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Relationship of triglyceride‑glucose 
index to gallstone prevalence 
and age at first gallstone surgery 
in American adults
Jianjun Wang 1,2,6, Han Li 3,6, Junchao Hu 1,6, Ruizi Shi 1, Chuan Qin 1, Xi Chen 1, Sirui Chen 1, 
Xintao Zeng 1, Hua Luo 1, Huiwen Luo 2, Yulong Zhou 4, Pei Yang 1* & Decai Wang 2,5*

The triglyceride‑glucose (TyG) index is a novel marker of insulin resistance that has been strongly 
associated with many diseases related to metabolic disorders, such as diabetes, coronary heart 
disease, myocardial infarction, obesity, nonalcoholic fatty liver disease, and stroke. However, whether 
the TyG index is associated with the prevalence of gallstones has not been determined. Therefore, 
the purpose of this study was to evaluate the relationship between the TyG index and the prevalence 
of gallstones in American adults, as well as the age at which adults in America undergo their first 
gallstone surgery. We selected individuals from the National Health and Nutrition Examination 
Survey (NHANES) database from 2017 to March 2020. Based on the goal of our study, comprehensive 
inclusion and exclusion criteria were created. A logistic regression analysis, dose–response curve, and 
subgroup analysis were computed to assess the relationship between the TyG index and gallstone 
prevalence and age at first surgery for gallstone. A total of 3905 participants aged > 20 years were 
included in our study, of whom 421 had a self‑reported history of gallstones. A total of 1884 (48.2%) 
males and 2021 (51.8%) females were included. After confounders adjustment, it was found single‑
unit increases in the TyG index were linked with a 25.0% increase in gallstone prevalence (odds ratio 
[OR] = 1.25, 95% confidence interval [95%CI]: 1.04, 1.51). After conversion of the TyG index values 
from continuous to categorical variables with tertiles, a marked 48% increase in gallstone incidence 
was found in tertile 3 relative to tertile 1 (OR = 1.48, 95% CI: 1.09, 1.99). The dose–response curve 
results indicated positive associations between gallstone prevalence and the TyG index, while the 
latter was negatively associated with age at first gallstone surgery. Based on subgroup analysis, 
the positive association between TyG index and high‑incidence of gallstones was more significant in 
females (OR = 1.39, 95% CI: 1.09, 1.77), age < 40 years (OR = 2.02, 95% CI: 1.23, 3.29), and other race 
(OR = 1.46, 95% CI: 1.06, 2.02). A higher TyG index is associated with a higher incidence of gallstones 
and may lead to an earlier age of first gallstone surgery. However, a causal relationship between TyG 
and gallstones cannot be established.

Keywords Gallstones prevalence, Triglyceride-glucose index, National Health and Nutrition Examination 
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OR  Odds ratio
CI  Confidence interval
MetS  Metabolic syndrome
IR  Insulin resistance
HEC  High insulin clamp test
FSIVGTT   Frequent sampling intravenous glucose tolerance test
HOMA-IR  Homeostasis modeling assessment
NAFLD  Nonalcoholic fatty liver disease
TG  Triglyceride
NCHS  National center for health statistics
GAM  Generalized additive model
GPR30  G protein-coupled receptor 30

Gallstones are a prevalent gastrointestinal condition affecting people worldwide. At the onset of illness, 75% of 
patients with gallstones are  asymptomatic1. As the illness progresses, some patients may experience symptoms 
such as nausea, discomfort in the upper abdomen, diarrhea, loss of appetite, and other clinical signs. A minor-
ity of individuals may have problems such as acute cholangitis, biliary pancreatitis, and other significant issues 
due to movement of  stones1. Gallstones are a non-malignant disease, but increase the likelihood of gallbladder 
 cancer2. Surgery is the primary treatment for  gallstones1. Approximately 15% of the population in the United 
States have gallstones, presenting a significant public health  concern3. Epidemiological data indicate significant 
variations in the incidence of gallstones across various ethnic groups. Its prevalence is as high as 70% among 
American Indians, whereas it ranges from 10–15% among adult  Caucasians4,5. By contrast, Asian populations 
have a lower prevalence of  gallstones6. While prior research has identified several risk factors associated with 
gallstone development, such as female sex, race, pregnancy, and age > 40  years7, reliable clinical indications for 
accurately predicting the likelihood of gallstone formation are lacking.

