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Purpose: Previous studies have shown a correlation between diabetes mellitus and gallstone formation. The atherogenic index of
plasma (AIP) is associated with many metabolic diseases. However, insufficient evidence still exists to elucidate the association
between AIP and gallstones. The primary objective of this study was to investigate the correlation between AIP and gallstones in US
adults, and the secondary objective was to analyze whether diabetes plays a mediating role in the association.

Patients and Methods: Using data from the National Health and Nutrition Survey (NHANES) conducted between 2017 and
March 2020, this study investigated the association between AIP and gallstone incidence in US adults. A variety of statistical methods
were used to analyze the data in this study, including multivariate logistic regression, subgroup analyses, restricted cubic spline curves
(RCS), and mediation effects analysis. In addition, two-stage linear regression was used to detect possible threshold and saturation
effects.

Results: A total of 6952 subjects were enrolled in the trial, of which 748 patients were diagnosed with gallstones. A significant
positive association between AIP and gallstones was observed by fully adjusted multivariate logistic regression analysis, with an odds
ratio (OR) of 1.45 and a 95% confidence interval (CI) of (1.09, 1.93). In addition, a non-linear positive association and saturation effect
between AIP and gallstones were found, with an inflection point of 0.2246. Mediation analysis showed that diabetes had a mediating
effect of 16.9% in the association between AIP and gallstones.

Conclusion: This study suggests that elevated levels of AIP are linked to an augmented vulnerability to gallstone development, with
diabetes serving as a mediating factor. These findings present a novel perspective on clinical approaches to prevent and manage
gallstones.

Keywords: gallstones, atherogenic index of plasma, diabetes mellitus, National Health and Nutrition Examination Survey, cross-
sectional studies

Introduction
Gallstones rank among the most prevalent gastrointestinal conditions globally.' Gallstones affect approximately 6% of
men and 9% of women in the United States.” According to estimates, approximately $62 billion is allocated annually in
the United States for the prevention and treatment of cholelithiasis.®> Around 10% of people with asymptomatic gallstones
will experience symptoms or need treatment within five years.* Between 50 and 70% of acute pancreatitis is caused by
gallstones, which can lead to severe abdominal pain and life-threatening infections.” Other serious complications that
may result from gallstones include acute obstructive septic cholangitis, liver failure, and gallbladder cancer.® Hence, it is
crucial to recognize modifiable and manageable elements to decrease the occurrence of gallstones.

The atherogenic index of plasma (AIP) is a novel index of lipid metabolism that has emerged in recent years.” AIP is
a logarithmic transformation of the ratio of triglycerides (TG) to high-density lipoprotein (HDL) cholesterol (HDL-C),

Diabetes, Metabolic Syndrome and Obesity 2024:17 317-332 317
Received: 13 November 2023 © 2024 Du et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 18 January 2024
Published: 23 January 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-2923-3727
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Du et al Dove

which was initially a reliable predictor of atherosclerosis and coronary artery disease.®’ In addition to its traditional role
in cardiovascular health, AIP has attracted scholarly attention for its potential impact on other endocrine diseases,
including diabetes and metabolic syndrome.'® Therefore, AIP has become an important parameter in the field of
lipidology.

The global population of individuals living with diabetes is estimated to be around 463 million, with projections
indicating a projected increase of 51% by the year 2045."" The association between diabetes mellitus and gallstones has
been a topic of interest among researchers in recent years. Several epidemiological studies have reported that diabetes
increases the risk of gallstones.'*'* The mechanisms mediating this association are not fully understood and may be
related to factors such as insulin resistance, altered bile composition, and impaired gallbladder emptying.'* However, no
study to date has reported an association between AIP and gallstones and whether the effect of AIP on gallstones is
mediated through diabetes. Motivated by this knowledge gap, the present study aimed to conduct a large-scale cross-
sectional investigation using data from the National Health and Nutrition Examination Survey (NHANES) conducted
from 2017 to March 2020 to elucidate the association between AIP and gallstones and the mediating role of diabetes

therein.

Materials and Methods
The Design of the Study and the Individuals Involved

Starting from 1998, the NHANES has conducted an extensive examination to assess the overall health and eating habits
of the American people, including both grown-up individuals and those who are young. The National Center for Health
Statistics (NCHS), which is a part of the Centers for Disease Control and Prevention (CDC), gathers survey information
by conducting in-home interviews and health measurements at mobile testing centers. To ensure the precision and
inclusiveness of its data, NHANES utilizes a complex cohort design that is stratified, multistage, and based on
probability.'>'® Participants signed an informed consent form that was approved by the NCHS Research Ethics
Review Board. The NHANES dataset and its documentation and protocols are freely available on the website.'’

The study included individuals who were at least 20 years old and participated in the US National Health Survey
between 2017 and March 2020. To guarantee the accuracy and dependability of the findings, our research employed
precise criteria for exclusion. First, we excluded those who did not provide information on gallstones in the medical
survey (n = 6350). 86 pregnant women, 21 participants without education and marriage information, and 1337
participants without TG and HDL-C test results were also excluded. Excluded participants with missing data on potential
confounders (body mass index, asthma, heart disease, liver disease, cancer, smoking, and diet) from the sample group.
This study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of
Wuxi People’s Hospital, with approval number KY23188. The original data presented in the study are included in the
Supplementary Table 1.

Definition of Gallstones
Participants’ responses to the question “Has the doctor ever diagnosed you with gallstones?”” were used to ascertain the
presence or absence of gallstones. The questionnaire was administered, and a positive response of “yes” indicated the

presence of gallstones, while a negative response of “no” indicated their absence.

