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Inflammatory markers link triglyceride-
glucose index and obesity indicators

with adverse cardiovascular events in patients
with hypertension: insights from three cohorts
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Abstract

Background Among hypertensive cohorts across different nations, the relationship between the triglyceride-
glucose index (TyG) and its conjunction with obesity metrics in relation to cardiovascular disease (CVD) incidence and
mortality remains to be elucidated.

Methods This study enrolled 9,283, 164,357, and 5,334 hypertensives from the National Health and Nutrition
Examination Survey (NHANES), UK Biobank (UKBB), and Shanghai Pudong cohort. The related outcomes for CVD were
defined by multivariate Cox proportional hazards models, Generalized Additive Models and Mendelian randomization
analysis. Mediation analysis explored the mediating role of inflammatory markers in the above relationships.

Results Five measures of insulin resistance were linked to CVD and related death in a U-shaped pattern, with the
highest group having different risk increases. Higher glucose triglyceride-waist height ratio (TyG-WHTR) was linked to
higher all-cause mortality (UKBB: HR 1.21, 95%CI 1.16-1.26, NHANES: HR 1.17, 95%Cl 1.00-1.36), CVD mortality (UKBB:
HR 1.36, 95%CI 1.23-1.49, NHANES: HR 1.32, 95%CI 1.00-1.72) risks. In the China Pudong cohort, higher triglyceride/
high-density lipoprotein-cholesterol (TG/HDL_C) ratio was associated with higher risks of CVD and stroke (HR 1.31,
95%Cl 1.00-1.73 and 1.67, 1.06-2.63). Inflammation markers like systemic inflammatory response index (SIRI) and
C-reactive protein (CRP) partially explained these links, with CRP having a stronger effect. Genetically predicted TyG
was also linked to stroke (OR 1.26, 95%CI| 1.10-1.45) risk.
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Conclusions An elevated TyG index and its related indices are significantly correlated with an increased risk of
CVD and related mortality across three national cohorts. These indices are anticipated to serve as valid predictors of
incident CVD and mortality in individuals with hypertension.
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Introduction

Cardiovascular disease (CVD) encompasses a spectrum
of conditions that affect the heart and vascular system,
mainly including heart failure, angina pectoris, myo-
cardial infarction, and stroke [1]. The incidence of CVD
has seen a dramatic rise from 271 to 523 million cases
worldwide from 1990 to 2019 [2]. This increase under-
scores the growing health burden of CVD, which has
become the leading cause of mortality across the globe
[2, 3]. Hypertension and diabetes mellitus, characterized
by underlying metabolic dysregulation, are commonly
associated with the development of CVD [4]. In partic-
ular, hypertension is a significant risk factor for adverse
cardiovascular events [5], affecting over 30% of the global
population [6] and leading to functional or organic dam-
age in the brain, heart, and other vital organs [7]. Nota-
bly, elevated systolic blood pressure has been shown
to increase the risk of cerebral hemorrhage and stable
angina by 44% and 41%, respectively [8], and was directly
responsible for 10.4 million deaths in 2017 [9]. The iden-
tification of risk factors for CVD prediction in hyperten-
sive populations is crucial for the implementation of early
preventive strategies.

Hypertensive patients frequently exhibit metabolic
disturbances [10], with insulin resistance (IR) playing a
pivotal role in these pathophysiological changes [11]. IR
is defined as a state of reduced sensitivity and respon-
siveness to insulin and has been firmly established as a
strong correlate of CVD and related mortality, poten-
tially through pathways involving excessive sympathetic
nervous system activation, impaired vascular endothe-
lial function and inflammation [12—17]. Recent evidence
suggests that TyG index with its related surrogates and
TG/HDL_C are reliable markers of IR [18]. The TyG
index estimates insulin sensitivity by integrating tri-
glyceride and fasting glucose levels [19]. Furthermore,
indices such as TyG-body mass index (TyG-BMI), TyG-
waist circumference (TyG-WC), TyG-waist-to-hip ratio
(TyG-WHTR), and triglycerides-to-low-density lipopro-
tein cholesterol ratio (TG/HDL_C) have demonstrated
significant utility in the assessment of IR [20, 21]. Epi-
demiological studies have consistently shown that these
IR-related indices enhance the risk of adverse clinical
outcomes in individuals with non-alcoholic fatty liver
disease (NAFLD), diabetes, chronic kidney disease and
other diseases [22—24]. However, there remains a paucity
of robust evidence concerning effective predictors and
biological links between these indices and the progres-
sion of CVD and mortality in hypertensive populations.

This study leverages data from the National Health
and Nutrition Examination Survey (NHANES), UK Bio-
bank (UKBB), and Shanghai Pudong cohort to address
the following objectives: (1) to evaluate the associa-
tion of five IR-related indices with CVD and mortality
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in hypertensive individuals; (2) to cross-validate these
associations across different countries; (3) to examine
the mediating effects of inflammatory markers; and (4)
to investigate the causal relationship between the TyG
index and CVD. The aim is to provide novel insights into
the prevention of hypertension and its cardiovascular
sequelae, thereby contributing to the reduction of the
global disease burden.

