidity with hypertension and
hyperhomocysteinemia. Sci Rep (2021) 11:22936. doi: 10.1038/541598-021-02340-w

12. Ganguly P, Alam S. Role of homocysteine in the development of cardiovascular
disease. Nutr J (2015) 14:6. doi: 10.1186/1475-2891-14-6

13. Wang C, Chen Z, Zhang T, Liu J, Chen S, Liu S, et al. Elevated plasma
homocysteine level is associated with ischemic stroke in chinese hypertensive
patients. Eur J Internal Med (2014) 25:538-44. doi: 10.1016/j.ejim.2014.04.011

14. LiJ, Jiang S, Zhang Y, Tang G, Wang Y, Mao G, et al. H-type hypertension and
risk of stroke in chinese adults: A prospective, nested case-control study. J Trans
Internal Med (2015) 3:171-8. doi: 10.1515/jtim-2015-0027

15. FengY, Kang K, Xue Q, Chen Y, Wang W, Cao J. Value of plasma homocysteine
to predict stroke, cardiovascular diseases, and new-onset hypertension: A retrospective
cohort study. Medicine (2020) 99:¢21541. doi: 10.1097/MD.0000000000021541

16. Zhang P, Zhang Y. Association of homocysteine with acute stroke and its
subtypes in the chinese population. Neuropsychiatr Dis Treat (2023) 19:1435-42.
doi: 10.2147/NDT.S409591

17. Kataria N, Yadav P, Kumar R, Kumar N, Singh M, Kant R, et al. Effect of vitamin
b6, b9, and b12 supplementation on homocysteine level and cardiovascular outcomes in
stroke patients: A meta-analysis of randomized controlled trials. Cureus (2021) 13:e14958.
doi: 10.7759/cureus.14958

18. Peng X, Zhou Y, Wu X, Wang X, Bai H, Li Y, et al. Association of
methylenetetrahydrofolate reductase (mthfr) variant c677t and risk of carotid
atherosclerosis: A cross-sectional analysis of 730 chinese han adults in chongging.
BMC Cardiovasc Disord (2020) 20:222. doi: 10.1186/s12872-020-01505-1

19. Wang W, Ji P, Wang Y, Guo H, Bian R, Xu J, et al. Prevalence of
hyperhomocysteinemia and its associated factors in patients with primary
hypertension in chinese urban communities: A cross-sectional study from nanjing.
Clin Exp Hypertension (New York NY: 1993) (2018) 40:495-500. doi: 10.1080/
10641963.2017.1403621

20. Tran S, Ngo T, Nguyen P, Truong A, Truong G, Tran K, et al.
Hyperhomocysteinemia in patients with newly diagnosed primary hypertension in
can tho city, Vietnam. Healthc (Basel Switzerland) (2023) 11:234. doi: 10.3390/
healthcare11020234

Frontiers in Endocrinology

10.3389/fendo.2024.1369997

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

21. Yang B, Fan S, Zhi X, Wang Y, Wang Y, Zheng Q, et al. Prevalence of
hyperhomocysteinemia in China: A systematic review and meta-analysis. Nutrients
(2014) 7:74-90. doi: 10.3390/nu7010074

22. Moon H, Whang D, Ko Y, Joo S, Yun Y, Hur M, et al. Reference interval and
determinants of the serum homocysteine level in a korean population. J Clin Lab Anal
(2011) 25:317-23. doi: 10.1002/jcla.20476

23. Pang H, Han B, Fu Q, Hao L, Zong Z. Association between homocysteine and
conventional predisposing factors on risk of stroke in patients with hypertension. Sci
Rep (2018) 8:3900. doi: 10.1038/s41598-018-22260-6

24. Smith R, Quigley F, Tosenovsky P, Velu R, Bradshaw B, Buettner P, et al. Serum
homocysteine is associated with the severity of primary chronic venous disease.
Phlebology (2016) 31:409-15. doi: 10.1177/0268355515592076

25. Zhang Q, Lin ], Zhang Z, Han L, Huang Q, Zhu J, et al. Mthfr polymorphism and
folic acid supplementation influence serum homocysteine levels in psoriatic patients
treated with methotrexate. J Clin Med (2022) 11:4580. doi: 10.3390/jcm11154580

26. Rauh M, Verwied S, Knerr I, Dérr H, Sénnichsen A, Koletzko B. Homocysteine
concentrations in a german cohort of 500 individuals: Reference ranges and
determinants of plasma levels in healthy children and their parents. Amino Acids
(2001) 20:409-18. doi: 10.1007/s007260170037

27. de Bree A, Verschuren W, Blom H, Kromhout D. Lifestyle factors and plasma
homocysteine concentrations in a general population sample. Am ] Epidemiol (2001)
154:150-4. doi: 10.1093/aje/154.2.150

28. Madsen J, Kristensen S, Klitgaard N, Bladbjerg E, Abrahamsen B, Stilgren L, et al.
Effect of long-term hormone replacement therapy on plasma homocysteine in
postmenopausal women: A randomized controlled study. Am ] Obstet Gynecol
(2002) 187:33-9. doi: 10.1067/mob.2002.123030

29. Zhao L, Li T, Dang M, Li Y, Fan H, Hao Q, et al. Association of
methylenetetrahydrofolate reductase (mthfr) rs1801133 (677c>t) gene polymorphism
with ischemic stroke risk in different populations: An updated meta-analysis. Front
Genet (2022) 13:1021423. doi: 10.3389/fgene.2022.1021423

30. Kong Y, Zheng J, Li L, Lu L, Wang J. Association of mthfr polymorphisms with
h-type hypertension: A systemic review and network meta-analysis of diagnostic test
accuracy. Int ] Hypertension (2022) 2022:2861444. doi: 10.1155/2022/2861444

31. Chen L, Wu C, Dong Z, Cao S, Ren N, Yan X. Methylenetetrahydrofolate
reductase polymorphisms and elevated plasma homocysteine levels in small vessel
disease. Brain Behav (2023) 13:e2960. doi: 10.1002/brb3.2960

32. Wu D, Wu Y, Deng J. Changes in homocysteine levels affect serum lipid response to
atorvastatin in patients with acute coronary syndrome: A retrospective observational study.
Clin Appl Thromb/Hemost (2020) 26:1076029620920369. doi: 10.1177/1076029620920369

33. Zhou Y, Tang J, Wu M, Lu J, Wei X, Qin Y, et al. Effect of folic acid
supplementation on cardiovascular outcomes: A systematic review and meta-
analysis. PloS One (2011) 6:¢25142. doi: 10.1371/journal.pone.0025142

34. Boushey C, Beresford S, Omenn G, Motulsky A. A quantitative assessment of
plasma homocysteine as a risk factor for vascular disease. Probable benefits of increasing
folic acid intakes. JAMA (1995) 274:1049-57. doi: 10.1001/jama.274.13.1049

35. Modaghegh M, Ravari H, Haghighi M, Rajabnejad A. Effect of folic acid therapy on
homocysteine level in patients with atherosclerosis or buerger’s disease and in healthy
individuals: A clinical trial. Electronic Physician (2016) 8:3138-43. doi: 10.19082/3138

36. Khan M, Saeedullah A, Andrews S, Igbal K, Qadir S, Shahzad B, et al. Adolescent
afghan refugees display a high prevalence of hyperhomocysteinemia and associated
micronutrients deficiencies indicating an enhanced risk of cardiovascular disease in
later life. Nutrients (2022) 14:1751. doi: 10.3390/nul14091751

37. Kowluru R, Mohammad G, Sahajpal N. Faulty homocysteine recycling in diabetic
retinopathy. Eye Vision (London England) (2020) 7:4. doi: 10.1186/s40662-019-0167-9

38. Losso J. The potential of dietary bioactive compounds against sars-cov-2 and
covid-19-induced endothelial dysfunction. Mol (Basel Switzerland) (2022) 27:1623.
doi: 10.3390/molecules27051623

39. Hou Y, Yun L, Zhang L, Lin J, Xu R. A risk factor-based predictive model for
new-onset hypertension during pregnancy in chinese han women. BMC Cardiovasc
Disord (2020) 20:155. doi: 10.1186/s12872-020-01428-x

40. Zhao M, Wang X, He M, Qin X, Tang G, Huo Y, et al. Homocysteine and stroke risk:
Modifying effect of methylenetetrahydrofolate reductase c677t polymorphism and folic acid
intervention. Stroke (2017) 48:1183-90. doi: 10.1161/STROKEAHA.116.015324

frontiersin.org


https://doi.org/10.1016/j.jacc.2020.11.021
https://doi.org/10.1097/CM9.0000000000002741
https://doi.org/10.1055/s-0038-1649503
https://doi.org/10.1016/j.scib.2023.08.018
https://doi.org/10.1186/s12889-022-14974-0
https://doi.org/10.1186/s12889-022-14974-0
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1093/eurheartj/ehac395
https://doi.org/10.1136/bmj-2022-071952
https://doi.org/10.3389/fmed.2022.812552
https://doi.org/10.1111/jch.14666
https://doi.org/10.1038/s41598-021-02340-w
https://doi.org/10.1186/1475-2891-14-6
https://doi.org/10.1016/j.ejim.2014.04.011
https://doi.org/10.1515/jtim-2015-0027
https://doi.org/10.1097/MD.0000000000021541
https://doi.org/10.2147/NDT.S409591
https://doi.org/10.7759/cureus.14958
https://doi.org/10.1186/s12872-020-01505-1
https://doi.org/10.1080/10641963.2017.1403621
https://doi.org/10.1080/10641963.2017.1403621
https://doi.org/10.3390/healthcare11020234
https://doi.org/10.3390/healthcare11020234
https://doi.org/10.3390/nu7010074
https://doi.org/10.1002/jcla.20476
https://doi.org/10.1038/s41598-018-22260-6
https://doi.org/10.1177/0268355515592076
https://doi.org/10.3390/jcm11154580
https://doi.org/10.1007/s007260170037
https://doi.org/10.1093/aje/154.2.150
https://doi.org/10.1067/mob.2002.123030
https://doi.org/10.3389/fgene.2022.1021423
https://doi.org/10.1155/2022/2861444
https://doi.org/10.1002/brb3.2960
https://doi.org/10.1177/1076029620920369
https://doi.org/10.1371/journal.pone.0025142
https://doi.org/10.1001/jama.274.13.1049
https://doi.org/10.19082/3138
https://doi.org/10.3390/nu14091751
https://doi.org/10.1186/s40662-019-0167-9
https://doi.org/10.3390/molecules27051623
https://doi.org/10.1186/s12872-020-01428-x
https://doi.org/10.1161/STROKEAHA.116.015324
https://doi.org/10.3389/fendo.2024.1369997
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED BY
Aleksandra Klisic,

