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Abstract

Background Insulin resistance (IR) reduces insulin efficacy and heightens the danger of cardiovascular diseases
including hypertension. The Metabolic Score for Insulin Resistance (METS-IR), which is based on triglyceride (TG) and
high-density lipoprotein cholesterol (HDL-C), body mass index (BMI), and fasting glucose levels, provides a simpler
way to assess IR. As the hypertension’s prevalence increases, particularly in those with metabolic disorders, exploring
the relationship between hypertension and METS-IR has become crucial.

Methods 16,310 individuals from the 2007-2018 National Health and Nutrition Examination Survey dataset

was included. Hypertension was defined by asking participants about their medical history and blood pressure
measurements. METS-IR was calculated as follows: In([ HDL-C (mg/dL)] X [2 X fasting glucose (mg/dL)] +TG (mg/dL)
X BMI (kg/mz)). The study adjusted for covariates like sex; age; race; poverty-income ratio; marital status; educational
background; total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and serum creatinine levels; smoking;
stroke; alcohol consumption; diabetes; and coronary heart disease (CHD). This study was conducted using a multi-
factor regression model.

Results This research demonstrated a significant positive relationship between hypertension and METS-IR. Each
1-unit rise in METS-IR corresponds to a 3% higher chance of hypertension (odds ratio [OR], 1.03; 95% confidence
interval [Cl], 1.03-1.04). In model 3, METS-IR exhibited a notable correlation with hypertension (OR, 3.31; 95% C|,
2.64-4.14; P<0.001). A threshold effect analysis demonstrated a nonlinear association. Finally, subgroup analyses
supported the stability of the relationship between METS-IR and factors such as sex, race, alcohol consumption, CHD,
smoking, and stroke (P>0.05).

Conclusions METS-IR showed a strong relationship with hypertension and may be an important marker for
evaluating metabolic health and the early hypertension danger.
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Background

Insulin resistance (IR) is a tolerance state in which insu-
lin loses its effectiveness in peripheral tissues. This
can result in hyperinsulinemia and disrupt the balance
between lipid and glucose metabolisms. IR is present in
patients with metabolic syndrome and diabetes melli-
tus. In fact, IR is increasingly acknowledged as a major
predictor of cardiovascular complications associated
with diabetes, including autonomic heart disease, coro-
nary heart disease (CHD), and diabetic cardiomyopathy.
Recent research has highlighted that IR not only exacer-
bates these cardiovascular risks but contributes to a more
complex interplay of metabolic disturbances, suggesting
that its treatment could be pivotal in preventing diabetes-
related heart disease and improving overall patient out-
comes. Several prospective studies have demonstrated
that both metabolic syndrome and Homeostatic Model
Assessment for IR (HOMA-IR) are independent predic-
tors of cardiovascular disease (CVD) [1-4]. Additionally,
incorporating the Metabolic Score for Insulin Resistance
(METS-IR) markedly enhanced the forecasting of CVD
risk events compared to several conventional risk factors.

The prevalence of hypertension, one of the most
important risk factors for CVD, has gradually increased
in recent years. Beyond traditional hypertension risk fac-
tors, like high-salt and low-potassium diets, age, smok-
ing, alcohol intake, and metabolism-related factors (e.g.,
being overweight or obese), psychological influences and
other contributors are increasingly acknowledged as sig-
nificant in its onset and advancement [5]. A Mendelian
randomization analysis revealed a notable correlation
between increased body mass index (BMI) and hyper-
tension risk, suggesting a 49% increase in risk with every
5 kg/m? increase in BMI [6, 7]. Moreover, IR marked by
hyperinsulinemia can enhance the multiplication of vas-
cular smooth muscle cells and increase vascular stiffness,
thereby accelerating aortic sclerosis and predisposing
individuals to hypertension [8]. Moreover, insulin may
directly or indirectly impair vasodilation while increas-
ing oxidative stress and inflammatory processes in the
vascular wall [9, 10]. Given that hypertension has a low
prevalence threshold in which prehypertension and first-
degree hypertension often go unnoticed, identifying
additional metabolism-related indicators is crucial for
understanding the complex etiology of hypertension and
formulating multidimensional diagnostic and therapeutic
approaches.