Gallstones can be categorized as cholesterol, pigment, or mixed stones based on their  composition8. Previous 
research has demonstrated that cholesterol is present in over 80% of gallstones and that dyslipidemia is common 
in the majority of gallstone patients; therefore, gallstones may be viewed as a condition associated with meta-
bolic dysfunction to some  degree9,10. Over the past 15 years, the occurrence of metabolic syndrome (MetS) has 
increased due to improvements in living circumstances. This growth poses increasing difficulties for its preven-
tion and  therapy11. Insulin resistance (IR), hyperlipidemia, hyperuricemia, obesity, diabetes, poor glucose control, 
and hypertension are associated with  MetS3,12. Insulin resistance (IR) is the most prevalent cause of MetS and 
 diabetes13. Hence, the prompt and precise detection of IR might facilitate the implementation of early preventive 
measures and enhance the clinical administration of MetS. Presently, there are several techniques to evaluate IR, 
including the high insulin clamp test (HEC), frequent sampling intravenous glucose tolerance test (FSIVGTT), 
homeostasis modeling assessment (HOMA-IR), triglyceride-glucose (TyG) index, and various markers (such as 
fasting insulin, pancreatic insulin, and pancreatic glucose), each with its own merits and  drawbacks14,15. The HEC 
and FSIVGTT are considered the most reliable methods for evaluating insulin resistance. However, they are not 
appropriate for widespread screening in the general population because of their high cost, lengthy procedural 
duration, and invasive  nature15.

The TyG index evaluates IR by combining measurements of fasting triglyceride and blood glucose levels. Many 
studies have shown that the TyG index is a reliable substitute for assessing  IR16–18. Furthermore, the TyG index 
does not need to integrate fasting insulin levels and has the benefit of being straightforward and cost-effective14,15. 
Associations between the TyG index and diseases such as obesity, nonalcoholic fatty liver disease (NAFLD), 
hepatic fibrosis, hyperuricemia, atrial fibrillation, hypertension, and diabetes mellitus have been  reported19–22. For 
instance, in the overall population, a raised TyG index was positively associated with greater risk of developing 
NAFLD and liver  fibrosis23,24. Experimental studies demonstrated that IR is a prevalent risk factor for gallstone 
onset and MetS. Moreover, IR stimulates heightened synthesis of cholesterol within the body, excessive secretion 
of cholesterol in the bile, and increased production of bile, ultimately fostering gallstone  formation25. Hence, we 
posit that a correlation may exist between the TyG index and the occurrence of gallstones.

Prior to our investigation, there was no assessment of the potential correlation between the TyG index 
and gallstone incidence. Accordingly, the primary objective of the present study was an investigation of the 
significance of the TyG index in determining the occurrence of gallstones in adults living in the United States. 
Additionally, associations between the TyG index and the age at which individuals underwent their first gallstone 
surgery were evaluated.

Materials and methods
Study design and participants
Baseline data from the open-source National Health and Nutrition Examination Survey (NHANES) database, 
maintained by the Centers for Disease Control and Prevention, were used. The field activities of the NHANES 
program were suspended in March 2020 due to the COVID-19 pandemic, which began in 2019. Thus, the dataset 
of the observational research included the period from 2017 to 2020.03, i.e., while the gallstone questionnaire 
was available. Given that the questionnaire was specifically tailored for those aged 20 years and older, we omitted 
participants below the age of 20 years. Figure 1 illustrates the specific criteria used for inclusion and exclusion. 
From a total of 3,905 participants, 421 instances of gallstones were reported by the subjects themselves.