Primary Health Care Center Podgorica,
Montenegro

REVIEWED BY

Di Wang,

Shanghai Jiao Tong University School of
Medicine, China

Siddharth Prakash,

University of Texas Health Science Center at
Houston, United States

*CORRESPONDENCE
Daoquan Peng
pengdg@csu.edu.cn

RECEIVED 25 December 2023
ACCEPTED 08 February 2024
PUBLISHED 26 February 2024

CITATION

Chen'Y, Zhu J, Guo X, Cao C, Xiao X, Zhu B,
Weng S, Hu D, Luo Y, Wang S, Wu S, He J,
Yang Y and Peng D (2024) Serum fetuin-a
and risk of thoracic aortic aneurysms: a two-
sample mendelian randomization study.
Front. Endocrinol. 15:1361416.

doi: 10.3389/fendo.2024.1361416

COPYRIGHT

© 2024 Chen, Zhu, Guo, Cao, Xiao, Zhu, Weng,
Hu, Luo, Wang, Wu, He, Yang and Peng. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Endocrinology

TvpPE Original Research
PUBLISHED 26 February 2024
D01 10.3389/fendo.2024.1361416

Serum fetuin-a and risk of
thoracic aortic aneurysms: a
two-sample mendelian
randomization study

Yang Chen™?, Jiayi Zhu'?, Xin Guo*?, Chenghui Cao'?,
Xuan Xiao'?, Botao Zhu'? Shuwei Weng'?, Die Hu'?,
Yonghong Luo™? Shuai Wang*?, Sha Wu'?, Jia He'?,
Yang Yang? and Daoquan Peng™*

‘Department of Cardiovascular Medicine, The Second Xiangya Hospital, Central South University,
Changsha, China, 2Research Institute of Blood Lipid and Atherosclerosis, Central South University,
Changsha, China

Background: Recent studies have revealed a significant decrease in serum
fetuin-A levels in atherosclerotic aneurysms, indicating that fetuin-A may play a
protective role in the progression of arterial calcification. However, the specific
mechanism behind this phenomenon remains unclear. We aimed to examine the
association between fetuin-A levels in thoracic aortic aneurysms (TAAs) and risk
of TAAs and to evaluate whether this association was causal.

Methods: A total of 26 SNPs were selected as instrumental variables for fetuin-A
in 9,055 participants of European ancestry from the CHARGE consortium, and
their effects on thoracic aortic aneurysm and decreased descending thoracic
aortic diameter were separately estimated in 353,049 and 39,688 individuals
from FinnGen consortium. We used two-sample Mendelian randomization (MR)
analysis to examine the causal association. At the same time, we employed
various methods, including random-effects inverse variance weighting, weighted
median, MR Egger regression, and MR PRESSO, to ensure the robustness of
causal effects. We assessed heterogeneity using Cochran’'s Q value and
examined horizontal pleiotropy through MR Egger regression and
retention analysis.

Results: Fetuin-A level was associated with a significantly decreasing risk of
thoracic aortic aneurysm (odds ratio (OR) 0.64, 95% Cl 0.47 - 0.87, P = 0.0044).
Genetically predicted fetuin-A was also correlated with the decreased
descending thoracic aortic diameter (3 = -0.086, standard error (SE) 0.036,
P = 0.017).
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Conclusions: Serum fetuin-A level was negatively associated with risk of TTAs
and correlated with the decreased descending thoracic aortic diameter.
Mendelian randomization provides support for the potential causal relationship
between fetuin-A and thoracic aortic aneurysm.

KEYWORDS

fetuin-A, thoracic aortic aneurysm, thoracic aortic diameter, mendelian randomization

analysis, mechanisms

1 Introduction

Aortic aneurysm is a critical cardiovascular disease
characterized by exceptionally high mortality rates. It is a
complex multifactorial condition influenced by both genetic and
environmental risk factors. Thoracic aortic aneurysms (TAAs) refer
to the dilation of the ascending part of the aorta, accounting for
one-third of the incidence of aortic aneurysm, which may lead to
dissection or aortic rupture (1). It is related to age, male, smoking,
hypertension, family history and genetic susceptibility.
Atherosclerosis is an infrequent underlying cause in most cases.
The precise etiology, however, remains incompletely elucidated,
underscoring the practical significance of early biomarker
identification and detection.

Fetuin-A, also referred to as oa2-Heremans-Schmid
glycoprotein or 02-HS glycoprotein, is a heterodimeric plasma
glycoprotein composed of 282 amino acids in the A chain and 27
amino acids in the B chain (2). It is primarily secreted by the liver
and can also be found widely expressed in various tissues (3).
Fetuin-A has also been shown to play a vital role in the development
of several disorders. It plays a role in regulating calcium
metabolism, osteogenesis, and insulin signaling pathways.
Additionally, it functions as a heterotopic calcification inhibitor,
protease inhibitor, inflammatory mediator, anti-inflammatory
mediator, and atherogenic factor (4). Recent studies (5, 6) have
demonstrated that elevated levels of plasma fetuin-A are linked to
an elevated risk of myocardial infarction and stroke. This suggests
that fetuin-A plays a role in the pathophysiology of cardiovascular
diseases. In an observational study (7) comprising 30 cases of
atherosclerotic aortic aneurysms, 15 cases of Marfan syndrome,
30 cases of peripheral arterial diseases, and healthy controls,
Szeberin et al. discovered a significant lower in the serum level of
fetuin-A in the atherosclerotic aortic aneurysm group. This finding
lends support to the notion that fetuin-A plays a protective role in
the process of arterial calcification. The plasma samples from six
patients with TAA before and after surgery, as well as from six
healthy controls, were analyzed by Kazamia et al. (8). The findings
revealed a significant decrease in the concentration of alpha-2-HS
glycoprotein (AHSG), also known as fetuin-A, in preoperative
plasma samples from TAA patients compared to healthy controls.
These results suggest that AHSG (fetuin-A) holds promise as a
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potential biomarker for TAA. However, the involvement of fetuiu-A
in the occurrence and progression of TAAs remains elusive.

Mendelian Randomization (MR) is a method that utilizes
genetic variations, particularly single nucleotide polymorphisms
(SNPs), as instrumental variables (IVs) to establish causal
relationships between diseases (outcomes) and risk factors
(exposures) (9). To date, no Mendelian Randomization (MR)
analysis has assessed the association between fetuin-A and
thoracic aortic aneurysm. Nevertheless, clinical data indicates a
significant reduction in serum fetuin-A levels within the aortic
aneurysm group. Hence, it is imperative to further investigate the
potential causal link between fetuin-A levels and thoracic
aortic aneurysm.

Our hypothesis posits that serum fetuin-A levels are inversely
correlated with the risk of thoracic aortic aneurysms. Given the
limited evidence regarding the causal relationship between fetuin-A
and the risk of thoracic aortic aneurysm, our objective is to employ
Genome-Wide Single Nucleotide Polymorphism Array(GWAS)
data to examine the causal between serum fetuin-A levels and the
risk of thoracic aortic aneurysms. Additionally, we will explore
potential causal associations through MR analysis, utilizing two
distinct datasets sourced from GWSA data.

2 Methods

2.1 Study population and instrumental
variables selection

The summary-level variants associated with fetuin-A expression
were obtained from the CHARGE Consortium, which included 9,055
participants of European ancestry (10). This study further derived 26
SNPs fetuin-A using a criterion of P < 5 x 10™® and LD r* < 0.4.
The F-statistic indicates the strength of the relationship between
SNPs and exposures. A higher F-statistic, typically greater than 10,
suggests a lower likelihood of causing weak instrument bias. The
genetic information of selected SNPs in detail is shown in
Supplementary Table 1.

The summary datasets of thoracic aortic aneurysms were
obtained from FinnGen release 9. We chose genetic association
data from a total of 353,049 European participants. Descending
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thoracic aortic diameter were derived from Pirruccello et al., which
trained deep learning model to identify genetic variants associated
with thoracic aortic diameter in 39,688 individuals (11). The
maximum size in the elliptical minor axis during the cardiac cycle
was defined as the aortic diameter, and its association with genetic
variants was analyzed in UK biobank patients. All MR Analyses
satisfy three basic assumptions: 1) instrumental variables are
strongly correlated with exposure factors; 2) Instrumental
variables are not correlated with confounding factors; 3)
Instrumental variables are not directly related to the results, and
their impact on the results can only be reflected through exposure.

2.2 Mendelian randomization analysis

We conducted MR analysis using the “TwoSampleMR’ package
in R. The inverse variance weighted (IVW) meta-analysis method
was chosen as the primary MR analysis, as it provides optimum
accuracy with decent IV quality (12). Different supplementary
methods, namely MR-Egger, weighted median, simple mode,
weighted mode, and maximum likelihood were utilized to
evaluate the causal association. The intercept of the MR-Egger
regression can represent horizontal pleiotropy, and it can be
applied in the presence of unbalanced pleiotropy (13). The
weighted median method continues to offer a consistent estimate
of the causal effect, even when over 50% of the instrumental
variables are deemed invalid (14). The robust adjusted profile
score (RAPS) method can better address the bias caused by
potential weak instruments and pleiotropy.

2.3 Sensitivity analyses

To further ensure IV quality, extensive sensitivity analyses were
performed. We used Cochran’s Q test to evaluate heterogeneity between
each IV. MR-Egger regression was employed to assess pleiotropy, with
an MR-Egger intercept indicating its existence. MR pleiotropy residual
sum and outlier (MR-PRESSO) method is also a powerful complement
for testing pleiotropy in MR, with the global test detecting horizontal
pleiotropy, and the outlier test can correct the estimate by removing
outliers if necessary (15). Furthermore, we utilized the PhenoScanner
database (http://www.phenoscanner.medschl.cam.ac.uk/) to evaluate
the potential associations between the selected IVs and any
confounding factors that could potentially impact outcomes (16). A
leave-one-out analysis was conducted to identify potentially influential
SNPs with significant effects on remaining IVW results.

2.4 Statistical analysis

All analyses were performed using R software (version 4.1.2). The
‘MRPRESSO’ package (version 1.0) was used for the MR-PRESSO
method, and ‘mr.raps’ package (version 0.2) for the RAPS method.
An online web tool (https://sb452.shinyapps.io/power/) was utilized
for power analysis. A P < 0.05 was considered statistically significant
in the primary analyses and Sensitivity analyses.
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3 Results

3.1 The causal effect of fetuin-A level on
thoracic aorta outcomes

Complete MR results are shown in the Supplementary Table 1.
Among four pollution exposures, IVW estimates that fetuin-A
expression was associated with a significantly decreasing risk of
thoracic aortic aneurysm (OR = 0.64, 95% CI: 0.47 - 0.87, P =
0.0044). Genetically predicted fetuin-A was also correlated with the
decreased descending thoracic aortic diameter ( = -0.086, SE =
0.036, P = 0.017) (Figure 1, Table 1). The ORs in all seven models
(fixed effects IVW, multiplicative random effects IVW, MR-Egger,
weighted median, simple mode, weighted mode, and maximum
likelihood) demonstrated the same direction, as evidenced in the
negative slopes of all the lines between fetuin-A levels and aortic
outcomes (Figure 2). The direction and significance of MR-PRESSO
and RAPS analyses are consistent with IVW for both thoracic aortic
aneurysm risks (MR-PRESSO: OR = 0.64, 95% CI: 0.50 - 0.83, P =
0.0024; RAPS: OR = 0.62, 95% CI: 0.47 - 0.83, P = 0.0014) and
descending thoracic aortic diameter (MR-PRESSO: 8 = -0.097, SE =
0.028, P = 0.0021; RAPS: B = -0.099, SE = 0.034, P = 0.0033).