Materials and methods

Study design and study population

We analyzed data from the NHANES, UKBB and the
Shanghai Pudong cohort. 502,244 individuals partici-
pated in the UKBB follow-up survey during 2006—2010.
After excluding participants with missing serology,
physical examination parameters, outcome variables
and covariates, 305,285 individuals remained, of whom
164,357 had hypertension (Figure S1). US NHANES, a
research program, is designed to assess the health and
nutritional status of individuals in the United States.
This study used data from the NHANES database 1999—
2018, during which a total of 101,316 individuals were
recruited. After eliminating those without essential infor-
mation, 9,283 individuals with hypertension remained
(Figure S2). We followed up 9,041 individuals of Shanghai
Pudong cohort and ultimately included 1,760 and 5,334
participants with CVD and mortality outcomes respec-
tively (Figure S3).

Definition of TyG, TyG-BMI, TyG-WC, TyG-WHTR and TG/
HDL_C ratio
Our study selected five insulin resistance indices: TyG,
TyG-BMI, TyG-WC, TyG-WHTR, and TG/HDL_C. The
formulas are as follows:

TyG index=Ln[Triglyceride (mg/dL)xGlucose (mg/
dL) / 2];

TyG-BMI=TyGxBMI

TyG-WC=TyGx Waist Circumference;

TyG-WHTR=TyGXx WHTR=TyGx Waist Circumfer-
ence / Height;

TG/HDL_C=Triglycerides (mg/dL) / HDL-C (mg/dL)
[25].

Hypertension and total CVD ascertainment

A systolic blood pressure (SBP)>140 mmHg or a dia-
stolic blood pressure (DBP)>90 mmHg was consid-
ered hypertension in the Shanghai Pudong cohort [26].
According to the 2017 American Heart Association /
American College of Cardiology (AHA / ACC) guide-
line recommendations, hypertension was defined as a
systolic blood pressure of>130 mmHg or diastolic blood
pressure>80 mmHg in NHANES and UKBB popula-
tions [6]. In sensitivity analyses, we re-analyzed the
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NHANES participants with the hypertension criterion of
140/90 mmHg to validate the robustness of our findings.

Cardiovascular disease was identified as either myo-
cardial infarction or ischemic stroke in the UKBB cohort.
Myocardial infarction was classified as ICD-10 code
121 or 122 on admission. Ischemic stroke was defined
using ICD-10 code 163 or 164 and magnetic resonance
imaging of the brain or computed tomography scan-
ning [27]. Diagnosis of CVD was determined through
a standardized medical condition questionnaire in the
NHANES. Individuals were considered to have CVD if
they answered ‘yes’ to the question ‘Has a doctor or other
health professional ever told you that you have congestive
heart failure / coronary heart disease / angina / myocar-
dial infarction / stroke?” [23]. The total CVD ascertain-
ment in the Shanghai Pudong cohort, which mainly
consisted of coronary heart disease and stroke, was
assessed by self-report questionnaires.

Definition of cardiovascular mortality and all-cause
mortality

The primary endpoint of this study was all-cause mortal-
ity. We utilized the NHANES Public Utilization-Related
Mortality File, which is available up to December 31,
2019, to ascertain the mortality status of the follow-
up population. The data was linked to the NCHS and
the National Death Index (NDI) through a probability-
matching algorithm. The follow-up period commenced
on the date of the NHANES interview and concluded
either on the date of death or December 31, 2019. Mor-
tality outcomes for the Pudong cohort were obtained
from the Pudong CDC mortality surveillance repository.
Cause-specific mortality was determined by ICD-10.
CVD mortality was defined as ICD-10 codes 100-109, 111,
113, and 120-151.

Definition of systemic inflammatory response index (SIRI)
and C-reactive protein (CRP)

Peripheral blood samples of NHANES participants were
analyzed at the Mobile Examination Centre (MEC) using
a Beckman Coulter HMX hematology profiler, whereas
peripheral blood samples from UKBB were analyzed
using a Beckman Coulter LH750 hematology profiler. In
the Pudong cohort, blood samples were measured using
a HITACHI 7170A automatic biochemical analyzer. Lym-
phocyte, neutrophil, monocyte, and platelet counts were
measured by complete blood count. SIRI=monocyte
countx neutrophil count / lymphocyte count. While CRP
was quantified by latex-enhanced nephelometry in Uni-
versity of Washington using blood samples.

Covariates
All three cohorts adjusted for age, gender, educational
level, smoking status, alcohol consumption, history of
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diabetes, systolic blood pressure (SBP), and total choles-
terol (TC). Among these, age, SBP, TC and alcohol con-
sumption were continuous variables, while the remaining
variables were categorical. Based on this foundation, the
NHANES cohort further incorporated adjustments for
race, physical activity and HEI-2015. The Pudong cohort
further adjusted for physical activity. Race and Townsend
deprivation index were adjusted for in the UKBB cohort
additionally.