Bello-Chavolla et al. introduced a novel substitution
index the METS-IR, to estimate insulin action, which
was validated against the Euglycemic-Hyper insulin-
emic Clamp (EHC) [5]. This model was calculated using

readily available parameters from routine tests, includ-
ing BMI and triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), and fasting glucose levels. Because
it does not require a fasting insulin assessment, this
method serves as a valuable tool for predicting diabetes
events. Consequently, METS-IR is a relatively indirect yet
simple measure that can also detect IR associated with
the pathological elements of metabolic syndrome, such
as visceral, intrahepatic, and intrapancreatic lipids [5].
Previous studies investigating the association between
hypertension and METS-IR primarily focused on Asian
populations [11, 12]; by increasing the sample size and
confounders, the research sought to study the link per-
taining to METS-IR and hypertension in U.S. individu-
als from the 2007-2018 National Health and Nutrition
Examination Survey (NHANES) dataset.

Methods

Research cohort

Data was collected from the NHANES database, which
evaluates nutritional and health conditions in the US.
Comprehensive information pertaining to NHANES
research design and data can be found on the Centers for
Disease Control and Prevention (CDC) website.

The research utilized data from the 2007-2018
NHANES survey cycle, encompassing all information
related to hypertension, along with the complete vari-
ables (BMI and HDL-C, TG, and fasting glucose levels)
used to calculate the METS-IR. The preliminary analy-
sis included 59,842 participants. However, participants
for whom METS-IR data were lacking (n=41,950) or for
whom incomplete information on hypertensive disease
was available (n=1,582) were excluded, resulting in a
final count of 16,310 participants. Further exclusion cri-
teria included lack of data regarding diabetes (n=215),
smoking (n=8), alcohol consumption (n=5,608), mari-
tal status (#=5), education (n=1,536), CHD (n=22), and
stroke (n=14). The analysis included 8,902 participants
(Fig. 1).

METS-IR and hypertension defined

METS-IR was calculated as follows: In [(2 x fasting glu-
cose (mg/dL)) + TG (mg/dL)] x BMI (kg/m?))/(In[ HDL-C
(mg/dL)] (5). Later, the participants were categorized
into four distinct groups based on METS-IR quartile:
Group Q1 (<33.77), Group Q2 (33.77-40.79), Group Q3
(40.79-49.52), and Group Q4 (>49.52). This classification
enables a comprehensive analysis of metabolic health
across varying IR levels. For detailed information on the
quality control measures applied to the laboratory tests,
please refer to the NHANES guidelines available on the
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59,842 participants from
NHANES 2007-2018
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28,494 participants were excluded for:
Missing METS-IR data (n=41,950)

16,310 participants with
availableMETS-IR and
Hypertension data

Missing Hypertension data (n=1,582)

7,408 excluded:
Missing diabetes data (n=215)
Missing smoking data (n=8)
Missing drinking data(n=5,608)

8,902 participants from
NHANES 2007-2018

Fig. 1 Flowchart of participant selection process

Missing education data (n=1,536)
Missing marriage data (n=5)
Missing CHD data (n=22)
Missing Stoke data (n=14)

CHD, coronary heart disease; METS-IR, Metabolic Score for Insulin Resistance; NHANES, National Health and Nutrition Examination Survey

CDC website. Hypertension was calculated according to
the average of three consecutive blood pressure measure-
ments and based on the participants’ responses to a par-
ticular inquiry related to their medical history, i.e., “Has
a doctor ever diagnosed you with hypertension?” If they
gave an affirmative response and had a systolic blood
pressure (SBP)>130 mmHg and/or a diastolic blood
pressure (DBP) > 80 mmHg, they were classified as having
hypertension.