3.2 Sensitivity analysis

The Cochran’s Q test detected no heterogeneity in our study.
MR-Egger regression indicated the existence of pleiotropy in the
relationship between fetuin-A level and the risk of thoracic aortic
aneurysm (P = 0.046). However, no pleiotropy was detected using
the MR-PRESSO global tests and no SNP was removed. The leave-
one-out analysis also determined that no IV substantially influenced
overall MR analysis results for all significant exposure-outcome
estimates (Supplementary Figure 1). All SNPs passed the
correlation strength threshold, as the minimum F-statistic was
33.18, indicating unlikely weak instrument bias for MR analysis
(Supplementary Table 2). The PhenoScanner search results revealed
that no IVs were associated with confounding traits of thoracic
aortic aneurysm risk or descending thoracic aortic diameter
(Supplementary Table 3). The MR results in our study were
relatively robust, indicating that high fetuin-A level is a protective
factor for thoracic aortic aneurysm and enlargement of the
descending thoracic aorta.

4 Discussion

This study employed a bidirectional two-sample Mendelian
randomization (MR) design to investigate the associations
between fetuin-A and thoracic aortic aneurysm, marking the first
instance of such analysis. Two-sample Mendelian randomization
analyses demonstrated that higher fetuin-A levels were associated
with a significantly reduced risk of thoracic aortic aneurysm
(odds ratio (OR) = 0.64, 95% confidence interval (CI): 0.47 - 0.87,
P = 0.0044) and a decrease in the diameter of thoracic aortic
aneurysms (B = -0.086, standard error (SE) = 0.036, P = 0.017).
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FIGURE 1

The causal effect of fetuin-A level on thoracic aorta outcomes. The odds ratios (ORs) are adjusted to genetically predict serum fetuin-A levels for

assessing the risk of thoracic aortic aneurysm. OR, odds ratio.

The presence of aortic aneurysms pose a significant risk to
cardiovascular health and can potentially be life-threatening. It can
be categorized into two types: thoracic aortic aneurysm and
abdominal aortic aneurysm, each with distinct underlying causes.
The development of thoracic aortic aneurysm primarily revolves
around changes in the extracellular matrix (17). As research
progresses, an increasing body of evidence has confirmed the
correlation between calcification of aneurysm walls and the
mortality rate associated with aneurysms (18, 19).

Kazamia et al (8). utilized liquid chromatography-tandem mass
spectrometry to examine proteins extracted from 14 thoracic aortic
aneurysms (TAAs) tissue samples and 12 non-aneurysmal thoracic
aortic tissue samples. They also analyzed plasma samples from 6
TAA patients before and after surgery and 6 healthy control
individuals. The findings revealed a notable reduction in the
concentration of Alpha-2-HS-glycoprotein (AHSG) (Also known
as fetuin-A) in the preoperative plasma samples compared to those

from the healthy controls, indicating that AHSG might serve as a
promising biomarker for TAA. This study represented the first
observation of the relationship between Fetuin-A and patients with
aortic aneurysms of various causes. Szeberin et al (7). conducted a
single-center cross-sectional observational study involving 105
patients, including 30 with atherosclerotic aortic aneurysm, 15
with Marfan syndrome, 30 with peripheral arterial disease, and 30
healthy controls. They analyzed the serum levels of fetuin-A. The
findings revealed a significant reduction in serum fetuin-A levels in
the atherosclerotic aortic aneurysm group, supporting the notion
that fetuin-A plays a protective role in the development of arterial
calcification. These results further substantiate the hypothesis that
fetuin-A may serve as an inhibitor of arterial calcification in
atherosclerotic patients, independent of diabetes and in the
absence of obvious renal dysfunction. This discovery has the
potential to enhance diagnostic capabilities for this condition.
This is the initial proposition suggesting that fetuin-A plays a role

TABLE 1 Causal effects assessed by IVW, RAPS, and MR-PRESSO, and sensitivity analyses for fetuin-A level on aortic outcomes.

: ] MR-PRESSO
Methods SE  P-value Mgzsgair > COCh;?:aSJeSt > Global Test
P-value
Thoracic aortic aneurysm vw -0.44 0.15 0.0044* 0.046* 0.631 0.537
RAPS -0.47 0.15 0.001*
MR-PRESSO -0.44 0.13 0.002*
Descending thoracic aortic diameter VW -0.09 0.04 0.017* 0.192 0.765 0.814
RAPS -0.10 0.03 0.003*
MR-PRESSO -0.10 0.03 0.002*

*P-value < 0.05 for mendelian randomization analysis.
“P-value < 0.05 for sensitivity analysis.

IVW, inverse variance weighted. RAPS, robust adjusted profile score. MR-PRESSO, mendelian randomization pleiotropy residual sum and outlier.
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The scatter plot for MR analyses of fetuin-A levels and the risk of thoracic aortic aneurysm using different MR methods. (A) The effect of SNPs on the
risk of thoracic aortic aneurysm; (B) The effect of SNPs on the risk of descending thoracic aortic diameter.

in the development of thoracic aortic aneurysms (TAAs) and may
potentially offer a protective effect.

Currently, the potential connection between fetuin-A and TAAs
remains uncertain. We employed a two-sample Mendelian
randomization study to explore whether a causal link exists between
them, and to assess the causal association between fetuin-A and aortic
diameter. The findings demonstrated a significant correlation between
fetuin-A expression and a reduced risk of thoracic aortic aneurysms
(OR=0.64, 95% CI: 0.47-0.87, P=0.00044). Additionally, gene-predicted
fetuin-A was also linked to a reduction in the diameter of thoracic
aortic aneurysms (8 = -0.086, SE = 0.036, P = 0.017).

Previous studies have indicated that the size of thoracic aortic
aneurysms is a critical predictor of rupture. Aneurysms with a
diameter of 5 to 6 centimeters tend to grow more rapidly and are at
a higher risk of rupturing compared to smaller aneurysms (20). In
recent years, an increasing number of studies have demonstrated
that aortic aneurysms often coincide with vascular calcification. The
calcification of arteries reduces their elasticity, which worsens the
occurrence and progression of aneurysms (21). As is widely known,
the primary pathophysiological mechanisms of thoracic aortic
aneurysms (TAAs) involve inflammation, apoptosis of smooth
muscle cells, and the secretion of proteases, which result in
the degradation of the extracellular matrix (ECM). Matrix
metalloproteinases (MMPs), particularly MMP-2 and MMP-9, are
activated and increased in expression in thoracic aortic aneurysm
(TAA) (22, 23). The action of MMPs, which damage ECM, can
result in a weakened medial layer of the aorta, potentially leading to
an aneurysm (24). Our findings demonstrate a significant
association between the level of fetuin-A and a reduced risk of
thoracic aortic aneurysm, along with a decrease in the diameter of
the thoracic aortic aneurysms. Meanwhile, fetuin-A, acting as an
inhibitor of ectopic calcification and proteases, is suggested to play a
protective role in the development of arterial calcification,
according to the relevant literature. Consequently, we propose
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that the mechanism by which fetuin-A protects against thoracic
aortic aneurysms appears to involve the inhibition of arterial
calcification, an influence on arterial diameter, and the
suppression of MMPs.

Nonetheless, our study has several limitations that warrant
consideration. Firstly, future updated Mendelian randomization
analyses using summary statistics from larger genetic studies
should be conducted to confirm the findings of our current MR
study. A significant constraint in our study is the inability to directly
assess the associations of individual genetic variants with potential
confounding factors related to the link between fetuin-A levels and
TAA. This limitation stems from our lack of knowledge regarding
potential confounders and the unavailability of individual-level data.
Notably, potential confounding variables, such as disease type,
disease state, age, sex, and others, may introduce biases into the
causal inferences drawn. A more comprehensive exploration of the
functions of selected instrumental variables and the refinement of
algorithms within the MR framework could potentially help mitigate
the impact of confounding factors. Thirdly, the measured fetuin-A
level at a specific timepoint may be influenced by transient factors,
such as age and inflammation, which might not accurately represent
the lifelong fetuin-A levels determined by the encoding gene. Fourth,
it is worth noting that the GWAS data used primarily comprised
samples of European ancestry, which may limit the generalizability
of our findings to other racial or ethnic populations. Finally,
although our study suggests a causal association between CSF
fetuin-A levels and TAA, it’s important to recognize that
mendelian randomization analysis provides a predictive result that
requires further validation. Therefore, the establishment of a causal
relationship and the underlying pathological mechanisms must be
explored. Although clinical trials have suggested the prioritization of
fetuin-A detection in thoracic aortic aneurysms, further evidence-
based confirmation is still required through large-scale clinical
randomized controlled trials.
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5 Conclusion

In conclusion, Mendelian randomization analysis has revealed a
negative correlation between serum fetuin-A levels and the risk of
TAA, accompanied by a lower in the diameter of TAA. The findings
of our study provide persuasive evidence for the early detection and
diagnosis of thoracic aortic aneurysms. Nevertheless, the underlying
mechanism remains unclear at present and warrants further
validation through animal experiments and large-scale clinical trials.
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Objective: Previous observational studies have identified a correlation between
elevated plasma homocysteine (Hcy) levels and polycystic ovary syndrome
(PCOS). This study aimed to determine whether a causal relationship exists
between Hcy and PCOS at the genetic level.

Methods: A two-sample Mendelian Randomization (TSMR) study was
implemented to assess the genetic impact of plasma levels of Hcy, folate,
vitamin B12, and vitamin B6 on PCOS in individuals of European ancestry.
Independent single nucleotide polymorphisms (SNPs) associated with Hcy
(n=12), folate (n=2), vitamin B12 (n=10), and vitamin B6 (n=1) at genome-wide
significance levels (P<5x10°®) were selected as instrumental variables (IVs). Data
concerning PCOS were obtained from the Apollo database. The primary method
of causal estimation was inverse variance weighting (IVW), complemented by
sensitivity analyses to validate the results.

Results: The study found no genetic evidence to suggest a causal association
between plasma levels of Hey, folate, vitamin B12, vitamin B6, and PCOS. The effect
sizes, determined through random-effect IVW, were as follows: Hcy per standard
deviation increase, OR = 1.117, 95%Cl: (0.842, 1.483), P = 0.442; folate per standard
deviation increase, OR = 1.008, ClI: (0.546, 1.860), P = 0.981; vitamin B12 per
standard deviation increase, OR = 0.978, CI: (0.808, 1.185), P = 0.823; and vitamin
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B6 per standard deviation increase, OR = 0.967, ClI: (0.925, 1.012), P = 0.145.
The fixed-effect IVW results for each nutrient exposure and PCOS were consistent
with the random-effect IVW findings, with additional sensitivity analyses reinforcing

these outcomes.

Conclusion: Our findings indicate no causal link between Hcy, folate, vitamin
B12, vitamin B6 levels, and PCOS.