Mendelian randomization and sensitivity analysis

Single nucleotide polymorphisms (SNPs) associated with
the TyG index were extracted from a previously con-
ducted genome-wide association study (GWAS), which
included participants without diabetes or lipid metabo-
lism disorders (http://links.lww.com/JS9/C792) [28].
Genetic variants associated with body status, such as tri-
glycerides, HDL-C, hypertension, SBP, DBP, BMI, waist
circumference, and waist-hip ratio, as well as inflamma-
tory marker CRP, and components of SIRI, were obtained
from the Integrative Epidemiology Unit (IEU) OpenG-
WAS database (https://gwas.mrcieu.ac.uk/). Data on
stroke, myocardial infarction, embolic stroke and over-
all cardiovascular diseases were sourced from FinnGen
(freeze 11) (https://r11.finngen.fi/). All studies received
approval from local institutional review boards, and
informed consent was provided by all participants. To
identify genetic variants suitable for estimating causal
effects between exposures and outcomes, a genome-
wide significance threshold of P<5x107® was applied,
except for embolic stroke, where the threshold was set
at P<5x107° due to a limited number of instrumen-
tal variables. Single nucleotide polymorphisms (SNPs)
in linkage disequilibrium (R*<0.001, within 10,000 kb)
were excluded from the analysis. The inverse variance
weighted (IVW) method was employed as the primary
approach for two-sample Mendelian randomization (MR)
analysis, with MR-Egger and weighted median methods
used as complementary approaches. Sensitivity analy-
ses were conducted to assess whether individual vari-
ants influenced the overall findings. Above analyses were
performed using R packages such as “TwoSampleMR’,
“MR-PRESSO’; and “Forestploter’, which contributed sig-
nificantly to the data analysis and visualization process.

Statistical analyses

We conducted t-test and chi-square tests to compare
the baseline demographic characteristics of the popula-
tion. The results were presented as mean+standard error
(SE) for continuous variables and as frequency (%) for
categorical variables. Firstly, multivariate Cox propor-
tional hazards model was employed to assess the asso-
ciations between TyG, TyG-BMI, TyG-WC, TyG-WHTR
and TG/HDL_C ratio indices and CVD and mortality by
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comparing the second and third tertiles of these indices Table 1 Baseline characteristics of participants from three

. . . cohorts
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by evaluating the non-specific linkage to the dependent  Non-smoking, 1349 4095 4638 86,758 (52.8)

variable by linkage function to reduce the error in pre- (%) (76.7) (768) (50.0)
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tors in the relationships between five insulin resistance-  (cs () (207)
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assumptions and typically estimate three types of effects:  (SE),cm

(I) total effects (the total effects of the independent vari-  BMI, mean (SE), ~ 258(0.1) 25.9(005) 30.1(0.1) 28.2(001)
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and indirect effects); (II) direct effects, (the residual effect =~ WC mean 5B, 849(02)  849(01) 103.1(0.2) 93.2(0.03)
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pathways other than the mediator); (III) indirect effects m”’]:gean( h 147604 1497(03) 1339(02) 1500004

(the ‘pa.thway from the exposure to th<.e outcome‘wa‘ the DBP mean (5,  912(02) 9120.) 73501) 879(002)

mediating variable). When the total, direct, and indirect 4

effects align in the same direction, it is feasible to calcu-  gioodindicators

late the ‘mediation ratio’ This ratio quantifies the pro-  ppateletcount, 2001 (1.6) 201.2(0.8) 2480(07) 2518(0.1)
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Baseline characteristics of participants

The baseline characteristics of the included participants
(164,357 from the UKBB, 9,283 from the NHANES,
1,760 and 5,334 from Pudong cohort of different out-
come) are summarized in Table 1. The mean ages of par-
ticipants were 59.8 and 62.6 years for Pudong cohort of
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Table 1 (continued)
Characteristic CHINA us UK

Pudong NHANES Biobank
Sample-Out- Total-CVD Morality  All All outcome
come (N=1760) (N=5334) outcome (N=164,357)

(N=9283)

TG, mean (SE), 1587 (29) 161.2(1.2) 1453(1.1) 1656 (0.2)
mg/dL
FBG, mean (SE), 110.1(0.7) 111.3(05) 1143(04) 94.2(0.1)
mg/dL

2In NHANES, low household income referred to family poverty/income ratio
of<1.35; In UK Biobank, household income<£18,000 was defined as low
household income;

-, data not available;

Abbreviations: NHANES=National Health and Nutrition Examination Survey,
CVD=cardiovascular disease, SE=standard error, BMI=body mass index,
WC=waist circumference, SBP=systolic blood pressure, DBP=diastolic blood
pressure, HDL_C=High Density Lipoprotein_ cholesterol, TC=total cholesterol,
TG=triglyceride, FBG=Fasting blood glucose

different outcome, 58.4 years for UKBB and 57.0 years
for NHANES. The proportion of men in Pudong cohort
study was smaller than those in other cohorts (36.4%-
38.4% vs 53.2%-53.9%). However, the proportion of low
education and no-smoking participants in Pudong cohort
study were bigger than those in other cohorts (69.5%-
75.9% vs 27.0%-28.1%; 76.7%-76.8% vs 50.0%-52.8%).
Alcohol consumption, BMI and WC, CRP in Pudong
cohort study were lower than those in other cohorts
(0.4-0.5 vs 20.0-23.2 g/day; 25.8-25.9 vs 28.2-30.1 kg/
m? 84.9 vs 93.2-103.1 cm, 0.2 vs 0.3-0.5 mg/dl).

