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Abstract
Background Insulin resistance (IR) has been reported to be associated with aging; however, few studies have 
investigated the relationship between IR and biological age (BA). The Triglyceride–glucose (TyG) index is a recognized 
marker of IR. Currently, there is insufficient evidence regarding the relationship between the TyG index and biological 
aging. This study aims to provide deeper insights into the connections between the TyG index and biological aging.

Methods We conducted a cross-sectional study using data from the National Health and Nutrition Examination 
Survey (NHANES), including 12,074 adults (aged 20 and older) from the 2001–2010 and 2015–2018 cycles. 
Comprehensive TyG and BA data were extracted for analysis. To explore the relationship between the TyG index 
and BA, linear regressions were employed, while logistic regression models were used to examine the association 
between the TyG index and accelerated aging. Additionally, trend tests, subgroup analyses, and smoothed fitted 
curves were conducted to assess the robustness of the findings.

Results We included 12,074 participants with a mean age of 46.91 years (SD, 16.64); of these, 50.25% were female 
and 49.75% were male. Each 1-unit increase in the TyG index was associated with a 1.64-year rise in Klemera–Doubal 
method (KDM) biological age and a 117% higher risk of accelerated aging. Similarly, each 1-unit increase in the TyG 
index corresponded to a 0.40-year increase in phenotypic age, resulting in a 15% higher risk of accelerated aging. The 
analysis also revealed nonlinear positive relationships between the TyG index and biological aging, particularly for 
KDM biological age (P for non-linearity < 0.001) and phenotypic age (P for non-linearity = 0.005), with a turning point 
at 8.66. Across all subgroups, the TyG index consistently showed a positive correlation with biological aging, even in 
the presence of significant interactions.

Conclusions There is a significant positive association between the TyG index and biological aging. Higher TyG levels 
are linked to increased biological age and a greater risk of accelerated aging.
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Introduction
As the global population ages, understanding the bio-
logical processes behind aging and related diseases is 
increasingly important [1]. Unlike chronological age, 
which simply counts years, biological age reflects the 
actual decline in physiological function, providing a more 
accurate picture of an individual’s health and disease risk 
[2, 3]. This makes biological age a key factor in predicting 
health outcomes and guiding interventions for healthy 
aging [4]. Various methods have been developed to mea-
sure biological age, using clinical markers, molecular 
indicators, or composite measures. These methods, such 
as homeostatic dysregulation (HD) [5], the Klemera–
Doubal method (KDM) [6], phenotypic age (PA) [7], and 
allostatic load (AL) [8], have proven effective in predict-
ing mortality, age-related diseases, and declines in physi-
cal function.

Insulin resistance (IR), a key metabolic disturbance in 
aging, leads to various disorders, including type 2 diabe-
tes and cardiovascular disease [9–15]. IR has also been 
linked to accelerated aging [16], although the mecha-
nisms are not fully understood. The chronic hyperinsu-
linemia resulting from IR increases oxidative stress and 
inflammatory responses, which may contribute to the 
aging process. The Triglyceride–glucose (TyG) index, 
derived from fasting triglycerides and glucose levels, has 
emerged as a practical and reliable marker of IR [17, 18]. 
Unlike more invasive methods like the euglycemic-hyper-
insulinemia clamp or HOMA-IR, the TyG index is sim-
pler and more accessible, making it useful for large-scale 
studies. While TyG has been shown to correlate with 
cardiometabolic outcomes such as diabetes and cardio-
vascular disease [10, 12, 14, 19–21], its relationship with 
biological aging and mortality is still not well explored.

Given the growing interest in metabolic health as a 
determinant of aging, it is crucial to understand how 
the TyG index correlates with biological aging. This 
study aims to fill this gap by investigating the associa-
tion between the TyG index and biological age using data 
from the National Health and Nutrition Examination 
Survey (NHANES). By examining this relationship, we 
hope to provide new insights into the role of insulin resis-
tance in the aging process and identify potential markers 
for early detection of accelerated aging.

Materials and methods
Data source
The National Health and Nutrition Examination Survey 
(NHANES) is a comprehensive survey conducted by the 
National Center for Health Statistics (NCHS) to assess 
the health and nutritional status of the non-institution-
alized US population. Using a stratified, multistage prob-
ability sampling design, NHANES gathers data through 
interviews, physical examinations, and laboratory 

tests. The NHANES protocol is approved by the NCHS 
research ethics review board, and all participants pro-
vided written informed consent. The survey adheres to 
the Strengthening the Reporting of Observational Studies 
in Epidemiology (STROBE) guidelines. Further informa-
tion on NHANES can be accessed at  h t t p  s : /  / w w w  . c  d c .  g o 
v  / n c h  s /  n h a n e s.

Study population
Our analyses used NHANES data from 2001 to 2010 and 
2015 to 2018, focusing on participants aged 20 years and 
older (n = 38,872). Exclusion criteria included missing 
data for various key components: pregnant participants 
(n = 1,136), components of the TyG index (n = 21,621), 
elements required for calculating Klemera–Dou-
bal method (KDM) biological age and phenotypic age 
(n = 1,212), demographic data (n = 1,262), and informa-
tion on cardiovascular disease history, smoking status, 
drinking status, BMI, and weights (n = 1,567). Finally, 
a total of 12,074 subjects were included in the study 
(Fig. 1).