KEYWORDS

polycystic ovary syndrome, homocysteine, B vitamins, Mendelian randomization,

instrumental variables

1 Introduction

Polycystic ovary syndrome (PCOS) is a complex endocrine
metabolic disorder characterized by hyperandrogenemia, oligo- or
anovulation, and polycystic ovarian morphology. According to the
Rotterdam criteria, approximately 8%-13% of women globally are
diagnosed with PCOS (1, 2). Beyond infertility, individuals with
PCOS frequently experience long-term health issues, including
obesity, insulin resistance, cardiovascular diseases, and other
metabolic dysfunctions (3, 4). The precise origins of PCOS
remain elusive; however, pathophysiological research indicates
that it is a heterogeneous condition influenced by genetic
predispositions, environmental factors, and hereditary
components (4, 5). Recent studies have highlighted a notably
increased risk of cardiovascular conditions such as coronary heart
disease and stroke among those with PCOS (6-8) and have
observed alterations in vascular endothelia associated with the
syndrome (9). Two extensive cohort studies in Denmark have
established that the risk of cardiovascular disease in PCOS is
elevated, independent of body mass index (BMI) (10, 11). Some
researchers have proposed viewing the cardiovascular risks
associated with PCOS and its sequelae as a “risk enhancer” (12).
Nevertheless, findings from recent Mendelian randomization (MR)
studies challenge earlier clinical observations (13) by refuting a
direct causal link between PCOS and major cardiovascular events
like coronary heart disease and stroke (14), indicating that
comorbid conditions of PCOS may significantly contribute to its
long-term adverse effects.

Homocysteine (Hcy), a sulfur-containing amino acid, is an
intermediate product in the metabolic conversion of methionine.
Hyperhomocysteinemia (HHcy, defined as a plasma Hcy level 215
mmol/L) can result from low dietary intake of folate or vitamin B12,
or from mutations in the MTHFR and CBS genes (15). A recent
meta-analysis illustrated that the pooled prevalence of HHcy among
Chinese females is 28%, indicating an upward trend (16).
Furthermore, studies have uncovered a causal link between
reduced vitamin B12 levels and an increased risk of PCOS (17),
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as vitamin B12 deficiency contributes to elevated Hcy levels.
Various investigations have confirmed the association between
higher Hcy levels and PCOS, demonstrating significant increases
in both circulating plasma and follicular fluid Hey levels in PCOS
patients (18, 19). Research involving PCOS patients who
experienced recurrent pregnancy loss (RPL) has shown that high
levels of Hcy in serum and follicular fluid induce apoptosis in
granulosa cells and impair villous angiogenesis, which may lead to
defects in embryo implantation and early miscarriage (20).
However, folate supplementation has been shown to mitigate the
effects of Hey (21). Elevated Hcy levels in PCOS patients have also
been linked to poor oocyte maturation, reduced fertilization rates,
and decreased embryo quality, thereby adversely affecting fertility
(22, 23). Moreover, high Hcy levels show linkage with obesity,
insulin resistance, and elevated androgen levels (24), contrasting
with previous meta-analysis results (25). High Hcy levels are also
related to insulin resistance and exacerbate hyperandrogenism, a
key feature of PCOS (25). After adjusting for age, BMI, insulin
resistance, and other variables, multivariable logistic regression
analysis revealed that serum Hcy significantly increases the risk of
PCOS [OR=1.172, CI: (1.032, 1.330)] (26). Consequently, Saadeh N
et al. have noted that serum Hcy strongly correlates with PCOS and
serves as an effective predictor for diagnosing PCOS [AUC=0.855,
CIL (0.811, 0.898)] (27).

The relationship between elevated Hcy levels and the incidence
of cardiovascular disease (CVD) has been substantiated by previous
research (28). Additionally, the interplay between HHcy and
biochemical HHcy may exacerbate cardiovascular risks in women
with PCOS (29). Insulin resistance and HHcy are prominent
features of PCOS, with insulin resistance prompting
compensatory HHcy. It has also been suggested that endogenous
opiates may contribute to HHcy in PCOS patients (30). Despite
adjustments for age, BMI, insulin resistance, and other factors,
serum Hcy levels remain significantly higher in PCOS patients,
potentially increasing the risk of developing PCOS (26). While
elevated Hcy levels are implicated in linking PCOS to
cardiovascular incidents, the direct association between PCOS
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and cardiovascular outcomes continues to be a subject of debate,
largely due to varying diagnostic approaches for PCOS and
definitions of CVD (31). Thus, further research is imperative to
elucidate the relationship between elevated Hcy levels and PCOS.

MR studies, through the natural grouping of instrumental
variables (IVs), offer a robust method for addressing potential
confounders and biases inherent in observational studies,
establishing a reliable causal relationship between Hcy and PCOS
at the genetic level, and also testing for reverse causality. This study
aimed to determine whether there is a causal relationship between
Hcy, folate, vitamin B12, and vitamin B6 and PCOS using MR
analysis. This investigation is crucial for identifying potential causes
of elevated Hcy levels in women with PCOS and the role of folate
supplementation in managing elevated serum Hcy levels in
this population.

2 Materials and methods
2.1 Data sources

Genome-wide association study (GWAS) data sources for Hcy,
vitamin B6, vitamin B12, folate, and PCOS are readily accessible
online (Figure 1). Single nucleotide polymorphisms (SNPs)
associated with these variables were employed as IVs in this
study. Ethical approval is not required for this study since it
utilizes data collected from published studies and public
databases. Detailed information regarding the ethical approval
and informed consent for each subject can be found in the
original publications where these data were first reported.

10.3389/fendo.2024.1393847

2.1.1 Exposed data sources

SNPs associated with serum Hcy concentrations were selected
from the largest genome-wide association meta-analysis conducted to
date (44,147 individuals of European ancestry) (32). SNPs related to
folate and vitamin B12 were derived from previous GWAS studies,
incorporating 37,465 and 45,576 individuals of European descent,
respectively (33). SNPs associated with vitamin B6 were obtained
from earlier GWAS research involving 1,864 individuals of European
descent (34, 35).

2.1.2 Data source of outcome

SNPs associated with PCOS were extracted from the current
largest GWAS, which included 10,074 cases and 103,164 controls
from seven European cohorts involved in the 1000 Genomes Project
or HapMap2 (36). The diagnostic criteria for PCOS were defined as
follows: NIH criteria (2,540 cases/15,020 controls), Rotterdam
criteria (2,669 cases/17,035 controls), and self-reported cases
(5,284 cases/82,759 controls). SNPs related to insulin resistance
and total testosterone levels were sourced from the IEU Open
GWAS project. Additionally, SNPs related to obesity were
obtained from FinnGen release 8 (http://r8.finngen.fi). The
FinnGen project is a pioneering research initiative that combines
genetic data with digital healthcare records from over 500,000
participants in Finnish biobanks (35).

2.2 Screening of Vs

Utilizing the 1000 European Genomic Reference Panels, we
applied the PLINK clustering method to evaluate the linkage
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FIGURE 1

Overview Mendelian randomization analysis of plasma homocysteine, folate, vitamin B12, and vitamin B6 level with polycystic ovary syndrome.
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disequilibrium of SNPs and selected independent SNPs with no
linkage disequilibrium as IVs. The selection criteria for these SNPs
were as follows: [1] They must satisfy the independence hypothesis,
with an r?<0.001, window size=10000kb and P value<5E-0% [2] A
minor allele frequency (MAF) of >0.01; [3] The absence of correlation
with potential confounding factors, as verified through the
PhenoScanner database (http://www.phenoscanner.medschl.
cam.ac.uk) (37); [4] In cases where specific PCOS GWAS data for
an SNP are unavailable, no proxy SNP is sought; [5] SNP
harmonization was carried out to correct allelic orientation, and
palindromic SNPs were excluded; [6] The strength of selected IVs
was calculated utilizing the F-statistic and R2, where R% = 2 x EAF x (1
- EAF) x B%(2 x EAF x (1 - (EAF) x B? * 2 x EAF x (1 - EAF) x N x
SE x [32] (EAF: effect allele frequency, : beta, N: sample size, SE,
standard error). The F-statistic was calculated as = (N-2) x R%/(1-R?)
(N: sample size) (38). An F-statistic below 10 was considered indicative
of a weak IV (39). The final selected SNPs are presented in
Supplementary Table S3.

2.3 MR analysis

To investigate the causal relationship between Hcy levels and
PCOS, we conducted a two-sample MR (TSMR) analysis. The
foundational assumptions of MR include [1] a strong correlation
between the IVs and the exposure, [2] no correlation between I'Vs and
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potential confounding variables, and [3] IVs influence the outcome
exclusively through the exposure. The inverse variance weighting
method (IVW) served as the primary analytical approach for MR
analysis (40). Cochrane’s Q value was employed to evaluate the
heterogeneity of SNP estimates. In the absence of significant
heterogeneity (P < 0.05), a fixed-effect model was utilized. If
heterogeneity was detected, a random-effects model was adopted
(41). Several important sensitivity analyses were then implemented.
The weighted median method provided an estimate consistent with
IVW when the effective IV proportion exceeded 50% (42). MR-Egger,
which uses the P-value of its intercept to assess horizontal pleiotropy,
often yields a broad confidence interval due to its limited statistical
efficiency (43). Furthermore, MR-PRESSO, grounded in the InSIDE
hypothesis, was used to detect and correct for bias potentially
introduced by pleiotropic outliers through a global test and outlier
removal (44). The robustness of the primary results was confirmed
through leave-one-out analysis, systematically excluding one SNP at a
time. To mitigate potential confounding effects related to PCOS,
SNPs were screened for confounding factors employing the
Phenoscanner V2 database. Power analyses were performed using
the mRnd network calculation tool (https://shiny.cnsgenomics.com/
mRnd/). Additional MR analyses were implemented to further
substantiate the relationship between Hcy, B vitamins, and PCOS
symptoms. All statistical analyses were executed utilizing R software
(version 4.3.1) with the “TwoSampleMR” and “MR-PRESSO”
packages. A P-value of <0.05 was deemed statistically significant.

FIGURE 2

Exposures/Outcome Methods SNPs OR(95%Cl) P value
Homocyseine/PCOS MR-Egger 12 1.265(0.675 to 2.372) {1 0.480
Weighed median 12 1.092(0.768 to 1.552) —{— 0.624
Maximum likelihood 12 1.119(0.857 to 1.462) —{F— 0.407
IVW (fixed—-effects) 12 1.117(0.857 to 1.457) —{— 0.412
IVW (random-effects) 12 1.117(0.842 to 1.483) —{— 0.442
Folate/PCOS Maximum likelihood 2 1.008 (0.545 to 1.861)  +———f }——— 0.980
IVW (fixed-effects) 2 1.008 (0.546 to 1.860)  ——df ———i 0.980
IVW (random-effects) 2 1.008 (0.546 to 1.860) e ——ri 0.980
Vitamin B12/PCOS MR-Egger 10 0.850 (0.587 to 1.231)  F—{F— 0.414
Weighed median 10 0.942 (0.726 to 1.223) —{— 0.654
Maximum likelihood 10 0.978 (0.808 to 1.185) = 0.822
IVW (fixed-effects) 10 0.978 (0.808 to 1.185) = 0.822
IVW (random-effects) 10 0.978 (0.808 to 1.185) —— 0.822
Vitamin B6/PCOS Wald Ratio 1 0.967(0.925 to 1.012) (] 0.145
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Association of homocysteine, folate, vitamin B12, and vitamin B6 with PCOS, SNP, single nucleotide polymorphism; OR, odds ratio; Cl, confience
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FIGURE 3
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Forest plot of the potential effects of homocysteine associated SNPs and vitamin B12-associated SNPs on PCOS. (A) Homocysteine-associated SNPs
on PCOS. (B) Vitamin B12 associated SNPs on PCOS. PCOS, polycystic ovary syndrome; MR, mendelian randomization; All-Inverse variance

weighted, random effects inverse variance weighted analysis.