Associations of TyG-related indices and TG/HDL_C ratio
with incident CVD and mortality

Table 2 demonstrates that these five indices are signifi-
cantly associated with CVD and mortality. US NHANES
documented 2,056 deaths over a mean follow-up of
9.5 years. In this cohort, the incidence of CVD was sig-
nificantly higher in the highest tertile (T3) compared to
the lowest tertile (T1) for each of the five indices, with
increases of 74%, 79%, 93%, 90%, and 63%, respectively.
Both the TyG index and TyG-WHTR significantly ele-
vated the risk of all-cause and CVD mortality [TyG: HR
(95%CI): 1.19 (1.05-1.37), 1.32 (1.02-1.70); TyG-WHTR:
1.17 (1.00-1.36), 1.32 (1.00-1.72)]. Additionally, TyG-
WC increased the HR for CVD mortality by 29% at T3
The UKBB recorded 15,317 deaths, 4,219 incident isch-
emic stroke cases and 5,262 incident myocardial infarc-
tion cases over a mean follow-up of 13.2-13.5 years. All
four indices exhibited a positive and significant asso-
ciation with ischemic stroke, myocardial infarction, and
mortality, except for TyG, which was not significantly
associated with ischemic stroke and CVD mortality in
the UKBB (Table S1). The Shanghai Pudong cohort docu-
mented 738 deaths and 341 incident CVD cases over a
mean follow-up of 6.3-8.8 years. TyG-BMI and TG/
HDL_C ratio were associated with a significant 32% and
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31% increase in the HRs for total-CVD at T3 compared
with T1. However, only TG/HDL_C ratio demonstrated a
significant association with stroke [T2 vs T1: 1.59 (1.01-
2.49); T3 vs T1: 1.67 (1.06—2.63)]. The results of model 1
are generally consistent with model 2 (Table S2).

Associations of continuous TyG-related indices and TG/
HDL_C ratio with incident CVD and mortality

Based on the findings from the COX regression models,
we propose that these five indices may exhibit a nonlin-
ear relationship with CVD and mortality. Figure 1 and
S4 depict the smooth curves that represent the associa-
tion of the five indices with outcomes as determined by
GAM. In US NAHENS and UKBB cohorts, the TyG-
related indices demonstrated a hook-shaped association
with mortality, while the TG/HDL_C ratio positively
correlated with mortality. Within the Shanghai Pudong
cohort, except for the association trends of TyG-BMI and
TG/HDL_C ratio with all-cause mortality, which paral-
leled those of the other two cohorts, the remaining three
indices exhibited a V-shaped relationship with all-cause
mortality. In both UKBB and US NHANES, there was an
overall increasing trend observed in TyG-related indices
with respect to incident CVD (Figure S4).

Subgroup analyses by gender

Accounting for the effects of gender, we performed
subgroup analyses (Figs. 2 and 3). In the UKBB cohort,
there was a significant multiplicative interaction
between TG/HDL_C ratio and gender on incident CVD
(P-value=0.021). In the US NHANES cohort, these five
indices significantly increased the incidence of total CVD
in gender subgroup (T3 vs T1: male: 1.99-2.24; female:
1.47-1.71). Within the Pudong cohort, only TyG-BMI
significantly increased total CVD risk at T3 compared to
T1 in women, with HR of 1.47 (1.06—2.05). In the UKBB,
all five indices exhibited a significant and positive asso-
ciation with incident myocardial infarction in both gen-
ders, whereas the positive correlation with ischemic
stroke was statistically significant only in women.

Mediating effects of inflammation indexes
In the Pudong cohort, aside from TyG, the remaining
four indices also demonstrated significant multiplica-
tive interactions with gender. Notably, only TyG-WHTR
significantly increased the risk of all-cause mortality in
females [T3 vs T1: 1.38 (1.06, 1.79)]. In the UKBB cohort,
all indices exhibited a significant and positive associa-
tion with all-cause mortality in women. Furthermore,
both TyG-WHTR and TyG-WC significantly ampli-
fied the interaction with gender (P interaction<0.001; P
interaction=0.001).

The mediation analyses were further performed in
the three cohorts to investigate the mediating role of
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inflammatory markers. Figure 4 and S5 reveal that SIRI
exerted a positive partial mediating influence on the rela-
tionship between the five indices and myocardial infarc-
tion, stroke, ischemic stroke and mortality in UKBB
(TyG: proportion: 1.89%-2.94%; TyG-BMI: 1.64%-2.37%;
TyG-WC: 2.58%-2.65%; TyG-WHTR: 1.32%-6.93%; TG/
HDL_C: 0.32%-0.95%). In addition, CRP demonstrated a
higher proportion of mediating effects compared to SIRI
(TyG: 3.23%-24.51%; TyG-BML: 5.82%-31.91%; TyG-WC:
5.13%-21.14%; TyG-WHTR: 10.65%-21.70%; TG/HDL_C:
5.40%-21.20%). Figure S6 presents the outcomes of the
mediation analysis in the US NHANES and Pudong
cohorts, indicating that CRP surpasses SIRI as mediating
variables.

Sensitivity analyses

To ensure comparability among the three cohorts,
hypertension was defined as a SBP of 140 mmHg or
higher and/or a DBP of 90 mmHg or higher among US
NHANES participants. Subsequently, COX regression
analyses were re-conducted on the populations with
hypertension. Table S3 presents results that are largely in
agreement with the preceding findings. Additionally, we
employed GAMs to characterize the association of TyG-
related indices and the TG/HDL_C ratio with incident
CVD and mortality in the populations without hyperten-
sion (Figures S7 and S8).