Definitions of TyG
The TyG index measures insulin resistance by combin-
ing fasting glucose and triglyceride levels. Fasting blood 
glucose (FSG) and triglycerides were assessed at baseline 
using blood samples from participants. The TyG index is 
calculated using the formula: TyG = ln [triglycerides (mg/
dl) × glucose (mg/dl) / 2] [22]. 

Definition of biological aging
Biological aging (BA) was measured using the Klemera–
Doubal method (KDM) and phenotypic age (PA) [7, 23].

The KDM method calculates BA based on eight bio-
markers: Ln-C-reactive protein (Ln-CRP), serum cre-
atinine, glycosylated hemoglobin, serum albumin, serum 
total cholesterol, serum urea nitrogen, serum alkaline 
phosphatase, and systolic blood pressure. PA is deter-
mined using a multivariate mortality hazard model, 
incorporating ten biomarkers: chronological age (CA), 
albumin, creatinine, glucose, CRP, lymphocyte percent-
age, mean cell volume, red cell distribution width, alka-
line phosphatase, and white blood cell count. Biological 
age acceleration is defined when either KDM biological 
age or PA surpasses CA, and this is treated as a binary 
variable.

Assessment of covariates
This study identified several key covariates, with data col-
lected through baseline questionnaires administered by 
trained professionals. Participants provided information 
on age, gender (female or male), and race (non-Hispanic 
white, non-Hispanic black, Mexican American, and 
other). Marital status was categorized as married, living 

https://www.cdc.gov/nchs/nhanes
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with a partner, or living alone. Education levels were clas-
sified as less than 9 years, 9 to 12 years, and more than 
12 years. The poverty-to-income ratio (PIR) was grouped 
into < 1.3, 1.3–3.5, and > 3.5. Smoking status was catego-
rized as current, former, or never smokers, while drink-
ing status was noted as yes or no. Body mass index (BMI) 
was calculated (weight [kg] / height [m²]) and classified as 
< 25, 25–30, or ≥ 30. Physical activity was assessed using 
the Metabolic Equivalent of Task (MET). Hypertension 
was diagnosed based on a systolic blood pressure ≥ 140 
mmHg, diastolic pressure ≥ 90 mmHg, a doctor’s diagno-
sis, or current use of antihypertensive medication. Dia-
betes was defined by a doctor’s diagnosis, HbA1c ≥ 6.5%, 
fasting glucose ≥ 7.0 mmol/L, or use of diabetes medica-
tion or insulin. Cardiovascular disease (CVD) included 
congestive heart failure, coronary artery disease, myocar-
dial infarction, angina pectoris, and stroke.

Statistical analysis
Given the complex multistage cluster survey design 
of the NHANES study, we utilized sample weighting 
codes “WTSAF4YR” and “WTSAF2YR” for the fasting 
subsample from 2001 to 2010 and 2015–2018, respec-
tively. The sampling weights were calculated as fol-
lows: for the 2001–2002 cycle, the weights were 2/7 × 
WTSAF4YR, and for the remaining cycles, they were 1/7 
× WTSAF2YR.

Participant characteristics were classified according to 
their TyG index levels. Categorical variables were pre-
sented as weighted numbers (weighted percentages), 
while continuous variables were described as means 
(standard deviation, SD). To assess differences between 
TyG groups, we used ANOVA for comparing weighted 
means of continuous variables and the χ2 test for com-
paring weighted percentages of categorical variables. 
Weighted multivariable linear and logistic regression 
analyses were performed to determine the β coefficients 
or odds ratios (OR) and 95% confidence intervals (95% 

Fig. 1 The study’s flow diagram. TyG, triglyceride glucose. CVD, cardiovascular disease. BMI, body mass index
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CIs) for the association between the TyG index and both 
KDM biological/phenotypic age and their respective age 
accelerations. Crude models did not include any adjust-
ments for potential confounders. Model 1 adjusted for 
age and gender. Model 2 further adjusted for race, marital 
status, and education level. Model 3 included additional 
adjustments for BMI, smoking status, alcohol consump-
tion, physical activity, hypertension, diabetes, CVD his-
tory, and cancer.

To explore potential nonlinear dose-response rela-
tionships between the TyG index and biological aging 
(KDM biological/phenotypic age and their respective 
accelerations), we employed a restricted cubic spline 
model, adjusting for variables in Model 3. The TyG index 
was treated as a continuous variable with four knots at 
the 5th, 35th, 65th, and 95th percentiles. Based on the 
smoothing curves, we developed a two-piecewise lin-
ear and logistic regression model to identify any thresh-
old effects, with adjustments for potential confounders. 
Subgroup analyses were conducted by stratifying partici-
pants by age group, gender, BMI, smoking status, alcohol 
consumption, hypertension, diabetes, CVD history, and 
cancer, following the adjustments in Model 3.

All analyses were conducted using R version 4.2.2 
(http://www.R-project.org, R Foundation) and Free  S t a t i 
s t i c s version 2.0. A P-value of less than 0.05 was consid-
ered statistically significant.