3 Results
3.1 Causal effects of Hcy on PCOS

Fixed-effects models analyzed through IVW revealed that
genetically predicted Hcy levels were not significantly associated
with PCOS [odds ratio (OR) = 1.117, CL: (0.857, 1.457), P = 0.413].
These results were consistent with those obtained from the random-
effects model IVW analysis [OR = 1.117, CI (0.842, 1.483), P = 0.442].
Further analyses using MR-Egger, the weighted median method, and
maximum likelihood estimation supported these findings (Figure 2).
The potential causal effects of SNPs associated with Hcy on PCOS
were further explored and are depicted in Figure 3. A funnel plot
analysis indicated that the effects of Hcy were symmetrically
distributed, suggesting the absence of directional pleiotropy
(Supplementary Figure S1). Additionally, Cochran’s Q test for
heterogeneity was not significant (Q = 12.501, P = 0.327),
indicating a lack of variance across studies. No evidence of
horizontal pleiotropy was detected (P for intercept = 0.670), and

FIGURE 4

MR-PRESSO analysis confirmed the absence of outliers (Global test
P-value = 0.406) (Supplementary Table S5).

3.2 Causal effect of folate on PCOS

The fixed-effects model of IVW analysis revealed that
genetically predicted folate levels were not significantly associated
with PCOS [OR = 1.008, CI: (0.546, 1.860), P = 0.981]. This result
was corroborated by the random-effects model IVW analysis, with
consistent findings reported across all methods (Figure 2).

3.3 Causal effects of vitamin B12 on PCOS

The fixed-effects model of IVW analysis indicated that genetically
predicted vitamin B12 levels were not associated with PCOS [OR =
0.978, CI:(0.808,1.185), P = 0.823]. These findings were consistent
with the random-effects model IVW analysis. Further analyses using

Leave-one-out analysis for the association of homocysteine and vitamin B12 with PCOS. (A) Homocysteine on PCOS. (B) Vitamin B12 on PCOS

PCOS, polycystic ovary syndromme.
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MR-Egger, the weighted median, and maximum likelihood
confirmed these results, as shown in Figure 2. The potential causal
effect of SNPs associated with vitamin B12 on PCOS was assessed and
detailed in Figure 3. The funnel plot analysis demonstrated
symmetrically distributed effects of vitamin B12, with no evidence
of directional pleiotropy (Supplementary Figure S1). Moreover,
Cochran’s Q test revealed no significant heterogeneity (Q = 7.470,
P =0.588), and there was no detection of horizontal pleiotropy (P for
intercept = 0.410) or outliers in the MR-PRESSO analysis (global test
P =0.583) (Supplementary Table S5).

3.4 Causal effects of vitamin B6 on PCOS

The Wald Ratio analysis for genetically predicted vitamin B6
levels found no significant correlation with PCOS [OR=0.967, CI:
(0.925,1.012), P = 0.145], as displayed in Figure 2. Due to the use of
only one SNP in the IV set for vitamin B6, further pleiotropic tests
and sensitivity analyses were not feasible.

3.5 Sensitivity analysis

Leave-one-out analysis demonstrated that the effects of Hcy and
vitamin B12 on PCOS remained unchanged with the sequential
exclusion of any single SNP (Figure 4). The power assessment results
are detailed in Supplementary Table S4. Furthermore, a thorough
review of each SNP’s pleiotropy using the Phenoscanner V2 database
revealed a previously identified Hcy SNP (rs548987) associated with
BMI, which showed a significant association with PCOS
(Supplementary Table S2). Reevaluation of the effect sizes, after
excluding this SNP, yielded consistent results (Supplementary Figure
S2). Additionally, we identified a causal association between vitamin
B12 and obesity, evidenced by an OR of 0.938 (95% CI: 0.891-0.988, P
=0.013). No causal relationships were found between Hcy, B vitamins,
and other metabolic traits such as insulin resistance, obesity, or total
testosterone levels (Supplementary Figure S3). A reporting checklist for
this TSMR study is provided in Supplementary Table SI.

4 Discussion

In this study, we investigated the potential causal associations
between plasma levels of Hcy, folate, vitamin B12, and vitamin B6 and
the risk of PCOS. Our findings indicated that there was no substantial
evidence to suggest that genetically predicted levels of Hcy, folate,
vitamin B12, and vitamin B6 were causal factors for PCOS.

Our investigation found no genetic causal connection between
elevated genetically predicted plasma Hcy levels and the incidence of
PCOS. This conclusion contrasts with several observational studies that
have reported increased plasma Hcy levels in women with PCOS (18, 27,
45). Homocysteine thiolactone, an active metabolite of Hcy, has been
demonstrated to disrupt tyrosine phosphorylation in the insulin receptor
B-subunit and related substrates, hindering phosphatidylinositol 3-
kinase activity and subsequently reducing insulin-mediated glycogen
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synthesis, a key factor in the development of insulin resistance (46).
Experimental studies in a PCOS mouse model indicate that HHcy could
intensify insulin resistance and inflammation in adipose tissue by
altering macrophage M2 polarization via estrogen inhibition (19).
Common metabolic disturbances associated with PCOS, such as
insulin resistance and hyperinsulinemia, have also been associated
with elevated Hcy levels, which are further linked to heightened risks
of hyperinsulinemia and atherosclerosis (47). Biochemical
hyperandrogenism, another hallmark of PCOS, significantly correlates
with increased HHcy risks, showing an effect size of 2.24 (95% CI: 1.26—
4.01) (29). Ting Li et al. found that androgens may escalate Hcy levels by
inhibiting the mammalian target of rapamycin pathway in granulosa
cells from PCOS-affected mice (48). It is hypothesized that the higher
incidence of HHcy observed in the PCOS population might reflect an
increased mutation rate of the MTHFR gene, particularly in Asian
populations, where polymorphisms such as MTHFR rs1801131 and
MTHER rs1801133 could be contributing factors to elevated Hcy levels
in PCOS (49). Despite these associations, our sensitivity analysis found
no evidence of a causal link between Hcy levels and the risk of PCOS or
its related symptoms, including insulin resistance, obesity, and total
testosterone levels.

The relationship between vitamin B12 supplementation and the
risk of PCOS remains a topic of debate. Vitamin B12 acts as a methyl
donor in conjunction with folate in the methylation process. A
deficiency in vitamin B12 can impede the Hcy remethylation
pathway, leading to increased levels of circulating Hcy (50).
Previous randomized controlled trials (RCTs) have demonstrated
that supplementation with vitamin B12 and folate effectively reduces
blood Hcy levels in PCOS patients (51). However, our results
indicated no significant causal relationship between genetically
predicted vitamin B12 levels and the risk of PCOS. Contrastingly,
another recent MR study (17) reported findings that suggest
genetically predicted vitamin B12 may reduce the risk of PCOS
(IVW-MR: OR = 0.753, CI = [0.5688-0.998], P = 0.048) and obesity
(IVW-MR: OR = 0917, CI = [0.843-0.995], P = 0.037). These
discrepancies between studies could be attributed to several factors:
First, Shen JY et al. did not apply Bonferroni or False Discovery Rate
(FDR) corrections for P values, which could increase the risk of false
positives due to multiple testing. Second, the inconsistency in GWAS
data sources for PCOS may also influence outcomes. Shen JY et al.
utilized data from the FinnGen database, which included 642 cases
and 118,228 controls, whereas our study used data from the largest
PCOS GWAS to date, Apollo, with 10,074 cases and 103,164 controls.
Despite these differences, our sensitivity analysis revealed that
vitamin B12 deficiency was associated with an increased risk of
obesity, aligning with previous findings (17).

Previous research has established that a deficiency of vitamin B6
in the general population leads to an elevated Hcy levels (52).
Vitamin B6 is crucial for the catabolic pathway of Hcy, catalyzing
the conversion to cysteine. However, in this study, only one effective
IV for vitamin B6 was identified, which may limit the statistical power
of our findings and affect the reliability of the observed negative
causal relationship between vitamin B6 and PCOS (42).
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folate supplementation is a recognized therapeutic strategy to
reduce elevated HHcy levels. As a vital component in Hcy
metabolism, a decrease in serum folate is one of the primary
causes of HHcy. Recent meta-analyses and RCTs have shown that
folate supplementation can improve insulin resistance and glucose
metabolism in individuals (53). Specifically, two prior RCTs
demonstrated that daily supplementation of 5 mg of folate for
eight weeks significantly reduced Hcy levels, inflammatory markers,
and HOMA-IR scores in PCOS patients (54, 55). The underlying
mechanism is likely related to folate’s role in enhancing the DNA
methylation of genes involved in metabolic regulation (56), which
helps to mitigate cellular and protein damage caused by oxidative
stress and maintains endothelial function through single-carbon
metabolism (57). Moreover, a recent systematic review involving
eight RCTs highlighted that folate supplementation not only
improves BMI in women with HHcy but also in women with
PCOS (58); Folate supplementation could be particularly beneficial
for obese PCOS patients with HHcy.

This study’s primary strength lies in its utilization of the largest
available GWAS data on Hcy-SNPs and PCOS-SNPs, employing a
MR design. This approach enhances the causal inference of the
relationship between Hcy, B vitamins, and PCOS by reducing
residual confounding and other biases. However, the study is not
without limitations. Firstly, the number of genome-wide association
studies and single nucleotide polymorphisms available for analysis in
PCOS is relatively limited. Azziz R has indicated that the identified
loci might account for less than 20% of the heritability of PCOS,
which raises concerns about the comprehensiveness of the results
obtained from MR analysis (59). Secondly, the current GWAS data
for PCOS do not include subtype classification based on the
Rotterdam recommendations, which restricts our ability to discern
potential associations between Hcy exposure and specific PCOS
subtypes. Thirdly, this study is based primarily on data from
European populations, limiting its applicability to other ethnic
groups. Such geographical and genetic specificity might hinder the
generalization of the findings to broader, more diverse populations.
Fourthly, while we have elucidated the relationship between Hcy and
PCOS from a genetic standpoint, it is important to recognize that
PCOS is a complex endocrine and metabolic disorder influenced by
genetic, metabolic, and environmental factors. Consequently, our
results, focused solely on genetic contributions, may present certain
limitations in fully capturing the multifaceted nature of PCOS.