Covariates

This study examined the following covariates: sex (male/
female), race, age (years), education level, HDL-C (mg/
dL), BMI (kg/m?), TG (mg/dL), fasting glucose (mg/dL),
total cholesterol ([TC]; mg/dL), serum creatinine (mg/
dL), low-density lipoprotein cholesterol ([LDL-C], mg/
dL) and diabetes (defined using the query, “Has a doc-
tor ever diagnosed you with diabetes?”), CHD (deter-
mined using the query, “Has a doctor ever diagnosed you
with CHD?”), stroke (determined using the query, “Has
a doctor ever diagnosed you with stroke?”), and smoking

(identified through the query, “Have you smoked 100
or more cigarettes throughout your life?”), and alcohol
consumption (characterized through the query, “In the
past year, on the days when you consumed alcoholic
beverages, what was your average number of drinks?”).
Each participant’s status was obtained through home
interviews and categorized as never, former, current, or
unknown. Comprehensive data collection methods for
the variables are listed at www.cdc.gov/nchs/nhanes/.

Statistical analysis

Given the complexity of the NHANES sampling design,
it is essential to incorporate sample weights, stratifica-
tion, and clustering into all analyses of NHANES data.
Owing to the oversampling of minority populations, each
model was weighted using CDC-recommended weights
to ensure an accurate representation. To obtain the most
unbiased and accurate estimates of the effects on the
population, the weights for the 2-year cycle were divided
by six to generate new weights.


http://www.cdc.gov/nchs/nhanes/
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METS-IR metrics were used as independent variables
to stratify the characteristics of the research population
and relevant clinical indicators. One-way analysis of vari-
ance was used for the baseline variables. The means and
standard deviations were computed for continuous vari-
ables, and categorical variables were expressed as fre-
quencies and percentages. Furthermore, the study cohort
was categorized into hypertensive and non-hypertensive
groups based on participants’ outcomes, and the baseline
features of each population were compared using the sta-
tistical methods outlined above.

Results

Patients’ baseline characteristics

The research enrolled 8,902 patients in total (Fig. 1), of
whom 1,846 had hypertension. Baseline characteristics of
cohort participants by hypertensive and nonhypertensive
outcomes are shown in Table 1. The sample population’s
mean age was 45.9+0.3 years; 52.1% of them were men.
The mean METS-IR score was 42.4+0.2. Older individu-
als; men; smokers; those with a high BMI, elevated tri-
glycerides, or increased fasting glucose level; those with
diabetes mellitus, CHD, or stroke; and those with lower
education levels were found to have a higher probability
of developing hypertension than their non-hypertensive
counterparts(P<0.05). Importantly, the hypertensive
group had notably elevated METS-IR levels compared to
the non-hypertensive group (47.1 vs. 41.4, respectively;
P<0.001).

Association between METS-IR and hypertension

This research revealed a notable positive relationship
between hypertension and METS-IR. In continuous vari-
able analysis, each 1-unit rise in METS-IR corresponded
to 3% higher risk of hypertension (odds ratio [OR],
1.03; 95% confidence interval [CI], 1.03—1.04). The fully
adjusted model revealed a 3% increased risk (OR, 1.03;
95% CI, 1.03—1.04). Statistically significant results were
found in all trend tests across Models 1, 2, and 3. For the
sensitivity analysis, METS-IR was categorized into quar-
tiles (Table 2). In Model 1 (unadjusted), individuals in
the upper quartile had a 3.67 times greater likelihood of
developing hypertension compared to individuals in the
lowest quartile (OR, 3.67; 95% CI, 2.95-4.55; P<0.001).
In Model 2, the OR increased to 3.66 after the control
for sex, age, and race (95% CI, 2.91-4.60; P<0.001). Fur-
thermore, in Model 3, adding educational background,
marriage, drinking, smoking, history of CHD, stroke and
diabetes, revealed a compelling link between increased
METS-IR levels and an enhanced chance of hypertension
(OR, 3.31; 95% CI, 2.64—4.14; P<0.001).
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Nonlinearity and threshold effect analysis of METS-IR and
hypertension