Genetic associations with cardiovascular risk factors and
stroke outcome

To evaluate the genetic associations with cardiovascular
risk factors and stroke outcome, we further utilized the
IVW method (Fig. 5). The results predicted TyG was sig-
nificantly related with stroke in genetic [OR (95%CI):1.26
(1.10-1.45)] and myocardial infarction [1.98 (1.61-2.42)].
Similarly, triglycerides were predicted with a significant
association with stroke [1.11 (1.04—1.18)] and myocardial
infarction [1.30 (1.11-1.52)], while HDL-C showed a sig-
nificant protective effect against stroke [0.86 (0.81-0.92))
and embolic stroke [0.82 (0.75-0.89)]. BMI was signifi-
cantly associated with an increased risk of stroke [1.25
(1.17-1.33)], myocardial infarction [1.44 (1.15-1.80)],
and embolic stroke [1.37 (1.22-1.54)]. Waist circumfer-
ence demonstrated significant associations with stroke
[1.31 (1.20-1.43)] and embolic stroke [1.38 (1.18-1.62)],
and the waist-hip ratio also showed significant asso-
ciations with stroke [1.14 (1.07-1.21)] and myocardial
infarction [1.33 (1.05-1.67)]. Additionally, reverse analy-
ses indicated an insignificant association between CVD
and body status, supporting the unidirectional effect of
the aforementioned factors (Figure S9). We also evalu-
ated the causal relationship among TyG, inflamma-
tory markers, and cardiovascular events, suggesting a
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potential positive contribution of inflammatory markers
to cardiovascular events (Figure S10).

Discussion

This study marks the inaugural utilization of a prospec-
tive cohort spanning three countries to collectively inves-
tigate the relationship between TyG-related indices and
the TG/HDL_C ratio and the incidence of CVD and
mortality in individuals with hypertension. We identified
a U-shaped correlation between the exposure variables
and outcomes, which demonstrated that an elevated TyG
levels, along with TyG-BMI, TyG-WC, TyG-WHTR, and
the TG/HDL_C ratio, were associated with an increased
risk of CVD and mortality among the hypertensive popu-
lation. Notably, TyG-WC and TyG-WHTR exhibited the
strongest associations with CVD and mortality, which
were partially mediated by inflammatory indices. The
outcomes of subgroup and sensitivity analyses confirmed
the robustness of our findings.

Consistent with previous studies, our study has con-
firmed the U-shaped association of TyG-related indices
with adverse cardiovascular events [32, 33]. A study iden-
tified the threshold points (all-cause mortality: 9.104; CV
mortality: 8.758) for the U-shaped association between
the TyG index and all-cause and cardiovascular mortal-
ity, which our study is in generally consistent with [32].
Specifically, when above the threshold, the TyG index
significantly increased the risk of adverse cardiovascular
events. Conversely, below-threshold TyG index was also
associated with an elevated risk of adverse cardiovascular
events. This may be due to the fact that hypoglycemia can
induce arrhythmias, thrombosis, vascular inflammation,
and vasoconstriction [34, 35]. Additionally, a very low
TyG index may indicate malnutrition, which may like-
wise induce adverse outcomes [32].

With regard to CVD, a study utilizing the UKBB data-
set found that individuals in the highest quartiles of TyG
index and TG/HDL_C ratio had increased risks of CVD,
with hazard ratios of 1.19 and 1.29, respectively [36].
Remarkably, in our study population with hypertension,
the risk increments were even more pronounced for
myocardial infarction, reaching 1.35 and 1.59, underscor-
ing the critical importance of monitoring these indices in
the management of hypertension. Although we adjusted
for demographic and lifestyle factors such as race, eco-
nomic status, and physical activity, the association of
selected insulin resistance indices with adverse cardio-
vascular events was not consistently significant. In addi-
tion to differences in cohort sample sizes, we suggest
that this may be related to dietary patterns and genetic
background in different countries [37, 38]. Moreover, a
study conducted in northern China demonstrated a 1.25-
fold elevated risk of CVD in individuals with elevated
TyG index compared to the general population, while a
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Table 2 The TyG, TyG- WC, TyG- BMI, TyG- WHTR and TG/ HDL_C association with total CVD and mortality calculated using binomial
logistic regression models/Cox proportional hazards model in three cohorts