Results
Baseline characteristics of study subjects
We included 12,074 participants with a mean age of 
46.91 years (SD, 16.64); of these, 50.25% were female and 
49.75% were male. Table 1 presents the general character-
istics of the participants categorized by TyG index. The 
TyG index was divided into three groups: T1 (≤ 8.34), T2 
(8.34–8.89), and T3 (> 8.89). Participants in the T3 group 
tended to be older, predominantly male, non-Hispanic 
white, with lower educational attainment and income, 
and were less likely to consume alcohol compared to 
those in the T1 group. Additionally, the T3 group had 
higher rates of hypertension, diabetes, CVD and cancer.

Across all participants, the weighted mean KDM bio-
logical age was 46.76 years (SD, 16.21), and the weighted 
mean phenotypic age was 43.35 years (SD, 17.86). When 
biological aging was defined using KDM biological age, 
47.59% of participants exhibited accelerated aging, com-
pared to 19.69% when defined using phenotypic age. 
Notably, participants in the T3 group had higher pheno-
typic and biological ages and were more likely to experi-
ence accelerated biological aging.

Association between TyG and biological aging
After adjusting for confounding factors in Model 3, each 
1-unit increase in the TyG index was associated with 

a 1.64-year increase in KDM biological age and a 117% 
higher risk of accelerated aging (Tables  2 and 3). Simi-
larly, a 1-unit increase in the TyG index corresponded 
to a 0.40-year increase in phenotypic age, leading to 
a 15% higher risk of accelerated aging (Tables  2 and 3). 
When categorizing the TyG index into tertiles, with 
the T1 group as the reference, the T3 group showed a 
159% higher risk of accelerated aging based on biologi-
cal age and a 10% higher risk based on phenotypic age 
(Table 3). Moreover, the analysis revealed nonlinear posi-
tive relationships between the TyG index and biological 
aging, particularly for KDM biological age (P for non-
linearity < 0.001) and phenotypic age (P for non-linear-
ity = 0.005), with a turning point at 8.66(Table S1, S2). For 
values below 8.66, each 1-unit increase in the TyG index 
was associated with a linear increase in biological aging, 
while for values above 8.66, the rate of increase in biolog-
ical aging accelerated significantly. A linear relationship 
was observed for KDM biological age acceleration (P for 
linearity = 0.54), while a nonlinear relationship was found 
for phenotypic age (P for non-linearity = 0.002) (Fig. 2).

Subgroup analysis of TyG index and biological aging
In subgroup analyses, significant interactions (P <.05) 
were observed between the TyG index and factors such 
as age, gender, BMI, hypertension, and diabetes mellitus 
(Fig. 3, S1, S2). Despite these interactions, the TyG index 
consistently showed a significant positive association 
with biological aging across all subgroups.

Discussion
This study is the first to demonstrate a positive cor-
relation between the TyG index and biological aging 
(BA) as well as advanced aging, even after adjusting for 
covariates. In this cross-sectional analysis of a nation-
ally representative sample, we observed that a higher 
TyG index is consistently associated with increased bio-
logical aging, regardless of the specific definition of BA 
used. The robustness of these findings was confirmed 
through trend tests and stratified analyses, which showed 
that the positive association between the TyG index and 
biological aging persisted across all subgroups, despite 
significant interactions. Additionally, smooth curve fit-
ting revealed a non-linear relationship between the TyG 
index and both BA and advanced aging, particularly for 
KDM biological age (P for non-linearity < 0.001) and phe-
notypic age (P for non-linearity = 0.005), with a turning 
point at a TyG index of 8.66.

The TyG index, derived from triglycerides and fast-
ing glucose levels, has emerged as a useful surrogate for 
insulin resistance, a key driver of various metabolic and 
aging-related conditions [11, 24–27]. Elevated TyG levels 
have been associated with a heightened risk of cardio-
vascular diseases, stroke, and mortality, particularly in 

http://www.R-project.org
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individuals with metabolic syndrome and diabetes [12, 
20, 21, 28–33]. This biomarker’s significance extends to 
predicting adverse health outcomes in various popula-
tions, underscoring its relevance in metabolic research 
and clinical practice.

Biological aging, characterized by the gradual decline 
in physiological function and increased susceptibility to 
age-related diseases, is influenced by a complex inter-
play of genetic, environmental, and lifestyle factors [34]. 
Researchers have utilized biomarkers such as telomere 

Table 1 Population characteristics by categories of TyG index
Characteristics Total T1(≤ 8.34) T2(8.34–8.89) T3(>8.89) p