5 Conclusions

The findings from our MR analysis currently provide no evidence
to support a causal relationship between genetically predicted Hcy
levels and PCOS. Additionally, supplementation with folate and
vitamin B12 does not appear to reduce the risk of PCOS. Given
these results, further research is essential to explore the impact of Hey
on various subtypes of PCOS, as defined by the Rotterdam criteria.
Such investigations are critical for enhancing our understanding of
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PCOS and could potentially lead to more effective treatment
strategies for PCOS patients exhibiting clinical HHcy.
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Introduction: Type 2 diabetes mellitus (T2DM) is a major cause of atherosclerosis
(AS). However, definitive evidence regarding the common molecular
mechanisms underlying these two diseases are lacking. This study aimed to
investigate the mechanisms underlying the association between T2DM and AS.

Methods: The gene expression profiles of T2DM (GSE159984) and AS (GSE100927)
were obtained from the Gene Expression Omnibus, after which overlapping
differentially expressed gene identification, bioinformatics enrichment analyses,
protein—protein interaction network construction, and core genes identification
were performed. We confirmed the discriminatory capacity of core genes using
receiver operating curve analysis. We further identified transcription factors using
TRRUST database to build a transcription factor—-mRNA regulatory network. Finally,
the immune infiltration and the correlation between core genes and differential
infiltrating immune cells were analyzed.

Results: A total of 27 overlapping differentially expressed genes were identified
under the two-stress conditions. Functional analyses revealed that immune
responses and transcriptional regulation may be involved in the potential
pathogenesis. After protein—protein interaction network deconstruction, external
datasets, and qRT-PCR experimental validation, four core genes (IL1B, C1QA,
CCRS5, and MSR1) were identified. ROC analysis further showed the reliable value
of these core genes. Four common differential infiltrating immune cells (B cells,

Abbreviations: T2DM, type 2 diabetes mellitus; AS, atherosclerosis; DEGS, differentially expressed genes;
PPI, protein—protein interaction; ROC, receiver operating curve; Tregs, regulatory T cells; TF, transcription
factors; TRRUST, transcriptional regulatory relationship unraveled by sentence-based text mining; IICs,
infiltrating immune cells; AUC, area under the ROC curve; LAPTMS5, lysosomal-associated protein
transmembrane 5; Ig, immunoglobulin; MSRI, macrophage scavenger receptor 1; SPIl, SPI-1

proto-oncogene.
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CD4+ T cells, regulatory T cells, and M2 macrophages) between T2DM and AS
datasets were selected based on immune cell infiltration. A significant correlation
between core genes and common differential immune cells. Additionally, five
transcription factors (RELA, NFkB1, JUN, YY1, and SPI1) regulating the transcription
of core genes were mined using upstream gene regulator analysis.

Discussion: In this study, common target genes and co-immune infiltration
landscapes were identified between T2DM and AS. The relationship among five
transcription factors, four core genes, and four immune cells profiles may be
crucial to understanding T2DM complicated with AS pathogenesis and

therapeutic direction.

KEYWORDS

atherosclerosis, type 2 diabetes mellitus, bioinformatics, immune infiltration,
molecular mechanisms

1 Introduction

Atherosclerosis (AS) is a fatal complication of diabetes mellitus
and the leading cause of death for patients worldwide (1). In 2021,
there were approximately 537 million people with diabetes
worldwide, and patients with type 2 diabetes mellitus (T2DM)
represent over 90% of this population. Recent data have suggested
that patients with T2DM have advanced coronary plaques with
larger necrotic core areas and higher arterial media calcification (2).
Severe and extensive AS develops almost two decades earlier than
people without T2DM (3). Therefore, to reduce cardiovascular
events, improving the diagnosis and treatment of high-risk
plaques in susceptible populations is essential (4).

T2DM and AS are chronic inflammatory diseases primarily caused
by metabolic disorders. Hyperinsulinemia increases the circulating fat
levels of pro-inflammatory and pro-atherogenic factors (5). Similarly,
glucose overload induces oxidative stress and activates pro-
inflammatory signaling pathways (6). In addition, metabolic disorders
are associated with an altered immune response. Autoimmunity is
crucial in the coronary artery formation process, such as fat streak
formation, plaque calcification, plaque rupture, and thrombosis.

Although these factors contribute to the modification of
microvascular and macrovascular structures and plaque formation
(7), the systematic pathological mechanism of T2DM complicated
with AS in a genetic and cellular level is still unclear. Therefore, it
restricts the research and development of targeted drugs.
Bioinformatics analysis based on high-throughput data and gene
microarray technology have provided new strategies for discovering
therapeutic targets in recent years. We obtain high-throughput data
and microarray datasets from GEO to investigate overlapping
differentially expressed gene (DEGs) between T2DM and AS. Then,
the network deconstruction method was used to dimension reduction
to obtain the core genes. The biological function of the core genes
were determined by enrichment analysis, and the correlation between
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core genes and the differential infiltrated immune cells (IICs), which
was screened by immune infiltration analysis, was confirmed by
Spearman test. To sum up, IL1B, C1QA, CCR5, and MSR1 were
identified as core genes that might serve as biomarkers for T2DM
complicated with AS. They were very informative for diagnosis and
may become new therapeutic targets for therapy.

2 Materials and methods
2.1 Data collection

We searched for related gene expression or high-throughput
sequencing datasets using 1) “atherosclerotic” and “type 2 diabetes”
as keywords, 2) the test specimens in datasets derived from human
tissues, and 3) the largest possible sample size. Finally, two high-
throughput sequencing datasets (GSE159984 and GSE164416) and
two microarray datasets (GSE100927 and GSE28829) were obtained
from the National Center for Biotechnological Information (NCBI)
Gene Expression Omnibus https://www.ncbi.nlm.nih.gov/geo/)
database. GSE159984 (including 28 patients with T2DM and 58
controls) and GSE100927 (comprising 29 patients with AS and 12
controls) were used to screen for DEGs, while GSE164416 (including
39 patients with T2DM and 18 controls) and GSE28829 (comprising
16 patients with advanced carotid plaque and 13 with early carotid
plaque) were used as external validation datasets. Table 1 summarizes
the information for the datasets selected.

2.2 Overlapping DEG identfication and
enrichment analyses

DEG analysis was filtered using the “edgeR” or “limma” package

(8,9) in R (version 4.3.1), and the results were visualized using the
“ggplot2” package. We obtained DEGs with |log2fold change>1 and
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TABLE 1 The information of GEO datasets.

10.3389/fendo.2024.1381229

GEO Disease Sample type Control :
Type Platform ampte typ Sample type in controls
dataset samples in patients samples
high
h islets fi 2
GSE159984 throughput GPL16791 28 uman 1s et's rom type 58 human islets from non-diabetic donor
: diabetic donor
sequencing
human atherosclerotic carotid human carotid artery arteries without
GSE100927 array GPL17077 29 12 . .
artery from donor atherosclerotic lesions from control donor
high
h islets fi 2
GSE164416 throughput GPL16791 39 uman‘ s et‘s rom type 18 human islets from non-diabetic donor
. diabetic donor
sequencing
advanced X
GSE28829 array GPL570 16 13 early atherosclerotic plaque

atherosclerotic plaque

p-adj<0.05 in T2DM and AS diseases, respectively. Overlapping
DEGs in the same direction between T2DM and AS were identified
using the online Venn diagram tool (https://bioinfogp.cnb.csic.es/
tools/venny/). KEGG and GO enrichment analyses of the
overlapping DEGs were performed using the “clusterProfiler”
package (10).

2.3 Protein—protein interaction network
construction and hub gene screening

The overlapping genes were imported into the STRING database
(http://string-db.org) (11) to construct a protein—protein interaction
(PPI) network with complex relationships (interactions combined
score >0.4), and this network was visualized in Cytoscape 3.82
(version 3.8.1). Four algorithms (MCC, MNC, Degree, and
Closeness) take intersection to identify hub genes using the
cytoHubba plug-in (12). Enrichment analysis and co-expression
networks of hub genes were performed using “clusterProfiler”
package and GeneMANIA (http://www.genemania.org/) (13),
respectively. The molecular complex detection technology
(MCODE), a plugin in Cytoscape, was used to deconstruct the
functional modules. The selection criteria were set as degree
cutoff=2, K-core=2, node score cutoff=0.2, and maximum depth=100.

2.4 External database verification and qRT-
PCR experiments analysis

The GSE164416 and GSE28829 datasets were used for external
verification. Significance was calculated using the Student’s t-test,
and p < 0.05 was considered statistically significant. Then,
statistically significant genes were selected for further quantitative
real-time PCR (qRT-PCR) analysis in animal models. Male C57BL/
6] and ApoE™~ mice were purchased from Weitonglihua
Corporation (Beijing, China). To induce diabetic atherosclerosis
models, ApoE™"~ mice were given streptozocin (50 mg/kg/day) by
intraperitoneal injection for 5 days consecutively and fed on high-
fat diet for 16 weeks (14). C57BL/6] mice were fed on normal-chow
diet for 16 weeks after injected with vehicle used in the control
group, pool of two groups, five mice per group. The total RNA of
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thoracic aortas was isolated with RNA extraction reagent (G3013,
Servicebio, China) and reverse transcribed with SweScript All-in-
one RT SuperMix (G3337, Servicebio, China). Reactions were run
using CFX Connect (Bio-Rad) with 2x Universal Blue SYBR Green
qPCR Master Mix (G3326, Servicebio, China). GAPDH was
deemed as an internal control, and the results were determined
with the 274" method.

Similarly, the level of significance used was 0.05.

Primers sequences are listed in Supplementary Table S1. All
animal care and experimental procedures were approved by the
animal ethics committee of the Ethics Committee of Xiyuan
Hospital, China Academy of Chinese Medical Sciences.

2.5 Core gene identification
and diagnosing

Based on the results of qRT-PCR analysis, genes with significant
statistical differences (p < 0.05) were regarded as core genes. Thus,
core genes were identified successfully through multiple
bioinformatics mining, external datasets validation, and qRT-PCR
experimental verification. To determine the value of each core genes
and multiple genes in diagnosis of T2DM complicated with AS, we
executed receiver operating characteristic (ROC) curve analysis,
respectively. The diagnostic capacity of core genes was quantified
using the area under ROC curve (AUC) in GSE164416 and
GSE28829 datasets. The “pROC” R package was used to generate
ROC curves (15). The greater the AUC value, the more superior the
discriminatory ability of the model. An AUC closer to 1 indicates
better prediction, and an AUC>0.7 indicates good diagnostic efficacy.

2.6 Transcription factor prediction

Transcriptional regulatory relationships unraveled by sentence-
based text mining (TRRUST) were used to obtain candidate
transcription factors (TFs) that regulate core genes (16). This
database contains abundant information about TFs associated with
target genes and their regulatory relationships with TFs. Statistical
significance was defined as an adjusted p<0.05. We constructed a TF
mRNA regulatory network and visualized it using Cytoscape.
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2.7 Immune cell infiltration calculation and
correlation analysis

We performed immune infiltration analysis to reveal the
underlying immune pathogenesis of T2DM complicated with AS.
QuanTIseq is a validated deconvolution-based algorithm that
estimates the absolute proportions of relevant immune cell types.
Thus, we used quanTIseq algorithm to obtain the immune cell
infiltration differences between normal group and disease group.
Based on “IOBR” packages, relative percentage, different immune
cell types were analyzed using GSE164416 and GSE100927 datasets.
The results were output as bar graphs and violon plots, respectively.
Subsequently, the correlations between core genes and IICs were
conducted using Spearman analysis, and the results were visualized
using “ggplot2” package.