Data collection
The TyG index was used as the exposure variable.
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Triglyceride (TG) and fasting glucose levels were measured on an automatic biochemical analyzer, while 
serum TG levels were determined using the Roche Modular P and Cobas 6000 chemical analyzers. Gallstone 
prevalence and the age at which the first surgical removal of the gallstones occurred were assessed using ques-
tionnaires. The age at which the first gallstone procedure was performed, and the frequency of gallstones were 
used as end-measures.

Table 1 details the relevant variables extracted from the NHANES database. Each participant had a 24-h die-
tary recall between 2017 and 2020.03. The average consumption rate from these two recalls was used in our study.

TyG = ln
triglycerides (mg/dL)× fasting plasma glucose (mg/dL)

2

Figure 1.  Flowchart for participants from NHANES 2017–2020.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:16749  | https://doi.org/10.1038/s41598-024-67883-0

www.nature.com/scientificreports/

NHANES the National Health and Nutrition Examination Survey, BMI body mass index, CHD coronary heart 
disease, TG triglyceride, FBG fasting blood glucose, SCr serum creatinine, PIR poverty income ratio.

The NHANES survey protocol was approved by the Ethics Review Committee of the National Center for 
Health Statistics (NCHS), and all participants provided written informed consent. This study was exempt from 
ethical clearance because of its public availability in the NHANES database.

Handling of missing values
The presence of several missing values in the continuous variables necessitated their transformation into categori-
cal variables. The missing values were given the label "unclear" and grouped into a separate category represented 
by a dummy variable. The study variables and measurement methodologies can be found at www. cdc. gov/ nchs/ 
nhanes/.

Statistical methods
For normally distributed data, continuous variables were expressed as mean ± SD; for non-normally distributed 
continuous variables, as median (IQR); and for categorical variables, as numbers (%). Multiple logistic regres-
sion models were used, following the recommended guidelines, to examine the associations between gallstone 
prevalence and different TyG tiles in three separate  models26,27. Model 1 was not adjusted for the covariates, 
while Model 2 was adjusted for sex, age, ethnicity, and marital status, and Model 3 for all variables. To evaluate 
the relationship between the TyG index and the development of gallstones as well as the age at which gall-
stone surgery was first performed, we used the penalty spline method to create smooth curves and generalized 
additive model (GAM) regression. The inflection point values were determined using a natural ratio test after 
identifying a non-linear relationship. Gender, age, race, diabetes, and hypertension were included as variables 
in the subgroup analyses. P < 0.05 was considered statistically significant. All analyses were carried out using R 
version 4.0.2 (http:// www.R- proje ct. org, The R Foundation) and Empower software (www. empow ersta ts. com; 
X&Y Solutions, Inc., Boston, MA, USA).

Ethic statement
The NHANES survey protocol was approved by the Ethics Review Committee of the National Center for Health 
Statistics (NCHS), and all participants provided written informed consent. This study was exempt from ethical 
clearance because of its public availability in the NHANES database.

Results
Participant characteristics
The baseline demographic information on the participants is shown in Table 2. The TyG index was 8.83 (8.42, 
9.21) in patients with stones, markedly higher than the value of 8.60 (8.20, 9.03) observed in those without 
stones, P < 0.001.

Logistic regression results between the TyG index and gallstones prevalence
The crude, minimally adjusted, and fully adjusted multiple regression models all showed that the TyG index 
was positively associated with gallstone prevalence, with varying adjustments made to the impact of variables 
on the correlation. The fully adjusted model showed that a single-unit increase in the TyG index was associated 
with a 25.0% greater likelihood of gallstone development (odds ratio [OR] = 1.25, 95% CI: 1.04, 1.51) (Table 3). 
We also converted the continuous variables of the TyG index to categorical variables (tertiles) for sensitivity 
analysis. The results indicated a marked increase of 48% in gallstone prevalence relative to tertile 1 (OR = 1.48, 
95% CI: 1.09, 1.99) (Table 3).