This research applied a smoothed curve fit to illustrate
the nonlinear relationship between hypertension and
METS-IR (Fig. 2). All variables adjusted in the analysis
were sex, age, ethnicity, marital status, educational back-
ground, poverty-to-income ratio (PIR), serum creatinine,
LDL-C, TC, CHD, diabetes mellitus, stroke, alcohol con-
sumption, and smoking status. Figure 2 illustrates the
curve trends at varying METS-IR levels. Within the lower
METS-IR range, the likelihood of hypertension increased
as METS-IR level increased. In the high range (>65.13),
the risk plateaus or exhibits a decreasing tendency. More-
over, the CI were significantly wider, possibly because of
the decrease in sample size or increased variability in the
data distribution.

Finally, further analyses were conducted using vari-
ous models (standard and segmented linear models)
(Table 3). A positive relationship between hypertension
and METS-IR was consistently observed; however, non-
linear characteristics were also evident. In the stan-
dard linear model, the adjusted OR was 1.03 (95% CI,
1.03-1.04; P<0.001). Each 1-level rise in METS-IR
corresponded to a 3% greater chance of developing
hypertension.

In the segmented model, the inflection points were
identified at 45.12 and 75.65. When METS-IR was
<65.13, the OR of 1.04 (95% CI, 1.03-1.05) and P<0.001
revealed a positive connection with hypertension. For the
range of METS-IR>65.13, the P-value of 0.536 implied
that the relationship lacked statistical significance. When
the METS-IR exceeds a specific threshold (e.g., 81.67), its
marginal effect on hypertension diminishes or even dis-
appears. Thus, the segmented model outperformed the
standard linear model (P<0.001).

Subgroup analysis

Finally, subgroup analyses were performed to determine
whether the association between hypertension risk and
METS-IR was stable under various demographic cir-
cumstances. The data demonstrated the robustness of
METS-IR and various other factors, including sex, race,
CHD, stroke, smoking, and drinking (P>0.05) (Table 4).
Nevertheless, METS-IR was significantly correlated with
hypertension with respect to age, diabetes, PIR, educa-
tion level, and marital status (P <0.05).

Discussion

By examining the data of 8,902 participants, this retro-
spective study observed a notable positive relationship
between METS-IR and hypertension. Notably, sex, race,
alcohol consumption, CHD, smoking, and stroke were
not associated with this correlation.
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Table 1 Weighted baseline characteristics of hypertensive versus non-hypertensive groups

Variable Overall Hypertensive Non-hypertensive P-value
(N=8,902) (n=1,846) (n=7,056)

Age (years), mean+SD 4593+0.29 55.88+0.40 43.78+0.31 <0.001

Sex, n (%) 0.007

Male 4,622 (51.89%) 1,017 (55.62%) 3,605 (51.09%)

Female 4,280 (48.11%) 829 (44.38%) 3,451 (48.91%)

Race, n (%) <0.001

Mexican-American 714 (8.03%) 101 (5.24%) 613 (8.63%)

Other Hispanic 492 (5.53%) 79 (4.25%) 413 (5.81%)

Non-Hispanic White 6,244 (70.15%) 1,320 (71.63%) 4,924 (69.82%)

Non-Hispanic Black 872 (9.78%) 255 (14.22%) 617 (8.82%)

Other, including multiple 580 (6.52%) 91 (4.67%) 489 (6.91%)

Education level, n (%) <0.001

<9th grade 283 (3.18%) 64 (3.51%) 219 (3.11%)

9-11th grade (includes 12th grade with no diploma) 828 (9.30%) 187 (10.16%) 641 (9.12%)

High school diploma/GED 1,921 (21.58%) 448 (24.29%) 1,473 (21.00%)

Some college or 2-year degree 2,879 (32.33%) 637 (34.56%) 2,242 (31.84%)

College degree or beyond 2,991 (33.61%) 510 (27.48%) 2,481 (34.94%)