3 Results

3.1 Identification and functional analysis of
overlapping DEGs

The study’s flow chart is shown in Figure 1. In total, 116 and
803 DEGs were obtained from the GSE159984 and GSE100927

10.3389/fendo.2024.1381229

datasets, respectively (Figures 2A, B). After taking the
intersection between the two datasets, 27 overlapping DEGs
with the same expression trends (26 upregulated and 1
downregulated) were identified from the two datasets
(Figures 2C, D). The list of the differential gene expression is
included as Supplementary Data. The DEGs lists have been
included as Supplementary Tables 2-4.

To explore the potential biological function, GO enrichment
and KEGG pathway for the overlapping DEGs were performed
using R. According to the GO analysis findings, positive regulation
of cytokine production, activation of immune response, and
negative regulation of leukocyte activation were significantly
enriched in the biological process (BP) entries, specific granule,
collagen trimer, and specific granule membrane were significantly
enriched in the cellular component (CC) entries, and
oxidoreductase activity, growth factor receptor binding, and
phosphotyrosine residue binding were significantly enriched in
the molecular function (MF) entries (Figure 3A; Supplementary
Table S5). In addition, complement and coagulation cascades,
chemokine signaling pathway, and IL-17 signaling pathway were
significantly enriched in the KEGG entries (Figure 3B;
Supplementary Table S6). These results indicate that immune-
related processes and chemokines may be crucial in the
development of T2DM complicated with AS.

T2DM
GSE159984

AS
GSE100927

DEGs analysis
(27 Overlapping DEGs )

Enrichment analysis | PPI network construction

Enrichment analysis

GSE164416 (T2DM)
GSE28829 (AS)

Hub genes
(N=12)
MCODE module
N=7)
External validation
QRT-PCR
¥

Co-expression analysis
through GeneMANIA

GSE164416 (T2DM)

4 Core genes

GSE100927 (AS)

GSE164416 (T2DM)
GSE28829 (AS)

ROC analysis

TFs prediction TRRUST

Immune cell infiltration analysis

TF-mRNA regulatory network

FIGURE 1
Flow diagram for this study.
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FIGURE 2

Venn diagram shows the intersection of differentially expressed genes (DEGs) between type 2 diabetes mellitus (T2DM) and atherosclerosis (AS). The
volcano plot of the DEGs in GSE159984 and GSE100927 is shown in panels (A, B). Red indicates gene upregulation, green indicates gene
downregulation, and gray indicates that the genes had no significant changes. (C) Venn diagram shows the downregulated genes in GSE159984 and
GSE100927. (D) Venn diagram shows the upregulated genes in GSE159984 and GSE100927.

3.2 PPl network construction and hub
genes selection

The PPI network of overlapping DEGs contained 26 nodes and 77
interaction pairs. The topological parameters of nodes in this network
were are in Supplementary Table S7. Four algorithms (MCC, MNC,
Degree, and Closeness) in the CytoHubba plugin were used to identify
the hub genes (Supplementary Table S8). The middle part of Figure 3C
represents the intersection of the four algorithms. The schematic
diagram of PPI network deconstruction and the network constructed
with hub genes is shown in Figure 3D. A total of 12 hub genes were
identified, and these genes were TYROBP, IL1B, C1QA, C3ARI, FGR,
CCR5, LAPTM5, C1QC, CD52, MSR1, HAVCR2, and ALOX5AP. To
further investigate the biological characteristics of these genes, we
analyzed the related functions of hub genes’ co-expression network
using GeneMANIA database. The biological functions are associated
with immune and inflammatory-related processes, such as the
regulation of humoral immune response, complement activation,
humoral immune response, interleukin-2 production, and negative
regulation of immune system process (Supplementary Figure S1).

3.3 MCODE module partition and analysis

Molecular complex detection (MCODE) plugin was used to
screen out an important subnetwork in hub genes network, and this
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subnetwork included 7 nodes and 18 pairs. The seven nodes were
TYROBP, IL1B, C1QA, C3ARI1, CCR5, C1QC, and MSR1, and the
scores are shown in Supplementary Table S9. Then, the enrichment
analysis revealed that the nodes in MCODE network were significantly
enriched in inflammatory response and cytokine transcript regulation,
specifically, the results of BP enrichment in activation of immune
response, leukocyte-mediated immunity, and positive regulation of
cytokine production, and the KEGG pathway enrichment in
complement and coagulation cascades, efferocytosis, cytokine-
cytokine receptor interaction, and type I diabetes mellitus (Figure 4;
Supplementary Tables S10, S11). Together with the preceding results,
we suggest that changes in the immune microenvironment affected by
cytokines and inflammatory responses may be a common mechanism
of the T2DM complicated with AS.

3.4 Diagnostic efficacy of core genes

To identify reliable core genes, we carried out both external
validation and animal experiments according to genes in MCODE
network. The expression levels of seven genes, except for C3AR1, in
the T2DM dataset (GSE164416) were significantly higher than that
in the control samples (Figure 5A). Similarly, the expression levels
of the seven genes were upregulated in atherosclerotic samples
compared with control (GSE28829, Figure 5B), and p<0.05 was
considered statistically significant. Then, we detected the expression
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from four algorithms (MCC, MNC, Degree, and Closeness) in the PPl network was indicated as Venn diagrams. (D) The results of the PPI network of
overlapping genes and sub-network obtained from it. From top to bottom is the overlapping genes’ PPl network, hub genes’ network, and MCODE

module network, respectively.

levels of TYROBP, IL1B, C1QA, CCR5, CIQC, and MSRI1 in
thoracic aortas of mice. The results demonstrated that the
expression of IL1B, C1QA, CCR5, and MSR1 was increased
(p<0.05) in the model mice of T2DM complicated with AS
compared with control groups (Figure 5C). Therefore, combining
the above results, we identified four core genes, which are IL1B,
C1QA, CCR5, and MSRI1.

Subsequently, ROC curves were generated to further evaluate the
diagnostic value of the validated core genes. The AUCs of ILIB,
C1QA, CCRS5, and MSR1 were 0.722, 0.778, 0.668, and 0.749,
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respectively, in the T2DM-related validation dataset (Figure 5D).
Moreover, the AUC values of all validated core genes were >0.7 in the
AS-related validation dataset, with AUC of 0.721, 0.938, 0.962, and
0.856 for IL1B, C1QA, CCR5, and MSR1, respectively (Figure 5E). At
the multigene expression level, after linear fitting of all validated core
gene expression models, the AUC value of the multigene combined
diagnosis of T2DM and AS was 0.802 and 1.0, respectively
(Figures 5F, G). These results reveal that core genes possess good
discriminatory ability, and multigene combined diagnosis has a
significantly higher predictive power than single gene.
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3.5 Immune cell infiltration and
correlation analysis

As described above, the result of the enrichment analysis
suggested that the immune response might play a crucial role in
the course of T2DM complicated with AS. We examine how the
immune system works by immune infiltration analyses. This
analysis revealed that T2DM diseases were infiltrated by several
immune cells, of which regulatory T cells (Tregs), myeloid dendritic
cells, and M2 macrophages occupied the top 3 most counts of
immune cell subpopulations (Figure 6A). Subsequently, we further
analyzed differences in immune cell subgroups between the T2DM
samples and the control pools (Figure 6B). The number of M1 and
M2 macrophages and CD4+ T cells in the T2DM group was
significantly higher than that in the control group (p<0.05 or
p<0.01), while the number of B cells and Tregs was lower (p<0.01).

For the case of AS, the immune cell compositions of the AS and
control group are shown in Figure 6C. M1 and M2 macrophages
and myeloid dendritic cells occupied the top 3 most counts of
immune cell subpopulations. Patients with AS had significantly
higher numbers of M2 macrophages and CD4+ T cells than the
controls (p<0.001), and there were fewer B cells, monocytes, and
Tregs than those in the control group (p<0.01) (Figure 6D).

In order to investigate whether or not core genes were linked to
IICs, the correlations were conducted using Spearman analysis. In
T2DM, there is a positive relationship between C1QA, CCR5,
MSRI1, and M1 macrophages, and a negative relationship between
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C1QA, MSR1, and CD8+ T cells, Tregs, and myeloid dendritic cells
(p<0.05 or p<0.01). In AS, there have a positive relationship
between IL1B, C1QA, CCR5, MSR1, and M1 macrophages, M2
macrophages, CD4+ T cells, CD8+ T cells, and myeloid dendritic
cells, and a negative relationship between MSR1 and B cells and
Tregs (p<0.05 or p<0.01) (Figure 6E). The details of differential IICs
selection results and correlation analysis are shown in
Supplementary Tables S12, S13, respectively.

3.6 Integrated TF-mRNA network

TRRUST is a TF-target interaction database that shows
regulatory regulation between TF and target genes. According to
TF binding site information provided in TRRUST, potential key
regulators for core genes were selected, a total of 10 associations
between five TFs (SPI1, RELA, NFKBI1, YY1, and JUN) and four
core genes (IL1B, CIQA, CCR5, and MSR1). As shown in
Supplementary Table S14, SPI1 regulated two genes (IL1B and
MSR1), YY1 regulated two genes (IL1B and CCR5), JUN regulated
two genes (IL1B and MSR1), RELA regulated two genes (IL1B and
CCR5), and NFKBI regulated two genes (CCR5 and IL1B). Based
on this result, we constructed a regulatory TF-mRNAs network
using Cytoscape software (Figure 7). We use different shapes or
colors to distinguish different types of mRNA and TFs. This figure
shows the potential pathological regulation process found in
this study.
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FIGURE 5

Core genes validation and diagnosis. (A, B) External validation: the genes expression in GSE164416 and GSE28829. (C) gRT-PCR experimental validation: the
genes expression in model mice and control group. Receiver operating curve (ROC) for core gene in (D) GSE164416 and (E) GSE28829, respectively. Multi-
index (all core genes) combined diagnosis in (F) GSE164416 and (G) GSE28829, respectively. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not statistically significant.

4 Discussion

Bioinformatics can help us better understand the complex
biological processes. We identified 116 and 803 DEGs from the
T2DM and AS datasets, respectively. Among these, 27 communal
DEGs were identified between the two diseases. Based on
enrichment analysis, these genes were significantly enriched in
positive regulation of cytokine production, activation of immune
response and negative regulation of leukocyte activation.
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Subsequently, 12 hub genes (TYROBP, IL1B, C1QA, C3ARI,
FGR, CCR5, LAPTM5, C1QC, CD52, MSR1, HAVCR?2, and
ALOX5AP) were identified from four algorithms using the
CytoHubba plugin. Then, MCODE was used to deconstruct the
network for further dimension reduction. After external dataset and
qRT-PCR experimental verification to these genes, a total of four
core genes (IL1B, C1QA, CCR5, and MSR1) were obtained. ROC
analysis indicated that those core genes owned higher diagnostic
value both in T2DM and AS. Based on functional annotation

frontiersin.org


https://doi.org/10.3389/fendo.2024.1381229
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Qi et al.