TyG TyG- BMI TyG-WC TyG- WHTR TG /HDL_C
US NHANES®
Total-CVD  Case/N OR (95%Cl)  Case/N OR (95%Cl)  Case/N OR (95%Cl)  Case/N OR (95%Cl)  Case/N OR
(95%Cl)
T 446/3095 Reference  461/3095 Reference  394/3094 Reference  393/3094 Reference  464/3096 Reference
T2 481/3094 1.14 506/3093 1.10 504/3094 117 495/3095 1.15 494/3093 1.06
(091,143) (0.89,1.37) (0.94,1.47) (0.94,1.42) (0.86,1.30)
IE 607/3094 174 567/3095 179 636/3095 193 646/3094 190 576/3094 163
(1.40,2.17) (1.45,2.22) (1.57,2.37) (1.55,2.32) (1.30,2.05)
All-cause  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
morality (95%Cl)
T1 556/3095 Reference  782/3095 Reference  653/3094 Reference  613/3094 Reference  631/3096 Reference
T 695/3094 096 708/3093  0.86 689/3094  0.83 693/3095  0.88 672/3093 087
(0.83,1.10) (0.77,0.96) (0.73,0.95) (0.77,1.01) (0.77,1.00)
T3 805/3094 1.19 566/3095 1.03 714/3095 1.10 750/3094 117 753/3094 1.11
(1.05,1.37) (0.88,1.20) (0.95,1.28) (1.00,1.36) (0.97,1.27)
CVvD Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
morality (95%Cl)
T 181/3095 Reference  264/3095 Reference  214/3094 Reference  199/3094 Reference  206/3096 Reference
T2 228/3094 097 220/3093 0.84 219/3094 0.79 236/3095 094 227/3093 0.96
(0.75,1.25) (0.68,1.03) (0.62,1.01) (0.74,1.19) (0.76,1.22)
IE 266/3094 132 191/3095 124 242/3095 129 240/3094 132 242/3094  1.16
(1.02,1.70) (0.95,1.63) (1.00,1.67) (1.00,1.72) (0.88,1.53)
CHINA Pudong®
Total-CVD  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
(95%Cl)
T 102/587 Reference  105/481 Reference  107/587 Reference  101/586 Reference  95/586 Reference
T2 129/587 127 107/588 1.04 110/586 101 124/588 119 126/588 129
(0.97,1.65) (0.79,1.36) (0.77,1.32) (0.92,1.56) (0.99,1.69)
T3 110/586 117 129/586 132 124/587 122 116/586 1.16 120/586 131
(0.88,1.56) (1.01,1.72) (0.93,1.60) (0.88,1.53) (1.00,1.73)
Stroke Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
(95%Cl)
T 33/587 Reference  38/586 Reference  42/587 Reference  39/586 Reference  31/586 Reference
T2 54/587 1.62 44/588 1.16 40/586 0.92 48/588 1.19 49/588 1.59
(1.05,2.51) (0.75,1.79) (0.60,1.42) (0.78,1.83) (1.01,2.49)
IE 43/586 128 48/586 128 48/587 112 43/586 103 50/586 167
(0.79,2.07) (0.83,1.99) (0.72,1.74) (0.65,1.62) (1.06,2.63)
All-cause  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
morality (95%Cl)
T 251/1779 Reference  260/1779 Reference  222/1779 Reference  216/1778 Reference  255/1178 Reference
T2 236/1776 0.87 230/1777 0.89 225/1777 092 218/1777 092 250/1778 093
(0.72,1.04) (0.75,1.07) (0.76,1.10) (0.76,1.11) (0.78,1.10)
T3 251/1779 094 248/1778 101 291/1778 105 304/1779 110 233/1778 097
(0.78,1.13) (0.84,1.21) (0.88,1.26) (091,1.32) (0.81,1.17)
UK Biobank®
Stroke Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
(95%Cl)
T 1615/54788 Reference 1601/54788 Reference 1470/54788 Reference 1496/54789 Reference 1615/54789 Reference
T2 1648/54780 0.94 1712/54781 0.99 1707/54780 1.02 1644/54779 097 1663/54780 0.97
(0.88,1.01) (0.93,1.06) (0.95,1.10) (0.90,1.04) (0.90,1.03)
T3 1829/54789 1.01 1779/54788 1.05 1915/54789 1.08 1952/54789 1.09 1814/54780 1.04
(0.94,1.08) (0.98,1.13) (1.00,1.16) (1.02,1.17) (0.97,1.11)
All-cause  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR
morality (95%Cl)

T1 4621/54788 Reference  4658/54788 Reference  4043/54788 Reference  4095/54789 Reference  4602/54789 Reference




Huang et al. Cardiovascular Diabetology (2025) 24:11 Page 9 of 16
Table 2 (continued)
TyG TyG- BMI TyG-WC TyG- WHTR TG /HDL_C

T2 5017/54780 0.99 4882/54781 0.94 4847/54780 1.01 4843/54779 1.00 5122/54780 1.02
(0.95,1.03) (0.90,0.98) (0.96,1.05) (0.96,1.04) (0.98,1.06)

T3 5679/54789 1.06 5777/54788 1.10 6427/54789 1.21 6379/54789 1.21 5593/54788 1.07
(1.02,1.10) (1.07,1.15) (1.15,1.26) (1.16,1.26) (1.03,1.11)

CVvD Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR (95%Cl)  Case/N HR

morality (95%Cl)

T 905/54788  Reference  873/54788 Reference  705/54788  Reference  727/54789  Reference  854/54789  Reference

T2 996/54780  0.97 974/54781  0.96 968/54780  1.05 983/54779  1.08 1039/54780 1.06
(0.89,1.06) (0.87,1.05) (0.95,1.17) (0.97,1.18) (0.97,1.16)

T3 1208/54789 1.05 1262/54788 1.22 1436/54789 1.34 1399/54789 1.36 216/54788 1.13
(0.95,1.15) (1.11,1.33) (1.22,1.49) (1.23,1.49) (1.03,1.24)

?Model: age (continuous), gender (male, female), ethnicity/race (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Other Race—lncludmg
Multi-Racial), educational level (less than high school, high school and above), smoking status (Yes or No); alcohol consumption (continuous), physical activity
(adequate, inadequate), HEI-2015 (continuous), history of diabetes (Yes or No), SBP (continuous), TC (continuous)

"Model: age (continuous), gender (male, female), educational level (less than high school, high school and above), smoking status (Yes or No), alcohol consumption
(continuous), physical activity (adequate, inadequate), history of diabetes (Yes or No), SBP (continuous), TC (continuous)

“‘Model: age (continuous), gender (male, female), ethnicity/race (White, Asian or Asian British, Black or Black British, Chinese, Mixed, Other ethnic group), educational
level (less than high school, high school and above), Townsend deprivation index (T1, T2, T3), smoking status (Yes or No), alcohol consumption (continuous), history
of diabetes (Yes or No), SBP (continuous), TC (continuous)