Marital status, n (%) <0.001

Married 4,924 (55.32%) 1,056 (57.67%) 3,868 (54.82%)

Widowed 350 (3.91%) 149 (8.85%) 201 (2.85%)

Divorced 961 (10.80%) 222 (12.25%) 739 (10.48%)

Separated 181 (2.03%) 50 (2.82%) 131 (1.86%)

Never married 1,671 (18.78%) 219 (10.48%) 1,452 (20.58%)

Living with partner 815 (9.15%) 150 (7.93%) 665 (9.41%)

PIR 3.12+0.04 3.12+0.07 3.12+0.04 0.993

BMI (kg/mz) 28.73£0.11 31.02+£022 2823+0.12 <0.001

HDL-C (mg/dL) 55.11+£033 53.84+£0.65 55.39+0.34 0.018

TG (mg/dL) 122.07+1.45 144.75+3.19 117.16+157 <0.001

Fasting glucose (mg/dL) 105.17+£042 116.88+1.29 102.64+040 <0.001

METS-IR 42444022 47.08+041 4143+0.24 <0.001

SBP (mmHg) 12042+0.25 134.92+0.65 117.28+0.22 <0.001

DBP (mmHg) 70.16+£0.22 7536+044 69.03+£0.22 <0.001

Serum creatinine (mg/dL) 126.80+1.37 124.01+147 12741+147 0.229

TC (mg/dL) 193.39+0.26 193.40+0.78 193.394+0.23 0.980

LDL-c (mg/dL) 113.86+0.53 114.18+1.24 113.80+0.60 0.785

Diabetes, n (%) <0.001

Yes 706 (7.61%) 322 (17.52%) 384 (5.47%)

No 8,196 (92.39%) 1,524 (82.48%) 6,672 (94.53%)

CHD, n (%) <0.001

Yes 269 (2.89%) 119 (6.41%) 150 (2.12%)

No 8,633 (97.11%) 1,727 (93.59%) 6,906 (97.88%)

Stroke, n (%) <0.001

Yes 175 (1.88%) 77 (4.15%) 98 (1.38%)

No 8,727 (98.12%) 1,769 (95.85%) 6,958 (98.62%)

Smoking, n (%) <0.001

Yes 4,244 (47.27%) 1,031 (55.62%) 3,213 (45.46%)

No 4,658 (52.73%) 815 (44.38%) 3,843 (54.54%)

Alcohol consumption (drinks/day), n (%) 0.345

<5 8,088 (90.83%) 1,692 (91.61%) 6,396 (90.66%)

>5 814 (9.17%) 154 (8.39%) 660 (9.34%)

BMI, body mass index; CHD, coronary heart disease; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; METS-IR, metabolic score for insulin resistance; PIR, poverty-to-income ratio; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides

Continuous variables are described as weighted mean+standard deviation, while categorical variables are presented as unweighted n (%)
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Table 2 Weighted association of METS-IR with hypertension in different models among all participants
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Exposure Model 1 Model 2 Model 3
OR (95% Cl), P-value OR (95% Cl), P-value OR (95% Cl), P-value
Continuous 1.50 (1.40-1.60), <0.001 1.52 (1.41-1.63),<0.001 1.46 (1.36-1.58), <0.001

METS-IR quartile

Q1
Q2
Q3
Q4

P for trend

Reference

1.86 (1.49-2.34), <0.00
2.30(1.84-2.87),<0.00
3.67 (2.95-4.55), <0.00

1
1
1
1.03 (1.03-1.04), <0.001

Reference

1.64(1.28-2.11),<0.001
2.07 (1.63-2.64), <0.001
3.66 (2.91-4.60), <0.001
1.04 (1.03-1.04), <0.001

Reference

1.61(1.27-2.06), <0.001
2.01 (1.57-258), <0.001
331 (2.64-4.14), <0.001
1.03 (1.03-1.04), <0.001