100%1

Relative Percent
§ & 3

3

0%

(o

100%

Relative Percent

3

09

o+

w >

FIGURE 6

[cControl T 72DM ]
=B cell
= Macrophage M1
= Macrophage M2
= Monocyte
= Neutrophil
= NK cell
=T cell CD4+
=T cell CD8+
=T cell regulatory
[ Contol T —  —AS 1]

IL1B
C1QA
CCR5
MSR1

IL1B
C1QA
CCR5
MSR1

=B cell

= Macrophage M1
= Macrophage M2
= Monocyte

= Neutrophil

= NK cell

=T cell CD4+

=T cell CD8+

=T cell regulatory

= Myeloid dendritic cell

| 0.44 |
| 041
0.51
N Y 4 QY
< a‘h 3 ¥t &
> ‘OQ“@% ‘OQ‘(@% \l\o“o ée‘)“
° 2

= Myeloid dendritic cell

10.3389/fendo.2024.1381229

B
group EE Control Hl T2DM
0.6
éOA
5
g
&
02
- — _
P S N Y
B A &0@ (&Q\? (_&oo \)\\oq e*‘& \00 \\oc \(&o
&£ & & ¢ D D N
PO & PO @%
I & 3 N
o« &
D
group Bl Control B AS
0.4
.03
S
g
902 + h
o
0.1
N l i #
i
00 ] s
oz}\ AN ¢ 07}\ Q<\\\ o\\ ohx o‘bx \o‘*
R I O R RO
@ F & E Y e S
Q@Q & A & & S &
Q’b *0\6\6
03
0.0
0.54 ~0.3
B 6
> X QX £
&° (oY (oY 3o 4o ©
D N
[ & ¢ >
< ey 2
o

Immune cell infiltration analysis. The relative proportion of infiltrating immune cells (IICs) in (A) T2DM and (C) AS. Violin plot of distinct immune cell subtype
compositions in T2DM vs. control (B) and AS vs. control (D). (E) Correlation between core genes and immune infiltrating cells. Only statistically significant
differences are reported in this heatmap. Red represents positive correlation, and blue represents negative correlation. *P < 0.05, **P < 0.01, ***P < 0.00L.

MMP1
PIK3CG

RGS1 FGR

DEGs in T2DM

GPR84

GPR34

DEGs in AS

HAVCR2 CD52

sLA st ‘ GPNMB
SR

2
SLCO281 SO (jqc [cLEcsa
TYROBP
IRO2 ALOXSAP CHI3L1
TFEC CD300LF
AQP9

FIGURE 7

Schematic presentation of the TF-mRNA network. The green and blue rectangles on the left- and right-hand sides indicate the DEGs in T2DM and
AS, respectively, and the common DEG analyses are shown in the middle. Ovals represent hub genes. Among them, genes included in the MCODE
module are highlighted in green and core genes highlighted by red elliptical borders. Purple boxes indicate remaining genes in overlapping DEGs.
Trigonal nodes in red represent key transcription factor genes regulating core gene expression.

Frontiers in Endocrinology 94 frontiersin.org


https://doi.org/10.3389/fendo.2024.1381229
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Qi et al.

analysis results, the immune system was emphasized as a critical
component of T2DM complicated with AS. To further elucidate the
potential biological roles of the core genes, we predicted their TFs in
upstream and constructed a TF-mRNA regulatory network. Finally,
based on CIBERSORT analysis, the correlation between key hub
genes and IICs was evaluated to reveal the immune mechanism of
T2DM and AS.

According to the immune infiltrating analysis, four differential
immune cells (M2 macrophages, CD4+ T cells, B cells, and Tregs)
regulated by C1QA, CCR5, and MSRI1 may participate in the
pathological process of T2DM complicated with AS. T2DM is a
metabolic inflammatory disease mediated by a variety of immune
cells and cytokines (17). In addition to innate immunity, such as
macrophage and monocyte, adaptive immunity has also been
confirmed to involved in this pathological process. CD4+T cells are
an important subset of T cells, which are involved in the metabolic
inflammation progressing through autocrine or paracrine. According
to the functional characteristics of CD4+T cells, they can be divided
into pro-inflammatory subsets (Thl, Th17, and Th22) and anti-
inflammatory subsets (Tregs) (18). A proper balance between pro-
inflammatory and anti-inflammatory subsets of CD4+T cells is
essential for maintaining immune homeostasis and avoiding
inflammatory response. The changes in the number and frequency
of CD4+ Th subsets and the inflammatory response produced by
cytokines are related to T2DM (19). Instead, Treg is a protective
subtype of CD4 cells, which is related to its effect on macrophage
exocytosis promoting and plaque remodeling (20, 21). The results of
this study showed that CD4+T cells and Tregs showed an upward
and downward trend in both two datasets, respectively.

B cells contribute significantly to innate and adaptive immunity
by producing antibodies and cytokines (22, 23). Bl cell is an
important subtype of B cell. It can synthesize and release IgM,
a natural antioxidant low-density lipoprotein, which inhibits
the uptake of ox-LDL by macrophages and ultimately inhibits the
production of foam cells. In addition, the IgM can also inhibit the
formation of necrotic core in AS plaque (24). However, the related
research on this cell is rarely reported in the field of diabetes. In this
study, the relative proportions of B cells showed significant decrease
in two diseases, respectively. In addition to B cells and T cells, the
changes in the number of macrophages show multiplicity changes.
Different from the single view that M1 macrophages are involved in
pro-inflammatory responses and M2 macrophages are involved in
anti-inflammatory responses (25), the results of this study show that
the relative proportion of M1 and M2 macrophages in T2DM is
increased, while that of M2 macrophages in AS is significantly
decreased. This exhibits that the macrophages have a high degree of
plasticity in response to microenvironmental stimulus.

Complement protein Clq is a complex glycoprotein component
of the classical complement pathway with 18 polypeptide chains.
C1QA is among the three genes encoding Clq and is crucial in the
innate immune response (26). Clq is significantly higher in
advanced atherosclerotic plaques and those in patients with acute
coronary syndrome than in early lesions and those with stable
angina pectoris (27). In T2DM, C1QA protein abundance is altered
in patient serum (28). Conversely, Clq has pro- and
atheroprotective effects; however, few studies have focused on its
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role in T2DM (29). These results indicate that Cl1q is involved in the
progression of AS and T2DM.

Some studies have shown that MSR1 polymorphisms are
associated with AS and plasma fatty acid distribution (30). It is a
scavenger receptor and can promote macrophage inflammation (31,
32). MSR1 was distributed in the macrophages and smooth muscle
cells (33, 34), and its induction of atherosclerotic lesion formation
facilitates phagocytosis (35, 36). Previous studies have demonstrated
that high MSR1 expression causes cholesterol to feed into the vessel
wall, whereas its deficiency causes a reduction in spontaneously
developed AS (37). Advanced glycation end products are crucial in
diabetes. Under high-advanced glycation end-product intake, MSR1
expression showed a tendency towards with insulin levels and may
promote endocrine-related diseases (38).

Our enrichment results suggest that positive regulation of
cytokine production and signaling in the immune system may
regulate diseases. RELA (p65) and NFkB1 (p50) belong to the
NFkB family. Both contain a Rel homologous domain at the N-
terminal, which can mediate the specific binding, dimerization, and
binding of NFkB to DNA. RELA and NFxB1 can also combine and
form homologous or heterodimers. The binding of different dimers
to DNA has different effects on inflammation regulation. The
binding of p50/p50 and p65/p65 homodimers to DNA suppresses
the expression of inflammatory genes, while p50/p65 heterodimer
promotes the expression of pro-inflammatory factors related to
NFkB (39, 40). Activating NFkB finally induces the synthesis and
release of cytokines, such as TNF-o and IL-1B, and affects ROS
levels, which can directly stimulate islet B-cell apoptosis and cause
damage by activating macrophage and T-cell attack on islet 3 cells
(41). In addition, NFxB can cause vascular endothelial injury,
vascular smooth muscle proliferation, and foam cell formation (42).

The JUN family includes c-Jun, Jun B, and Jun D, which are the
downstream proteins of the primary functions of the JNK signaling
pathway. C-Jun exacerbates atherogenesis by decreasing cholesterol
efflux from macrophages in atherosclerotic plaques (43). c-Jun is a
novel regulator of T-cell lineage development and decision-making
(44). In T2DM, the activation of JNK directly phosphorylates
insulin receptor substrate 1, producing ROS and impairing
insulin signaling. The active ASK1 induces pancreatic 3-cell death
(45). Emerging evidence suggests that JNK is involved in regulating
cellular senescence by downregulating hypoxia-inducible factor-1o
to accelerate hypoxia (46). This may be associated with the
progression of T2DM. The SPI-1 proto-oncogene (SPI1) is crucial
in the hematopoietic system, normal and pathogenic (47). SPI1
upregulation reportedly stimulated the TLR4/NFxB axis and
aggravated myocardial infarction (48). Further findings suggested
that SPI1 regulates copper homeostasis in diabetic cardiomyopathy
(49). However, experimental evidence of SPI1 expression is lacking.

Various innate and adaptive immune cells promote the
formation of an inflammatory microenvironment and are crucial in
the progression of AS. Low-grade inflammation, essential for AS
development, is an important feature of diabetes (50). The
development of diabetic AS induces an immune microenvironment
that shifts the normal balance toward a pro-inflammatory state.
Although the immune microenvironment remains investigated, its

exact role remains unknown. We hypothesized that AS and T2DM
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share a common pathogenesis correlated with B cells, CD4+ T cells,
Tregs, and M2 macrophages. Our results reveal that the relationship
amonyg five TFs, four core genes, and four immune cells profile may
be crucial in understanding the pathogenesis therapeutic direction of
T2DM complicated with AS. This represents a promising avenue to
treat and prevent diseases. This study focuses on the common
mechanisms and identification of hub genes and immune
infiltration profiles in patients with AS and T2DM.

However, there are a few limitations to this study. First, despite
the large sample size and experimental verification, it is a
retrospective study that requires validation through a prospective
study. Second, although validated in animal models, these core
genes have not been evaluated in humans. Third, specific molecular
mechanisms of immune responses regulated by core genes in
T2DM complicated with AS remain poorly determined. These
will be the focus of our future studies.

5 Conclusion

We identified four core genes (IL1B, C1QA, CCR5, and MSR1)
and four diff-IICs (B cells, CD4+ T cells, Tregs, and M2
macrophages). The evidence of common pathogenesis points
toward the immune microenvironment after core genes
modulation, which might be modulated by five TFs (RELA,
NFkBI1, JUN, YY1, and SPI1). These results provide a direction
for future studies on the potential key genes in patients with T2DM
complicated with AS.
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