P-values less than 0.05 (p <0.05) were considered significant

Abbreviations: TyG=triglyceride-glucose, BMI=body mass index, WC=waist circumference WHTR=waist circumference/height ratio, TG=triglyceride, HDL_C=High
Density Lipoprotein_ cholesterol, NHANES=National Health and Nutrition Examination Survey, CVD=cardiovascular disease, HR=hazard ratio, Cl=confidence

interval, N=number

Korean cohort study confirmed that the TyG index was
an independent predictor of coronary artery calcification
progression [39, 40]. Our study expands the geographic
representation, particularly for the southern Chinese
population. Additionally, a prospective study from
Argentina highlighted the significance of the TG/HDL_C
ratio in forecasting CVD risk [41]. Through systematic
evaluation in a substantial sample, our research revealed
that the TG/HDL_C ratio may exhibited superior predic-
tive efficacy compared to TyG and its derivatives in the
Pudong cohort, offering a novel perspective for future
clinical practice. In terms of mortality, existing studies
have established nonlinear associations between the TyG
index and mortality [25, 42], which was also confirmed
in our study. This phenomenon may be related to the
extreme glycemic status of the organism [43]. This obser-
vation underscores the critical role of dynamic monitor-
ing of insulin resistance-related indices in the prevention
of CVD and mortality. Furthermore, several investiga-
tions have shown that TyG-WC and TyG-WHTR have
superior predictive power for CVD and mortality risk
compared to the TyG index. This association has been
validated in the general population, middle-aged and
elderly populations, and those with metabolic syndrome
[44-46]. We also observed this association, which can
assist physicians in developing more accurate risk pre-
diction methods for CVD and death in the hypertensive
population.

MR and sensitivity analyses substantiated the causal
relationship between the TyG index and CVD. Specifi-
cally, the findings demonstrated a significant association

of the TyG index with myocardial infarction (OR: 1.98,
95% CI: 1.61-2.42) and stroke (OR: 1.26, 95% CI: 1.10-
1.45). Furthermore, this association was stronger than
those observed for traditional risk factors, including tri-
glycerides, SBP, DBP, waist circumference, and waist-to-
hip ratio, in relation to CVD. This discovery significantly
enhances the validity of our results and highlights the
TyG index’s superiority in predicting CVD. Higher levels
of HDL_C were associated with a reduced risk of cardio-
vascular diseases, which is closely related to its endothe-
lial protective function, anti-inflammatory effects, and
the ability to inhibit oxidative stress [47, 48]. Importantly,
inverse MR analysis revealed no significant findings, sug-
gesting that modifications to the TyG index and con-
ventional risk factors are not solely responsible for the
development of CVD.

In exploring the underlying mechanisms of these asso-
ciations, we uncovered a significant link to IR. IR dimin-
ishes the body’s responsiveness and sensitivity to insulin,
thereby disrupting glucose and lipid metabolism. Sub-
sequently, metabolic dysregulation activates the protein
kinase C pathway and the nuclear factor-kB (NFkB) path-
ways, precipitating the production of excessive reactive
oxygen species. This process facilitates the formation of
atherosclerotic plaques and establishes the pathological
basis for the development of CVD [49-51]. IR height-
ens the incidence of adverse cardiovascular events by
compromising vascular endothelial integrity, promoting
thrombosis [52, 53], and enhancing platelet activation
[54]. Notably, in the context of hypertension, impaired
endothelium-dependent renal vasorelaxation and
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Fig. 1 Generalized additive models (GAM) illustrating the association of TyG-related indices and TG/HDL_C ratio with mortality. Note: US NHANES: Model
was adjusted by age, gender, ethnicity/race, educational level, smoking status; alcohol consumption, physical activity, HEI-2015, history of diabetes, SBP,
TC. China Pudong: Model was adjusted by age, gender, educational level, smoking status, alcohol consumption, physical activity, history of diabetes, SBP,
TC. UKBB: Model was adjusted by age, gender, ethnicity/race, educational level, Townsend deprivation index, smoking status, alcohol consumption, his-
tory of diabetes, SBP, TC. Abbreviations: TyG =triglyceride-glucose, BMI=body mass index, WC = waist circumference, WHTR = waist circumference/height
ratio, TG=triglyceride, HDL_C=High Density Lipoprotein_ cholesterol, NHANES =National Health and Nutrition Examination Survey, CVD = cardiovascu-

lar disease, HR=hazard ratio

diminished insulin sensitivity create a pernicious cycle
that exacerbates the progression of IR and CVD [55]. The
systemic inflammatory response elicited by IR also plays
a crucial role. Inflammation activates the renin-angio-
tensin system, as well as the neutrophil and monocyte-
macrophage systems, which accelerate apoptotic and

atherosclerotic progression [44, 56, 57]. These pathways
collectively form a complex network system that com-
prehensively elucidates the association between the five
IR-related indices and CVD and mortality, as well as the
mediating effects of inflammatory factors.
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Fig. 2 The association of TyG-related indices and TG/HDL_C ratio with incident CVD in gender subgroup. Note: US NHANES: Model was adjusted by age,
gender, ethnicity/race, educational level, smoking status; alcohol consumption, physical activity, HEI-2015, history of diabetes, SBP, TC. China Pudong:
Model was adjusted by age, gender, educational level, smoking status, alcohol consumption, physical activity, history of diabetes, SBP, TC. UKBB: Model
was adjusted by age, gender, ethnicity/race, educational level, Townsend deprivation index, smoking status, alcohol consumption, history of diabetes,
SBP, TC. P-values less than 0.05 (p <0.05) were considered significant. Abbreviations: TyG =triglyceride-glucose, BMI=body mass index, WC=waist cir-
cumference, WHTR =waist circumference/height ratio, TG =triglyceride, HDL_C=High Density Lipoprotein_ cholesterol, NHANES = National Health and