Cl, confidence interval; METS-IR, Metabolic Score for Insulin Resistance; OR, odds ratio

Note: In the multivariate analysis, the visceral adiposity index was converted from a continuous for categorical variables (tertiles)
Model 1: no covariates adjusted

Model 2: adjusted for age, sex, and race

Model 3: adjusted for the covariates in Model 2 as well as education level, marital status, poverty-to-income ratio, serum creatinine, total cholesterol, low-density
lipoprotein cholesterol, smoking, alcohol consumption, stroke, coronary heart disease, and diabetes
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Fig. 2 Association between METS-IR and hypertension

METS-IR, Metabolic Score for Insulin Resistance

Note: The solid red line represents the fit between the variables, while the blue bands represent the 95% confidence intervals. The smooth curve was
adjusted for covariates including age, sex, race, education level, marital status, poverty-to-income ratio, serum creatinine level, total cholesterol level, low-
density lipoprotein cholesterol level, smoking, alcohol consumption, stroke, coronary heart disease, and diabetes status
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Table 3 Threshold effect analysis of METS-IR and hypertension
METS-IR Adjusted OR (95% Cl), P-value
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Table 4 Weighted subgroup analysis of association between
METS-IR and hypertension

Fitting by the standard linear model  1.03 (1.03-1.04), <0.001
Fitting by the three-piecewise model

Inflection point 65.13-81.67
METS-IR<65.13 1.04 (1.03-1.05), <0.001
65.13<METS-IR<81.67 0.99 (0.96-1.02), <0.536
METS-IR>81.67 1.01 (0.97-1.06), 0.610

<0.001

Cl, confidence interval; METS-IR, Metabolic Score for Insulin Resistance; OR,
odds ratio

P for log-likelihood ratio

Note: The data were adjusted for age, sex, race, educational level, marital status,
poverty-to-income ratio, serum creatinine, total cholesterol, low-density
lipoprotein cholesterol, smoking, alcohol consumption, coronary heart disease,
angina, stroke, and diabetes

The HOMA-IR, benchmarked against the EHC, is
widely adopted approach to evaluating IR in both clinical
and epidemiological contexts. While HOMA-IR provides
a practical approach to estimating IR, its reliance on fast-
ing insulin levels may limit its precision compared to
EHC. Nonetheless, EHC remains an invasive procedure
whose practical application is constrained by high cost.
Therefore, alternative indicators of IR based on fasting
insulin and non-insulin measures are required [12-14].
The METS-IR has gained widespread recognition for its
role in assessing cardiovascular health. Its utility across
diverse populations underscores its potential to enhance
early detection and preventive care in cardiovascular
health management. Here the research demonstrated the
robustness of the primary findings concerning METS-IR
and various variables like race, sex, marriage, PIR, CHD,
stroke, drinking and smoking (P> 0.05) (Table 4).

Previous research has explored how METS-IR is
related to CVD and whether METS-IR has the potential
to predict adverse cardiovascular outcomes. In a cross-
sectional study involving 14,653 people, Duan et al.
identified a notable connection between METS-IR and
all-cause together with cardiovascular mortality, noting
that this relationship exhibited a nonlinear, U-shaped
trend [15]. Moreover, the Su et al. cross-sectional study
involving 14,772 people, further demonstrated a nota-
ble positive relationship between heart failure (HF) and
METS-IR (each 1-unit increase: OR, 2.44; 95% CI, 1.38—
4.32). Through a smoothing curve-fitting analysis, they
identified the saturation effect between HF and METS-
IR, presenting as a J-shaped curve [16]. This finding
suggests that, while an initial rise in METS-IR is linked
to a higher HF danger, there may be a threshold beyond
which the risk stabilizes or decreases, indicating a com-
plex interplay between metabolic health and cardiovas-
cular outcomes.