N = 178899911.30 n = 63542361.03 n = 59626928.22 n = 55,730,622
age, years 46.907(16.64) 42.152(16.22) 47.765(16.82) 51.412(15.47) < 0.0001
Gender, (%) 88994810.93(49.75) 25861915.85(40.70) 31212817.32(52.35) 31920077.76(57.28) < 0.0001
Male 88994810.93 (49.75) 25861915.85 (40.70) 31212817.32 (52.35) 31920077.76 (57.28)
Female 89905100.32 (50.25) 37680445.18 (59.30) 28414110.91 (47.65) 23810544.24 (42.72)
Race, (%)
Non-Hispanic White 127646429.84 (71.35) 43414601.52 (68.32) 43199052.35 (72.45) 41032775.97 (73.63) < 0.0001
Non-Hispanic Black 17930179.14 (10.02) 9467239.64 (14.90) 5152005.41 (8.64) 3310934.09 (5.94)
Mexican American 14018724.31 (7.84) 3909188.95 (6.15) 4982746.39 (8.36) 5126788.96 (9.20)
Other Race 19304577.96 (10.79) 6751330.91 (10.62) 6293124.07 (10.55) 6260122.98 (11.23)
Education level, (%)
< 9 9412232.39 (5.26) 2369266.68 (3.73) 2969169.04 (4.98) 4073796.67 (7.31) < 0.0001
9–12 63496058.38 (35.49) 19076852.85 (30.02) 22393635.17 (37.56) 22025570.37 (39.52)
> 12 105991620.48 (59.25) 42096241.50 (66.25) 34264124.02 (57.46) 29631254.96 (53.17)
Marital status, (%)
Married or living with a partner 117075232.60 (65.44) 39629476.26 (62.37) 39049848.02 (65.49) 38395908.32 (68.90) < 0.0001
Living alone 61824678.65 (34.56) 23912884.76 (37.63) 20577080.20 (34.51) 17334713.68 (31.10)
PIR, (%)
≤ 1.3 33598843.30 (18.78) 11124305.44 (17.51) 11331389.65 (19.00) 11143148.21 (19.99) 0.042
1.31–3.50 67030049.19 (37.47) 23645094.56 (37.21) 21944811.47 (36.80) 21440143.16 (38.47)
>3.50 78271018.76 (43.75) 28772961.02 (45.28) 26350727.10 (44.19) 23147330.64 (41.53)
Smoking status, (%)
Current 93524384.59 (52.28) 37266686.97 (58.65) 30574991.33 (51.28) 25682706.29 (46.08) < 0.0001
Former 46904597.17 (26.22) 13933302.90 (21.93) 15714478.83 (26.35) 17256815.44 (30.96)
Never 38470929.49 (21.50) 12342371.16 (19.42) 13337458.06 (22.37) 12791100.27 (22.95)
Drinking status, (%)
No 38871275.98 (21.73) 13387225.86 (21.07) 12127172.02 (20.34) 13356878.11 (23.97) 0.0047
Yes 140028635.27 (78.27) 50155135.17 (78.93) 47499756.20 (79.66) 42373743.89 (76.03)
Physical activity, MET-min/week 683.919 [75.13,2600.00] 960.000 [169.14,3360.00] 570.733 [50.40,2471.27] 504.000 [15.80,1920.00] < 0.0001
BMI, (%)
≤ 25 55614538.96 (31.09) 30656536.12 (48.25) 17181732.87 (28.82) 7776269.97 (13.95) < 0.0001
25.1–30 60071568.25 (33.58) 18778195.18 (29.55) 21132844.42 (35.44) 20160528.66 (36.17)
> 30 63213804.03 (35.33) 14107629.73 (22.20) 21312350.93 (35.74) 27793823.38 (49.87)
hypertension (%) 44795433.50 (25.04) 9435124.61 (14.85) 15357669.53 (25.76) 20002639.36 (35.89) < 0.0001
diabetes mellitus (%) 24067066.84 (13.45) 2732559.13 (4.30) 5669553.99 (9.51) 15664953.72 (28.11) < 0.0001
CVD (%) 55508482.94 (31.03) 19541095.58 (30.75) 17262114.76 (28.95) 18705272.61 (33.56) 0.004
cancer (%) 16232889.02 (9.07) 4509831.68 (7.10) 5490994.65 (9.21) 6232062.69 (11.18) 0.0001
KDM biological age, years 46.762 (16.21) 40.936 (15.61) 47.506 (15.90) 52.609 (14.90) < 0.0001
Phenotypic age, years 43.350 (17.86) 37.581 (17.19) 44.180 (17.68) 49.039 (16.79) < 0.0001
KDM biological age acceleration, (%)
No 93764070.65 (52.41) 40147428.46 (63.18) 31316291.11 (52.52) 22300351.08 (40.01) < 0.0001
Yes 85135840.60 (47.59) 23394932.57 (36.82) 28310637.12 (47.48) 33430270.92 (59.99)
Phenotypic age acceleration, (%)
No 143679437.91 (80.31) 54403575.97 (85.62) 48725002.04 (81.72) 40550859.89 (72.76) < 0.0001
Yes 35220473.35 (19.69) 9138785.05 (14.38) 10901926.18 (18.28) 15179762.11 (27.24)
Data were presented as weighted percentages or means (95% confidence intervals)

TyG, triglyceride glucose. PIR, Poverty–income ratio. BMI, body mass index. MET, metabolic equivalent. CVD, cardiovascular disease. KDM, Klemera–Doubal method
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length, oxidative stress indicators, and systemic inflam-
mation to assess biological aging [6, 7, 23]. In addition 
to these biomarkers, various methods, including the 
KDM and PhenoAge, have been employed in numer-
ous studies to assess biological aging and its associations 
with chronic diseases such as cardiovascular disease, 

metabolic disorders, and cognitive decline. KDM, which 
utilizes chronological age along with several biomarkers, 
has gained recognition for its ability to more accurately 
reflect the physiological state and age-related diseases 
compared to chronological age alone. On the other hand, 
PhenoAge, which integrates a set of clinical variables, has 

Table 2 Association between TyG index and KDM biological age/phenotypic age
Crude model Model I Model II Model III
β(95%CI) P-value β(95%CI) P-value β(95%CI) P-value β(95%CI) P-value