Dose–response and threshold effects of the TyG index on gallstones prevalence
TyG index and gallstones prevalence were further explored using generalized additive models and smoothed 
curve fitting. Our findings indicated a nonlinear positive correlation between the TyG index and gallstones 
prevalence (Fig. 2). A threshold effect was found on the likelihood ratio test for the influence of the TyG index 
and gallstones, with an optimal inflection point value of 8.32 (Table 4).

ULR univariate linear regression, PLR piecewise linear regression, LRT logarithmic likelihood ratio test, 
statistically significant: P < 0.05.

Table 1.  Covariates extracted in detail from the NHANES database.

Items Composition

Demographic variables Age, Gender, Race, BMI

Comorbidities Diabetes, Asthma, Hypertension, Cancer, CHD

Dietary intake factors Energy intake, Fat intake, Sugar intake, Water intake

Laboratory variables TG, FBG, SCr

Others Education level, PIR, Marital status, Alcohol consumption, Physical activity level, Smoking status

http://www.cdc.gov/nchs/nhanes/
http://www.cdc.gov/nchs/nhanes/
http://www.R-project.org
http://www.empowerstats.com
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Characteristic Non-stone formers (n = 3484) Stone formers (n = 421) P-value

TyG index 8.60 (8.20, 9.03) 8.83 (8.42, 9.21)  < 0.001

Age (years) 51.00 (35.00, 64.00) 60.00 (46.00, 71.00)  < 0.001

Gender (%)  < 0.001

 Female 1718 (49.3) 303 (72.0)

 Male 1766 (50.7) 118 (28.0)

Race (%)  < 0.001

White 1148 (33.0) 168 (39.9)

Black 912 (26.2) 73 (17.3)

Mexican American 439 (12.6) 60 (14.3)

Other Race 985 (28.3) 120 (28.5)

BMI 28.30 (24.60–33.10) 31.70 (27.40–37.60)  < 0.001

Physical Activity (%) 0.001

 Never 1054 (30.3) 158 (37.5)

 Moderate 1169 (33.6) 146 (34.7)

 Vigorous 1261 (36.2) 117 (27.8)

Marital Status (%)  < 0.001

 Cohabitation 2045 (58.7) 244 (58.0)

 Solitude 743 (21.3) 125 (29.7)

Never married 696 (20.0) 52 (12.4)

Educational level (%) 0.69

 Less than high school 675 (19.4) 88 (20.9)

 High school 821 (23.6) 101 (24.0)

 More than high school 1988 (57.1) 232 (55.1)

Alcohol consumption (%)  < 0.001

 Never 289 (8.3) 32 (7.6)

 Ever 647 (18.6) 127 (30.2)

 Now 2354 (67.6) 231 (54.9)

 Unclear 194 (5.6) 31 (7.4)

Hypertension (%)  < 0.001

 No 2193 (62.9) 188 (44.7)

 Yes 1286 (36.9) 233 (55.3)

 Unclear 5 (0.1) 0 (0.0)

Diabetes (%)  < 0.001

 No 2860 (82.1) 291 (69.1)

 Yes 515 (14.8) 119 (28.3)

 Borderline 107 (3.1) 11 (2.6)

 Unclear 2 (0.1) 0 (0.0)

Asthma (%)  < 0.001

 No 2950 (84.7) 323 (76.7)

 Yes 530 (15.2) 98 (23.3)

 Unclear 4 (0.1) 0 (0.0)

CHD (%) 0.001

 No 3331 (95.6) 385 (91.4)

 Yes 139 (4.0) 34 (8.1)

 Unclear 14 (0.4) 2 (0.5)

Cancers (%)  < 0.001

 No 3149 (90.4) 343 (81.5)

 Yes 333 (9.6) 77 (18.3)

 Unclear 2 (0.1) 1 (0.2)

Smoking status (%) 0.005

 Never 1998 (57.3) 231 (54.9)

 Ever 821 (23.6) 127 (30.2)

 Now 665 (19.1) 63 (15.0)