Such insights align with the recent literature emphasiz-
ing the need for a nuanced understanding of how meta-
bolic indices influence heart health and highlighting the

Variable OR (95% Cl), P-value P-interaction

Age (years)

<0.001

<40 1.05 (1.04-1.06), <0.001

>40to <60 1.02 (1.01-1.04), <0.001

>60 1.02 (1.01-1.04), <0.001

Sex 0.646
Male 1.04 (1.03-1.05), <0.001

Female 1.03(1.03-1.04), <0.001

Race 0430
Mexican-American 1.04 (1.02-1.06), <0.001

Other Hispanic 1.04 (1.02-1.05), <0.001
Non-Hispanic White 1.04 (1.03-1.04), <0.001
Non-Hispanic Black 1.03 (1.02-1.04), <0.001

Other, including multiple  1.05 (1.03-1.07), <0.001

Education level <0.001
<9th grade 1.04 (1.02-1.06), <0.001

9-11th grade (Includes 1.03 (1.01-1.05), 0.004

12th grade without

diploma)

High school graduate/GED  1.01 (1.00-1.03), 0.058

Some college or 2-year 1.04 (1.03-1.05), <0.001

degree

College degree or beyond  1.05 (1.04-1.06), <0.001

Marital status 0.037
Married 1.04 (1.03-1.05), <0.001

Widowed 1.00 (0.98-1.03), 0.702

Divorced 1.03(1.01-1.05), <0.001

Separated 1.02 (0.99-1.04),0.219

Never married 1.03 (1.02-1.04), <0.001

Living with partner 1.03 (1.01-1.05), 0.006
Poverty-to-income ratio 0.009
<1 1.02 (1.01-1.03), 0.005

>1to<3 1.03(1.02-1.04), <0.001

>3 1.04 (1.03-1.05), <0.001

Diabetes 0.030
Yes 1.02 (1.00-1.04), 0.024

No 1.05 (1.04-1.05), <0.001

Coronary heart disease 0612
Yes 1.04 (1.02-1.06), <0.001

No 1.03(1.03-1.04), <0.001

Stroke 0.508
Yes 1.02 (0.99-1.06),0.119

No 1.04 (1.03-1.04), <0.001

Smoking 0337
Yes 1.02 (1.00-1.05), <0.001

No 1.04 (1.03-1.04), <0.001

Alcohol consumption, 0.09
drinks/day

<5 1.05 (1.04-1.05), <0.001

>5 1.03 (1.01-1.05),0.012

Cl, confidence interval; METS-IR, Metabolic Score for Insulin Resistance; OR,

odds ratio
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potential for tailored interventional strategies aimed at
optimizing METS-IR to ensure better cardiovascular out-
comes. Furthermore, a wealth of research suggests that
METS-IR can predict hypertension [17, 18]. Using data
from the 2007-2018 NHANES database, the research
is the first to demonstrate that hypertensive individuals
exhibit significantly higher METS-IR levels than non-
hypertensive individuals. This finding supports previ-
ous research [19, 20] and further supports METS-IR as
a promising instrument for heart-related risk evaluations
in hypertensive populations.

The fully adjusted model demonstrated a notable posi-
tive link between METS-IR and hypertension, pointing
that increased METS-IR levels contribute to a higher
risk of hypertension, which may involve several mecha-
nisms. Blood pressure is influenced by three primary
factors: blood volume, vascular wall tone, and kinetic
energy generated by the cardiac ejection. In most individ-
uals, a reduction in vascular wall tone with age coupled
with various other risk factors is the main mechanism
underlying the development of hypertension [21]. High
METS-IR levels indicate a response to this reduction in
vascular wall tone. IR contributes to hyperinsulinemia,
overstimulation of the sympathetic nervous system
and renin-angiotensin-aldosterone system (RAAS),
adverse inflammatory responses, increased oxidative
stress, dyslipidemia, obesity, and adipocyte dysfunction.
The increase in adipocyte-derived inflammatory cyto-
kines in the circulation in turn increases vascular IR,
which recruits and activates pro-inflammatory immune
cells within the vasculature, ultimately contributing to
increased arterial stiffness.