KDM biological age
TyG 7.70(7.14,8.25) < 0.001 2.25(2.09,2.42) < 0.001 2.35(2.19,2.52) < 0.001 1.64(1.46,1.82) < 0.001
TyG tertiles
T1 Reference Reference Reference Reference
T2 6.57(5.73,7.41) < 0.001 1.29(1.09,1.50) < 0.001 1.37(1.18,1.57) < 0.001 0.92(0.73,1.10) < 0.001
T3 11.67(10.79,12.56) < 0.001 2.98(2.73,3.24) < 0.001 3.10(2.86,3.34) < 0.001 1.93(1.69,2.17) < 0.001
P for trend < 0.001 < 0.001 < 0.001 < 0.001
Phenotypic age
TyG 7.45(6.78,8.11) < 0.001 1.34(1.11,1.57) < 0.001 1.36(1.14,1.59) < 0.001 0.40(0.21,0.59) < 0.001
TyG tertiles
T1 Reference Reference Reference Reference
T2 6.60(5.65,7.54) < 0.001 0.70(0.45,0.94) < 0.001 0.71(0.47,0.95) < 0.001 0.26(0.05,0.47) 0.016
T3 11.46(10.44,12.47) < 0.001 1.75(1.45,2.06) < 0.001 1.77(1.47,2.08) < 0.001 0.36(0.10,0.62) 0.008
P for trend < 0.001 < 0.001 < 0.001 0.007
Crude model: no other covariates were adjusted

Model I: Adjust for age, gender

Model II: Adjust for age, gender, race, education, marital status, PIR

Model III: Adjust for age, gender, race, education, marital status, PIR, smoke, drinking status, physical activity, BMI, hypertension, diabetes mellitus, CVD history, 
cancer

TyG, triglyceride glucose. KDM, Klemera–Doubal method. CI, Confidence Interval. Ref, reference. PIR, Poverty–income ratio. BMI, body mass index. CVD, 
cardiovascular disease

Table 3 Association between TyG index and KDM biological age/phenotypic age acceleration
Crude model Model I Model II Model III
OR (95%CI) P-value OR (95%CI) P-value OR (95%CI) P-value OR (95%CI) P-value

KDM biological age acceleration
TyG 2.06

(1.89,2.25)
< 0.001 2.70(2.45,2.96) < 0.001 2.88(2.62,3.17) < 0.001 2.17(1.95,2.42) < 0.001

TyG tertiles
T1 Reference Reference Reference Reference
T2 1.55(1.39,1.74) < 0.001 1.91(1.70,2.13) < 0.001 2.01(1.79,2.25) < 0.001 1.67(1.48,1.87) < 0.001
T3 2.57(2.26,2.93) < 0.001 3.74(3.27,4.28) < 0.001 4.03(3.52,4.62) < 0.001 2.59(2.24,3.00) < 0.001
P for trend < 0.001 < 0.001 < 0.001 < 0.001
Phenotypic age acceleration
TyG 1.85(1.68,2.04) < 0.001 1.69(1.53,1.87) < 0.001 1.75(1.58,1.94) < 0.001 1.15(1.04,1.27) 0.006
TyG tertiles
T1 Reference Reference Reference Reference
T2 1.33(1.14,1.56) < 0.001 1.19(1.01,1.41) 0.033 1.22(1.03,1.45) 0.023 0.99(0.83,1.18) 0.88
T3 2.23(1.90,2.61) < 0.001 1.89(1.61,2.21) < 0.001 1.97(1.66,2.34) < 0.001 1.10(0.92,1.32) 0.289
P for trend < 0.001 < 0.001 < 0.001 0.264
Crude model: no other covariates were adjusted

Model I: Adjust for age, gender

Model II: Adjust for age, gender, race, education, marital status, PIR

Model III: Adjust for age, gender, race, education, marital status, PIR, smoke, drinking status, physical activity, BMI, hypertension, diabetes mellitus, CVD history, 
cancer

TyG, triglyceride glucose. KDM, Klemera–Doubal method. OR, Odds Ratio. CI, Confidence Interval. Ref, reference. PIR, Poverty–income ratio. BMI, body mass index. 
CVD, cardiovascular disease
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shown strong correlations with aging-related diseases 
and mortality in diverse populations. These tools, vali-
dated in various cohorts, provide a more comprehensive 
understanding of aging beyond chronological age [3, 35].

The link between TyG and biological aging is particu-
larly noteworthy. Elevated TyG levels reflect insulin resis-
tance, which contributes to increased oxidative stress 
and systemic inflammation—both of which accelerate 
the aging process. High TyG levels are associated with 
elevated markers of inflammation, such as C-reactive 

protein, and oxidative damage [36, 37], which further 
drive biological aging. Research also highlights the rela-
tionship between TyG and age-related conditions. Higher 
TyG levels are connected to greater risks of cardiovascu-
lar events, metabolic syndrome, and type 2 diabetes, with 
a growing body of evidence indicating that TyG plays a 
role in the development of age-related conditions, such 
as sarcopenia and cognitive decline in older adults [38, 
39], emphasizing its potential role in monitoring age-
related health issues.