PIR 0.043

  < 1.3 820 (23.5) 93 (22.1)

  ≥ 1.3– < 3.5 1183 (34.0) 172 (40.9)

Continued
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Characteristic Non-stone formers (n = 3484) Stone formers (n = 421) P-value

  ≥ 3.5 992 (28.5) 104 (24.7)

 Unclear 489 (14.0) 52 (12.4)

Total Sugar (%) 88.69 (54.08, 137.14) 84.26 (53.97, 124.98) 0.202

Total Kcal (%) 1,980.00 (1,438.00, 2,670.00) 1,762.00 (1,318.00, 2,385.00)  < 0.001

Total Fat (%) 77.84 (52.74, 112.16) 72.05 (49.75, 102.34) 0.007

Total Water (%) 1,920.00 (720.00, 3,480.00) 1,710.00 (630.00, 3,549.00) 0.447

SCr (mg/dl) 74.26 (61.88, 88.40) 70.72 (59.23, 86.63) 0.034

Table 2.  Baseline characteristics of participants.

Table 3.  Logistic regression analysis between the TyG index with gallstones prevalence. Model 1 = no 
covariates were adjusted. Model 2 = Model 1 + age, gender, race, and marital status were adjusted. Model 
3 = Model 2 + education level, physical activity, smoking status, alcohol consumption, diabetes, hypertension, 
asthma, cancers, coronary heart disease, poverty income ratio, total kcal, total fat, total sugar, and serum 
creatinine were adjusted.

Characteristic Model 1 OR (95% CI) Model 2 OR (95% CI) Model 3 OR (95% CI)

TyG index 1.58 (1.36–1.83) 1.46 (1.23–1.73) 1.25 (1.04–1.51)

Categories

 Tertile 1 1 1 1

 Tertile 2 1.54 (1.17–2.03) 1.28 (0.96–1.71) 1.22 (0.91–1.63)

 Tertile 3 2.22 (1.71–2.88) 1.77 (1.33–2.34) 1.48 (1.09–1.99)

Figure 2.  Density dose–response relationship between TyG index with gallstones prevalence. The area between 
the upper and lower dashed lines is represented as 95% CI. Each point shows the magnitude of the TyG index 
and is connected to form a continuous line. Adjusted for all covariates except effect modifier.

Table 4.  Two-piecewise linear regression and logarithmic likelihood ratio test explained the threshold effect 
analysis of the TyG index with gallstones prevalence.

TyG index

ULR Test PLR Test LRT Test

OR (95% CI) OR (95% CI) P-value

 < 8.32
1.25 (1.04–1.51)

3.13 (1.31–7.49)
0.027

 >  = 8.32 1.09 (0.87–1.37)
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Subgroup analysis
Subgroup analyses were undertaken to evaluate the robustness of the association between the TyG index and 
gallstones development. The results are summarized in Table 5. Significant OR values were found for certain 
demographic characteristics: 1.39 (95% CI: 1.09, 1.77) for females, 2.02 (95% CI: 1.23, 3.29) for participants below 
the age of 40, and 1.46 (95% CI: 1.06, 2.02) for other ethnic groups. The influence of hypertension and diabetes 
on the relationships between the TyG index and gallstone prevalence were also evaluated (Table 5).

Dose–response and threshold effects of the TyG index on age at first gallstone surgery
A generalized additive model with smooth curve fitting was used for further evaluation of the association between 
the TyG index and age at first gallstone surgery. The threshold for the influence of the TyG index on age at first 
gallstone surgery was 9.26, shown by a similar natural ratio test (Table 6). When TyG ≥ 9.26, the age at first gall-
stone surgery in American adults became younger with the increasing TyG (Fig. 3).