Nutrition Examination Survey, CVD = cardiovascular disease

It is noteworthy that our gender-stratified subgroup
analyses uncovered significant multiplicative interac-
tions between these indices and gender. Specifically, IR-
related indices were significantly associated with CVD
and mortality in females, whereas these associations were
less apparent in the male population. This observation
aligns with previous research findings. A cohort study
highlighted that the risk of MI associated with a high
TyG index was more pronounced in women (HR=3.77)

compared to men (HR=1.93) [58]. Additionally, a Chi-
nese cohort reinforced the gender interaction of the TyG
index and all-cause mortality [59]. Due to higher base-
line levels of nitric oxide synthase (NOS) in women, they
may be more susceptible to myocardial fibrosis and car-
diac hypertrophy when exposed to oxidative stress [60].
Moreover, women experience a more pronounced dete-
rioration in metabolic risk factors than men at the onset
of IR [61, 62], thereby increasing their vulnerability to
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Fig. 3 The association of TyG-related indices and TG/HDL_C ratio with all-cause mortality in gender subgroup. Note: US NHANES: Model was adjusted by
age, gender, ethnicity/race, educational level, smoking status; alcohol consumption, physical activity, HEI-2015, history of diabetes, SBP, TC. China Pudong:
Model was adjusted by age, gender, educational level, smoking status, alcohol consumption, physical activity, history of diabetes, SBP, TC. UKBB: Model
was adjusted by age, gender, ethnicity/race, educational level, Townsend deprivation index, smoking status, alcohol consumption, history of diabetes,
SBP, TC. P-values less than 0.05 (p <0.05) were considered significant. Abbreviations: TyG =triglyceride-glucose, BMI=body mass index, WC=waist cir-
cumference, WHTR =waist circumference/height ratio, TG =triglyceride, HDL_C=High Density Lipoprotein_ cholesterol, NHANES = National Health and

Nutrition Examination Survey, CVD = cardiovascular disease

myocardial damage and adverse cardiovascular events.
Our findings underscore the importance of prioritizing
IR-related indices screening in women, which has the
potential to enhance the precision and effectiveness of
CVD prevention and management strategies.

Our study offers several substantial advantages. Firstly,
we incorporated a cohort exceeding 180,000 participants
from three countries for analysis, enhancing statistical
power and promoting robust conclusions. Secondly, we
explored the relationship between five insulin resistance-
related indices and CVD/mortality in a hypertensive
population, addressing a significant gap in the literature.
Incorporating inflammation indices as mediators, we
investigated potential biological mechanisms underlying
these associations, paving the way for future mechanistic
research. Furthermore, Mendelian randomization analy-
sis circumvented limitations inherent in observational
studies, providing insights into causal relationships.
Although our study possesses several strengths, it is not
devoid of limitations. Considering the adequate sample
size, we excluded participants with missing covariates
or follow-up time, which may have introduced selection

bias. In addition, we obtained 192 SNPs from the Euro-
pean population GWAS data as instrumental variables
for the TyG index from previous studies [28, 63]. To
screen for SNPs strongly associated with the TyG index,
the investigators excluded participants with diabetes and
dyslipidemia at baseline to avoid the effect of medication
use on the TyG index, which may have introduced selec-
tion bias. However, the bias has been shown not to affect
causal inference based on mendelian randomization
studies with a large sample (more than 270,000 people).
Thus, further exploration and analysis is needed to con-
firm the conclusions in GWAS data from Asian popula-
tions in the future. Meanwhile, the definitions of CVD
in the US NHANES and Pudong cohorts were based on
self-reports, potentially leading to reporting bias and
excluding undiagnosed cases. Furthermore, our inabil-
ity to evaluate longitudinal changes in indices restricted
our understanding of their dynamic influence on CVD.
Lastly, residual confounding remains a concern despite
adjusting for major confounders, emphasizing the neces-
sity for further validation and investigation into the
underlying mechanisms.
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Conclusions

In conclusion, this study encompassed the NHANES,
UKBB, and Shanghai Pudong cohorts, elucidating that
TyG-related indices and the TG/HDL_C ratio augment

the risk of CVD and mortality among hypertensive pop-

ulations, with a notable emphasis on women. The rela-
tionships between the five indices and incident CVD
and mortality were characterized by nonlinearity, with
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inflammatory indices (SIRI and CRP) serving as partial
mediators of these associations. TG / HDL_C ratio is
the best indicator for CVD prediction, and TyG-WHTR
is the best indicator for all-cause/CVD mortality predic-
tion. Furthermore, bidirectional Mendelian randomiza-
tion analyses substantiated the causal link between the
TyG index and CVD. Future research endeavors should
concentrate on developing interventions targeting insulin
resistance and delving into the inflammatory pathways
through which insulin resistance precipitates adverse
clinical outcomes.
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