Fig. 2 Association of TyG index with KDM biological age/phenotypic age (A, B) and KDM biological age/phenotypic age acceleration (C, D) data were fit-
ted by a survey-weighted multivariable linear / logistic regression model based on restricted cubic splines. Solid and dashed lines represent the predicted 
value and 95% confidence intervals. They were adjusted for age, gender, race, education, marital status, PIR, smoke, drinking status, physical activity, BMI, 
hypertension, diabetes mellitus, cardiovascular disease history, cancer. KDM, Klemera–Doubal method. TyG, triglyceride glucose. PIR, Poverty–income 
ratio. BMI, body mass index. OR, Odds Ratio. CI, Confidence Interval
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Building on this, the positive correlation between the 
TyG index and biological aging can be explained through 
several interrelated mechanisms. TyG serves as a proxy 
for insulin resistance, a condition that disrupts glucose 
and lipid metabolism. This disruption can lead to meta-
bolic syndrome, characterized by obesity, dyslipidemia, 
and hypertension [40]—all of which are associated with 
accelerated biological aging. Chronic insulin resistance 
promotes systemic inflammation and oxidative stress, 
both of which contribute significantly to the aging pro-
cess [9]. Elevated TyG levels are linked to increased oxi-
dative stress, resulting from an imbalance between free 
radicals and antioxidants, leading to cellular damage 
and accelerated aging at the cellular level [36]. Addition-
ally, high TyG levels correlate with increased markers of 

chronic inflammation, such as C-reactive protein [37], 
which can damage tissues and organs, exacerbating age-
related diseases and functional decline. Insulin resistance, 
as indicated by TyG, also impairs endothelial function 
[41], which can lead to cardiovascular diseases and fur-
ther accelerate aging. Moreover, TyG is often elevated in 
individuals with metabolic syndrome—a cluster of con-
ditions like abdominal obesity, high blood pressure, and 
dyslipidemia—that are strongly associated with acceler-
ated biological aging.

Finally, the threshold of 8.66 emerges as a pivotal point 
in this relationship, suggesting that TyG levels above this 
value are associated with a significantly higher risk of 
accelerated biological aging. Elevated TyG levels reflect 
advanced metabolic disturbances, which may accelerate 

Fig. 3 Subgroup analyses of the association between TyG index and phenotypic age and KDM biological age. Adjusted for age, gender, race, education, 
marital status, PIR, smoke, drinking status, physical activity, BMI, hypertension, diabetes mellitus, cardiovascular disease history, cancer. TyG, triglyceride 
glucose. KDM, Klemera–Doubal method. PIR, Poverty–income ratio. BMI, body mass index. CI, Confidence Interval
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aging and increase morbidity and mortality. Biologically, 
this threshold likely represents a stage where insulin 
resistance drives accelerated aging through mechanisms 
such as oxidative stress, chronic inflammation, and mito-
chondrial dysfunction. These processes contribute to 
cellular damage, impaired vascular health, and reduced 
energy production, all of which exacerbate aging.

This study is the first to explore the link between the 
triglyceride glucose index and biological aging. The use 
of NHANES, which employs a complex sampling design, 
ensures reliable extrapolation to the broader U.S. popula-
tion. The research perspective of this study is both inno-
vative and therapeutically valuable, offering new insights 
into the connection between metabolic indicators and 
aging. However, being cross-sectional, it cannot establish 
causality and may be affected by unmeasured variables. 
The study focused on clinical markers of biological aging 
rather than molecular or cellular levels, though using 
two methods for biological age calculation enhances 
result robustness. Future research should include diverse 
populations, such as children and those from different 
regions and health conditions, to further understand this 
relationship.

Conclusions
Higher TyG levels are linked to greater biological age 
and a higher risk of age acceleration. This underscores 
the potential of the TyG index as a simple and effective 
marker for assessing the risk of accelerated aging, which 
could be crucial for identifying individuals at higher risk 
for age-related diseases and for targeting interventions to 
promote healthy aging.

Abbreviations
IR  Insulin resistance
BA  Biological age
TyG  Triglyceride–glucose
NHANES  National Health and Nutrition Examination Survey
HD  Homeostatic dysregulation
KDM  Klemera–Doubal method
PA  Phenotypic age
AL  Allostatic load
NCHS  National Center for Health Statistics
STROBE  Strengthening the Reporting of Observational Studies in 

Epidemiology
CRP  C-reactive protein
CA  Chronological age
PIR  Poverty-to-income ratio
BMI  Body mass index
MET  Metabolic Equivalent of Task
CVD  Cardiovascular disease
OR  Odds ratios
CI  Confidence interval
PhenoAgeAccel  Phenotypic age acceleration

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 9 3 3 - 0 2 5 - 0 2 6 3 1 - w  .

Supplementary file 1.

Acknowledgements
We thank the Second Affiliated Hospital and Yuying Children’s Hospital 
of Wenzhou Medical University for supporting our work. We express our 
appreciation to the NHANES administration for facilitating access to the 
pertinent data on the NHANES website.

Author contributions
L.Y.P designed the study, conducted the data collection and analysis, wrote 
the manuscript and reviewed the manuscript. L.J conducted data analysis and 
reviewed the manuscript. All authors read and approved the final manuscript.

Funding
This study was supported by The Youth Project of National Natural Science 
Foundation of China (grant number 81900362).

Data availability
These survey data are free and publicly available, and can be downloaded 
directly from the NHANES website (http:// www.cdc .gov/nc hs/n hanes.htm) by 
users and researchers worldwide.