Discussion
To the best of our knowledge, this is the first comprehensive analysis of the association between the TyG index 
and gallstone prevalence using data from a large-sample, prospective, and nationally representative investigation 
of the population of the USA. It was found that the TyG index and gallstones were linked, with unit increases in 
the index associated with 25.0% increases in gallstone incidence (OR = 1.25, 95% CI: 1.04, 1.51). After conversion 
of the TyG index values from continuous to categorical variables with tertiles, a marked 48% increase in gallstone 
incidence was found in tertile 3 relative to tertile 1 (OR = 1.48, 95% CI: 1.09, 1.99). It was also observed that when 
TyG ≥ 9.26, the higher the TyG index, the younger the age at first gallstone surgery. Additional subgroup analysis 
showed a greater risk of gallstone development in females (OR = 1.39, 95% CI: 1.09, 1.77), people aged between 

Table 5.  Subgroup regression analysis between the TyG index with gallstones prevalence. Model 1 = no 
covariates were adjusted. Model 2 = Model 1 + age, gender, race, and marital status were adjusted. Model 
3 = Model 2 + education level, physical activity, smoking status, alcohol consumption, diabetes, hypertension, 
asthma, cancers, coronary heart disease, poverty income ratio, total kcal, total fat, total sugar, and serum 
creatinine were adjusted.

Characteristic Model 1 OR (95% CI) Model 2 OR (95% CI) Model 3 OR (95% CI)

Stratified by age (years)

 20–39 1.76 (1.22–2.53) 2.70 (1.76–4.12) 2.02 (1.23–3.29)

 40–59 1.29 (1.01–1.65) 1.36 (1.05–1.77) 1.24 (0.91–1.68)

 60–80 1.42 (1.11–1.81) 1.31 (1.01–1.70) 1.09 (0.81–1.45)

Stratified by gender

 Female 2.00 (1.64–2.43) 1.64 (1.33–2.03) 1.39 (1.09–1.77)

 Male 1.41 (1.09–1.82) 1.26 (0.94–1.67) 1.12 (0.82–1.52)

Stratified by race

 White 1.62 (1.26–2.07) 1.63 (1.25–2.14) 1.31 (0.96–1.81)

 Black 1.67 (1.13–2.48) 1.52 (1.00–2.33) 1.02 (0.63–1.66)

 Mexican American 1.13 (0.76–1.68) 0.94 (0.58–1.52) 0.85 (0.46–1.57)

 Other Race 1.53 (1.17–2.01) 1.47 (1.09–1.97) 1.46 (1.06–2.02)

Stratified by BMI

  ≤ 24.9 1.87 (1.21–2.89) 1.27 (0.75–2.16) 1.24 (0.68–2.25)

 25–29.9 1.28 (0.94–1.73) 1.06 (0.74–1.50) 0.89 (0.60–1.32)

  ≥ 30 1.30 (1.06–1.60) 1.24 (0.98–1.58) 1.07 (0.83–1.39)

Stratified by diabetes

 No 1.56 (1.27–1.91) 1.44 (1.14–1.81) 1.37 (1.07–1.74)

 Yes 1.08 (0.82–1.43) 1.10 (0.80–1.50) 1.05 (0.76–1.46)

Table 6.  Two-piecewise linear regression and logarithmic likelihood ratio test explained the threshold 
effect analysis of the TyG index with age at the first gallstone surgery. ULR univariate linear regression, PLR 
piecewise linear regression, LRT logarithmic likelihood ratio test. Statistically significant: P < 0.05.

TyG index

ULR test PLR test LRT test

β (95% CI) β (95% CI) P-value

 < 9.26
− 0.44(-3.10, 2.22)

3.34 (− 0.64, 7.32)
0.010

 >  = 9.26 − 5.87 (− 10.89, − 0.85)
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20 and 39 years (OR = 2.02, 95% CI: 1.23, 3.29), and specific ethnicities (OR = 1.46, 95% CI: 1.06, 2.02). Thus, 
these findings indicate the usefulness of the TyG index in predicting gallstone development.

Gallstones are common in the US; in 2015 alone, 1.5 million individuals sought medical attention for the 
 condition28. MetS is known to be potentially associated with a wide range of diseases (including NAFLD, car-
diovascular disease, diabetes mellitus, and gallstones, among others), and represents a significant public health 
challenge to the world’s population. Simultaneously, the incidence of MetS has increased dramatically and is 
currently at an unprecedented  level29,30.