Visceral adipose tissue (VAT) is a type of fat that sur-
rounds the internal organs. The latest research has dem-
onstrated its relationship with inflammation, metabolic
abnormalities [22], and residual risk of CVD (i.e., the
remaining danger of CVD after accounting for predispos-
ing causes). An increase in VAT can lead to the dysregu-
lated secretion of various biologically active molecules
and pro-inflammatory cytokines including leptin, aldo-
sterone, angiotensinogen, interleukin 6, tumor necrosis
factor alpha, and resistin [22]. These imbalances con-
tribute to systemic inflammation, IR, and cardiovascu-
lar dysfunction, exacerbating metabolic disorders and
increasing the risk of related complications. The IR and
hypertensive groups tended to have high VAT levels,
increased IR, and enhanced lipolytic activity within the
VAT that generated more free fatty acids, which could
further harm the endothelium and promote endothelial
dysfunction and vascular stiffness. Therefore, the nega-
tive effects of VAT on cardiovascular health may be exac-
erbated. Furthermore, the perivascular adipose tissue,
which provides structural support to most arteries and
secretes paracrine molecules that affect the vasculature,

Page 8 of 10

can become dysfunctional, leading to extracellular matrix
remodeling, local RAAS activation, and, ultimately, vas-
cular stiffness. This dysfunction is central to the progres-
sion of CVD and chronic kidney diseases [23-26].

Other studies indicated that electron transport chain
function in the submuscular mitochondria is significantly
impaired in individuals with IR. This reduction affects
crucial cellular processes such as such as the transport
of glucose, oxidation of fatty acids, and maintenance of
insulin signaling, contributing to metabolic dysfunc-
tion [27-31]. The combined impact of these alterations
disrupts autoregulation of the vascular tone and height-
ens vascular resistance. Meanwhile, insulin’s antidiuretic
effects the kidney’s ability to retain sodium and water,
promote fluid overload, and subsequently contribute to
hypertension [32].

Additionally, the threshold effect analysis provided
deeper insight into the link between hypertension and
METS-IR. This study found a positive link between the
hypertension development and METS-IR; however, this
relationship exhibited nonlinear characteristics. The
influence of IR on hypertension was more significant at
lower and moderate METS-IR levels but attenuated at
higher levels, likely due to inadequate sample size com-
pensation by other metabolic mechanisms. Individuals
with a high METS-IR may have other concurrent risk
factors (e.g., abnormal renal function, severe obesity, or
medication use) [33]. Thus, METS-IR may offer signifi-
cant insight into a patient’s risk of hypertension during
the pre-disease phase.

Strengths and limitations

The study has several advantages. A key strength of this
study is the utilization of NHANES database repository
gathered through a stratified, multistage probability sam-
pling technique that provides a substantial sample size
and strong national representativeness. Furthermore,
potential confounding factors were controlled such as
sex, years, race, marital status, degree of education,
tobacco and alcohol consumption, and the presence of
brain attack, CHD, and glycemic disorder to minimize
confounding effects and obtain more reliable results.
Finally, the consistency of the relationship in different
populations was assessed by subgroup analysis.

Although this study provided valuable insights, it has
some limitations. First, as the NHANES data were cross-
sectional, causal relationships could not be established.
Second, while some confounding factors were controlled
for, the potential impact of unrecognized or unmeasured
confounders could not be completely excluded. Third,
because of database limitations, the study was confined
to a US population, and data on hypertension grades
were not available. Therefore, this study could not value
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the link pertaining to METS-IR and the degree or stage of
hypertension, indicating a need for further investigation.

Conclusions

The research found a strong positive relationship
between hypertension and METS-IR. These results
highlight the importance of managing and monitoring
METS-IR components, including BMI and HDL-C, TG,
and fasting glucose levels, to enhance hypertension risk
assessments and optimize interventions to help guide
early lifestyle interventions, such as dietary modifications
and physical activity, and develop prevention strategies in
populations with metabolic disorders and IR to prevent
the hypertension’s progression.
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