Received: 11 October 2024 / Accepted: 5 February 2025

References
1. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of 

aging: an expanding universe. Cell. 2023;186:243–78.
2. Jylhävä J, Pedersen NL, Hägg S. Biol Age Predictors EBioMedicine. 

2017;21:29–36.
3. Hamczyk MR, Nevado RM, Barettino A, Fuster V, Andrés V. Biological versus 

chronological aging: JACC focus seminar. J Am Coll Cardiol. 2020;75:919–30.
4. Beard JR, Officer A, de Carvalho IA, Sadana R, Pot AM, Michel J-P, et al. The 

world report on ageing and health: a policy framework for healthy ageing. 
Lancet (Lond Engl). 2016;387:2145–54.

5. Radulescu CI, Doostdar N, Zabouri N, Melgosa-Ecenarro L, Wang X, Sadeh S, 
et al. Age-related dysregulation of homeostatic control in neuronal microcir-
cuits. Nat Neurosci. 2023;26:2158–70.

6. Kwon D, Belsky DW. A toolkit for quantification of biological age from 
blood chemistry and organ function test data: BioAge. GeroScience. 
2021;43:2795–808.

7. Me L, At L, Bh AQ, Tl C. A, S B, An epigenetic biomarker of aging for lifespan 
and healthspan. Aging [Internet]. 2018 [cited 2024 Oct 10];10. Available from:  
h t t p s :   /  / p u b m e   d .  n c b   i . n   l m  . n  i h .  g o v / 2 9 6 7 6 9 9 8 /

8. Sonino N, Fava GA, Lucente M, Guidi J. Allostatic load and endocrine disor-
ders. Psychother Psychosom. 2023;92:162–9.

9. Spinelli R, Baboota RK, Gogg S, Beguinot F, Blüher M, Nerstedt A, et al. 
Increased cell senescence in human metabolic disorders. J Clin Invest. 
2023;133:e169922.

10. Shi Y, Yu C. U shape association between triglyceride glucose index and con-
gestive heart failure in patients with diabetes and prediabetes. Nutr Metab. 
2024;21:42.

11. Ding L, Fu B, Zhang H, Dai C, Zhang A, Yu F, et al. The impact of triglyceride 
glucose-body mass index on all-cause and cardiovascular mortality in elderly 
patients with diabetes mellitus: evidence from NHANES 2007–2016. BMC 
Geriatr. 2024;24:356.

12. Chen J, Wu K, Lin Y, Huang M, Xie S. Association of triglyceride glucose index 
with all-cause and cardiovascular mortality in the general population. Cardio-
vasc Diabetol. 2023;22:320.

13. Duan M, Zhao X, Li S, Miao G, Bai L, Zhang Q, et al. Metabolic score for insulin 
resistance (METS-IR) predicts all-cause and cardiovascular mortality in the 
general population: evidence from NHANES 2001–2018. Cardiovasc Diabetol. 
2024;23:243.

14. Zhang F, Hou X. Association between the triglyceride glucose index 
and heart failure: NHANES 2007–2018. Front Endocrinol (Lausanne). 
2023;14:1322445.

https://doi.org/10.1186/s12933-025-02631-w
https://doi.org/10.1186/s12933-025-02631-w
https://pubmed.ncbi.nlm.nih.gov/29676998/
https://pubmed.ncbi.nlm.nih.gov/29676998/


Page 10 of 10Pan and Jin Cardiovascular Diabetology          (2025) 24:100 

15. Hill MA, Yang Y, Zhang L, Sun Z, Jia G, Parrish AR, et al. Insulin resistance, 
cardiovascular stiffening and cardiovascular disease. Metab Clin Exp. 
2021;119:154766.

16. Yang H, Gong R, Liu M, Deng Y, Zheng X, Hu T. HOMA-IR is positively cor-
related with biological age and advanced aging in the US adult population. 
Eur J Med Res. 2023;28:470.

17. Tao L-C, Xu J-N, Wang T-T, Hua F, Li J-J. Triglyceride–glucose index as a marker 
in cardiovascular diseases: landscape and limitations. Cardiovasc Diabetol. 
2022;21:68.

18. Guerrero-Romero F, Simental-Mendía LE, González-Ortiz M, Martínez-
Abundis E, Ramos-Zavala MG, Hernández-González SO, et al. The product of 
triglycerides and glucose, a simple measure of insulin sensitivity. Comparison 
with the euglycemic-hyperinsulinemic clamp. J Clin Endocrinol Metab. 
2010;95:3347–51.

19. Zheng D, Cao L. Association between myocardial infarction and Triglyceride–
glucose index: a study based on NHANES database. Glob Heart. 2024;19:23.

20. Hou X-Z, Lv Y-F, Li Y-S, Wu Q, Lv Q-Y, Yang Y-T, et al. Association between 
different insulin resistance surrogates and all-cause mortality in patients with 
coronary heart disease and hypertension: NHANES longitudinal cohort study. 
Cardiovasc Diabetol. 2024;23:86.

21. Zhang Q, Xiao S, Jiao X, Shen Y. The Triglyceride–glucose index is a predictor 
for cardiovascular and all-cause mortality in CVD patients with diabetes 
or pre-diabetes: evidence from NHANES 2001–2018. Cardiovasc Diabetol. 
2023;22:279.