The pathophysiology of gallstone formation is not completely understood. Gallstone initiation is currently 
thought to be controlled by a combination of environmental and genetic  variables31. Previous studies have indi-
cated that gallstones are linked to factors such as age, sex, female physiological condition, obesity, cardiovascular 
illness, microbiota composition, glucose metabolism, and environmental  exposures1,32–34. Genetic factors increase 
the probability of gallstone formation. In the USA, Caucasian Americans are more likely to develop gallstones 
than African Americans; specifically, gallstones have been reported in 16.6% and 8.6% of white women and men, 
respectively, relative to 13.9% and 5.3% of black women and men,  respectively35. Our findings also confirm the 
existence of disparities in the prevalence of gallstones across various racial groups. In our study, we found that 
Mexican American was insignificant about OR in TyG index with gallstones prevalence. The potential reasons 
for this may be related to the insufficient sample size of Mexican Americans included and the different genetic, 
socioeconomic, and  lifestyle1,6,7. It is necessary for future studies to incorporate data from larger sample sizes of 
the population and to give due consideration to other potential influencing factors in order to obtain more defini-
tive conclusions. Advanced age significantly increases the likelihood of developing  gallstones36,37. The prevalence 
of gallstones increases dramatically beyond 40 years of age, and in elderly populations is multiplied by a factor 
of 4–104. Our study found that TyG index was more strongly associated with the prevalence of gallstones in the 
age group of 20–39 years as compared to other age groups. The mechanisms behind this may be the following. 
Firstly, with the development of social economy and improvement of living standard, the dietary structure of 
young people generally tends to be high in calories, fat and cholesterol, along with insufficient dietary fiber intake. 
This change in dietary structure may lead to an increase in cholesterol saturation, which promotes the formation 
of  gallstones38,39. Secondly, the increasing prevalence of obesity among young people is closely related to nega-
tive lifestyles, which can cause disorders of lipid metabolism and thus increase the risk of gallstone  formation40. 
Moreover, several studies have found that family history plays an important role in the development of gallstones 
in young people. Genetic factors may lead to abnormal gallbladder function or impaired gallbladder emptying, 
increasing the risk of stone  formation41. In addition, specific hormonal level changes, such as changes in female 
hormone levels (e.g., progesterone, birth control pills, etc.), have also been linked to gallstone formation. Notably, 
these changes may be more prominent in younger people, especially in  women39. This is also consistent with 
the results in our subgroup analysis. However, the exact mechanism is not clear and more studies are necessary 
to explore it. Previous research indicates that women have a greater incidence of gallstones than  males42. Our 
results support this finding. Extensive clinical data indicate that oral contraceptive steroids and a combination 
of estrogens significantly contribute to the development of cholesterol stones in premenopausal  women43–45. The 
classical estrogen regulatory mechanisms include the hormone 17β-estradiol (e2) which activates the "e2-esr1-
srebp-2" route. This pathway stimulates the production and release of cholesterol from the liver into bile. Fur-
thermore, estrogen enhances the process of biliary cholesterol release by increasing the activity of ABCG5/G8, 
resulting in excessive accumulation of cholesterol in the  bile46. Animal studies have demonstrated that estrogen 
can stimulate the activation of G protein-coupled receptor 30 (GPR30) via the epidermal growth factor receptor 

Figure 3.  Density dose–response relationship between the TyG index and age at first gallstone surgery. The area 
between the upper and lower dashed lines is represented as the 95% CI. Each point shows the magnitude of the 
TyG index and is connected to form a continuous line. Adjusted for all covariates except the effect modifier.
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signaling cascade. This activation inhibits hepatic cholesterol 7α-hydroxylase and bile acid synthesis, ultimately 
resulting in increased hepatic cholesterol secretion and the promotion of gallstone  formation47.

Leptin is also closely linked to the development of  gallstones48. The development of gallstones is closely 
linked to disruption of the ability of the gallbladder to regulate the absorption and release of ions and water. 
Previous studies have shown that leptin may enhance the probability of stone formation by affecting gallbladder 
 motility49–51. Leptin-deficient obese mice show decreased reactions to acetylcholine, neuropeptide Y, and chol-
ecystokinin, resulting in reduced gallbladder movement and an elevated likelihood of developing  gallstones52. 
Lee et al.53 discovered a notable increase in the expression of leptin and leptin receptors in gallbladder tissues of 
patients with cholelithiasis. Subsequent investigations demonstrated a strong correlation between elevated leptin 
levels in the blood and disrupted lipid metabolism, specifically hyperlipidemia and hypercholesterolemia. These 
imbalances in lipid levels may have contributed to gallstone  formation53. Moreover, a recent study has shown 
that leptin can affect the development of gallstones by controlling the metabolism of bile acids via the OB-Rb/
AMPKa2/BSEP signaling  pathway54.

The precise mechanism underlying raised TyG indices and increased gallstone development remains incom-
pletely understood. Based on previous studies, IR may serve as a fundamental mechanism. MetS, obesity, and 
gallstones are intricately  linked55,56, and IR is the primary mechanism underlying MetS and  obesity57. Previous 
studies have shown that IR in high-risk Hispanic populations results in the synthesis of bile that is saturated with 
 cholesterol58. This in turn disrupts the normal functioning of the gallbladder and promotes the development 
of  gallstones58. Animal studies have identified at least two distinct pathways that connect gallstones to  MetS59. 
Biddinger et al.59 discovered that mice with hepatic insulin resistance, specifically caused by disruption of the 
insulin receptor in the liver (LIRKO mice), exhibited elevated expression of the cholesterol transporters ABCG5 
and ABCG8. This increase was attributed to inhibition of the forkhead transcription factor FoxO1. Consequently, 
cholesterol secretion increases. In addition, LIRKO mice exhibited decreased expression of bile acid synthase, 
namely Cyp7b1, and the farnesoid X receptor. As a result, there was a reduction in the concentration of bile salts, 
which increased the probability of gallstone  formation59. A study conducted in Japan showed that mice fed a diet 
high in protein and fat have accelerated gallstone formation because of their heightened nutritional condition. 
Moreover, the study revealed that metabolic factors had diverse effects on mice of different  sexes25.

This study has several strengths. First, the data were acquired from the NHANES database, which consists of 
a representative sample of individuals from the USA. The participants strictly adhered to a meticulously designed 
study protocol accompanied by comprehensive quality control and assurance measures, ensuring the reliability 
of the findings. Furthermore, NHANES offers comprehensive demographic and metabolic data, which allowed 
us to account for significant confounding factors in our multivariate models. We accounted for confounding 
factors and conducted subgroup analysis to verify the generalizability of our findings to a broader population. 
Nevertheless, our study has some limitations. First, the study was cross-sectional, and thus causal relationships 
between the TyG index and gallstones could not be determined. Furthermore, the data on gallstones in this 
study were obtained using questionnaires, which are inherently subject to recall bias. Finally, the NHANES data-
base lacks information on clinical factors, including medication history and the precise composition of stones. 
Notwithstanding these constraints, this study unveils, for the first time, the association between the TyG index 
and gallstone incidence, providing evidence for the efficacy of the index for predicting gallstone development.

Conclusions
This study revealed that an elevated TyG index was associated with an increased prevalence of gallstones and 
a younger age at first gallstone surgery in American adults. Furthermore, our identification of TyG index as a 
robust and easily measured indicator of the likelihood of gallstones should serve to catalyze improvement in 
levels of engagement with this issue between healthcare providers and the general population. Nevertheless, 
further multicenter prospective cohort studies are needed to substantiate our results.

Data availability
The raw data supporting the conclusions of this paper will be made available by the authors without reservation 
and can be obtained from the corresponding author.
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