22. Simental-Mendía LE, Rodríguez-Morán M, Guerrero-Romero F. The product of 
fasting glucose and triglycerides as surrogate for identifying insulin resistance 
in apparently healthy subjects. Metab Syndr Relat Disord. 2008;6:299–304.

23. Klemera P, Doubal S. A new approach to the concept and computation of 
biological age. Mech Ageing Dev. 2006;127:240–8.

24. Guo D, Wu Z, Xue F, Chen S, Ran X, Zhang C, et al. Association between the 
Triglyceride–glucose index and impaired cardiovascular fitness in non-
diabetic young population. Cardiovasc Diabetol. 2024;23:39.

25. Zhang Y, Wang F, Tang J, Shen L, He J, Chen Y. Association of triglyceride glu-
cose-related parameters with all-cause mortality and cardiovascular disease 
in NAFLD patients: NHANES 1999–2018. Cardiovasc Diabetol. 2024;23:262.

26. Hu L, Zhang Q, Bai Y, Hu G, Li J. Triglyceride–glucose index correlate with 
telomere length in healthy adults from the national health and nutrition 
examination survey. Front Endocrinol. 2022;13:844073.

27. Qiu S, Li C, Zhu J, Guo Z. Associations between the TyG index and the 
ɑ-klotho protein in middle-aged and older population relevant to diabetes 
mellitus in NHANES 2007–2016. Lipids Health Dis. 2024;23:188.

28. Liu Q, Zhang Y, Chen S, Xiang H, Ouyang J, Liu H, et al. Association of the 
triglyceride–glucose index with all-cause and cardiovascular mortality in 
patients with cardiometabolic syndrome: a national cohort study. Cardiovasc 
Diabetol. 2024;23:80.

29. Min Y, Wei X, Wei Z, Song G, Zhao X, Lei Y. Prognostic effect of triglyceride 
glucose-related parameters on all-cause and cardiovascular mortality in the 

United States adults with metabolic dysfunction-associated steatotic liver 
disease. Cardiovasc Diabetol. 2024;23:188.

30. Wei X, Min Y, Song G, Ye X, Liu L. Association between Triglyceride–glucose 
related indices with the all-cause and cause-specific mortality among the 
population with metabolic syndrome. Cardiovasc Diabetol. 2024;23:134.

31. Yao Y, Wang B, Geng T, Chen J, Chen W, Li L. The association between TyG and 
all-cause/non-cardiovascular mortality in general patients with type 2 dia-
betes mellitus is modified by age: results from the cohort study of NHANES 
1999–2018. Cardiovasc Diabetol. 2024;23:43.

32. Zhang L, Zeng L. Non-linear association of Triglyceride–glucose index with 
prevalence of prediabetes and diabetes: a cross-sectional study. Front Endo-
crinol. 2023;14:1295641.

33. Jiang Y, Shen J, Chen P, Cai J, Zhao Y, Liang J et al. Association of triglyceride 
glucose index with stroke: from two large cohort studies and mendelian 
randomization analysis. Int J Surg (Lond Engl). 2024.

34. Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, et al. Gerosci-
ence: linking aging to chronic disease. Cell. 2014;159:709–13.

35. Zhao W, Wang Z, Mi C, Wang Y, Shao X, Qi X et al. PhenoAge and PhenoAg-
eAccel in the context of dyslipidemia: association with stroke and potential 
as a new predictor in the US general population. Postgrad Med J. 2024; 
qgae093.

36. Yang M, Shangguan Q, Xie G, Sheng G, Yang J. Oxidative stress mediates the 
association between Triglyceride–glucose index and risk of cardiovascular 
and all-cause mortality in metabolic syndrome: evidence from a prospective 
cohort study. Front Endocrinol (Lausanne). 2024;15:1452896.

37. Cui C, Liu L, Qi Y, Han N, Xu H, Wang Z, et al. Joint association of TyG index 
and high sensitivity C-reactive protein with cardiovascular disease: a national 
cohort study. Cardiovasc Diabetol. 2024;23:156.

38. Wei B, Dong Q, Ma J, Zhang A. The association between triglyceride–glucose 
index and cognitive function in nondiabetic elderly: NHANES 2011–2014. 
Lipids Health Dis. 2023;22:188.

39. Yang J, Liu C, Zhao S, Wang L, Wu G, Zhao Z, et al. The association between 
the Triglyceride–glucose index and sarcopenia: data from the NHANES 
2011–2018. Lipids Health Dis. 2024;23:219.

40. Sawaf B, Swed S, Alibrahim H, Bohsas H, Dave T, Nasif MN et al. Triglyceride–
glucose index as predictor for hypertension, CHD and STROKE risk among 
non-diabetic patients: a NHANES cross-sectional study 2001–2020. J Epide-
miol Global Health. 2024.

41. Li Y, Yi M, Wang X, Zhang Y, Xiao K, Si J, et al. Association between Triglycer-
ide–glucose index and endothelial dysfunction. Endocrine. 2024;85:717–23.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Association between triglyceride glucose index and biological aging in U.S. adults: National Health and Nutrition Examination Survey
	Abstract
	Introduction
	Materials and methods
	Data source
	Study population
	Definitions of TyG
	Definition of biological aging
	Assessment of covariates
	Statistical analysis

	Results
	Baseline characteristics of study subjects
	Association between TyG and biological aging
	Subgroup analysis of TyG index and biological aging

	Discussion
	Conclusions
	References