Definition of AIP

Based on prior research, the computation of the atherogenic index of plasma (AIP) entails utilizing the equation
AIP = log[TG(mmol/L)/HDL — C(mmol/L)]."® To make future research easier, participants were divided into quartiles
according to their AIP values. It is essential to highlight that, within the context of the study design, AIP was regarded as
an exposure variable of particular interest.
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Diagnosis of Diabetes
Diabetes is characterized by fulfilling the requirements of having an HbAlc level that is 6.5% or higher, acknowledging
the condition through self-reporting, and/or utilizing medication for managing diabetes."®

Ascertainment of Covariates

This study incorporated various variables, including age, sex, ethnicity, educational attainment, marital status, the ratio of
family income to poverty (PIR), body mass index (BMI), smoking habits, alcohol consumption, existing medical conditions
(diabetes, high blood pressure, asthma, heart disease, liver disease, cancer), and dietary factors such as carbohydrate,
protein, fat, fiber, and water intake, to examine their potential impact on the relationship between AIP and gallstones.

In response to the query “Are you currently a smoker?”, the participants were categorized into three groups based on
their smoking status: never smokers (individuals who have never smoked or have smoked fewer than 100 cigarettes in
their lifetime), smokers (individuals who have smoked at least 100 cigarettes in their lifetime and currently smoke), and
former smokers (individuals who have smoked at least 100 cigarettes in their lifetime but no longer smoke).?
Participants who consumed at least 12 alcoholic beverages per year or whose dietary intake contained >0g of alcohol
were considered to be drinkers.>' Hypertension was operationally defined as meeting the criteria of having an average
systolic blood pressure of 140 mmHg or higher and/or diastolic blood pressure of 90 mmHg or higher, self-reporting
a diagnosis of hypertension, and/or utilizing antihypertensive medication.”> Between 2017 and 2020, each participant
undertook one 24-hour review of dietary data, and our analyses will use the average consumption from both reviews or
the first day’s dietary data if the second day’s dietary data were missing.

Statistical Analyses
Statistical analysis was conducted using R software (version 4.2.2) and Empower Stats (version 2.0), with a significance level
of P <0.05. The presence of multicollinearity was evaluated through the utilization of the Variance Inflation Factor (VIF) and
tolerance. Severe multicollinearity was operationally defined as a VIF value equal to or exceeding 10.>* All the covariates
included in the study had VIFs less than 5, and there was no significant multicollinearity observed. The statistical indicators
were accompanied by reported odds ratios (OR) and ninety-five percent confidence intervals (CI). AIP was categorized into
four equal parts, with the first quartile (Q1) acting as the benchmark group. Continuous variables were represented as mean
and standard deviation, while categorical variables were presented as frequencies or percentages. AIP quartiles were tested
using either the chi-square test or the Kruskal-Wallis H-test. To investigate the association between gallstones and AIP, four
logistic regression models were constructed. The first model was unadjusted and the second model was adjusted for gender,
age, and ethnicity. In addition to Model 2, Model 3 considered educational attainment, marital status, PIR, smoking, alcohol
consumption, and medical comorbidities. To eliminate the potential influence of dietary factors on gallstones, Model 4
considered dietary intake of carbohydrates, protein, fat, dietary fiber, and water in addition to Model 3.4

Furthermore, subgroup analyses were conducted to investigate if AIP and gallstones exhibited potential variations in
specific populations based on factors such as age, gender, ethnicity, educational background, smoking habits, alcohol
consumption, and hypertension. To obtain a more accurate assessment of the non-linear correlation between AIP and
gallstones, we also fitted restricted cubic spline (RCS) curves. Finally, mediation analysis allows us to calculate how many
mediated effects are produced by diabetes. In addition to providing statistical evidence for mechanistic analyses, this
strategy is ideal for revealing pathways. The direct effect indicates the association between AIP and gallstones; the indirect
effect indicates the association is mediated by diabetes; and the mediation ratio indicates the percentage of mediated effects.
Using these statistical methods, possible associations between AIP and gallstone risk can be examined more broadly.

Results
After applying appropriate exclusion criteria, a total of 6952 patients were included in this analysis, of whom 3406 were
male and 3546 were female. Figure 1 illustrates the process of screening participants and provides detailed information.
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Figure | Flowchart of participants selection from NHANES 2017-2020.

Gallstone-Based Baseline Characteristics of the Population

The baseline characteristics of patients with and without gallstones are summarized in Table 1. Gallstones were detected in
748 out of 6952 participants, giving an overall prevalence of gallstones in the population of 10.76%. Participants in the study
were on average 51 years old. There were 49% males and 51% females in the gender distribution. Women, older adults, non-
Hispanic whites, and non-drinkers had a higher risk of developing gallstones than other patients (all P < 0.05).

Table 2 divides the participants into quartiles based on their AIP values. Q1 corresponded to values between —0.959
and —0.228, Q2 between —0.228 and —0.0237, Q3 between —0.0237 and 0.201, and Q4 between 0.201 and 1.64. The
prevalence of gallstones increased significantly as participants’ AIP values increased (Q1: 7%, Q2: 10%, Q3: 13%, and
Q4: 13%, p < 0.001).

Logistic Regression Analyses

The relationships between AIP and gallstones, as well as diabetes and gallstones, are illustrated in Table 3 through the
findings obtained from multivariate logistic regression analyses. A strong and statistically significant positive correlation
was found between AIP and gallstones in the original model, with an odds ratio of 1.84 (95% CI: 1.46-2.32; p-value <
0.0001). The robust and favorable association persisted as highly significant in Model 2, even after accounting for factors
like gender, age, and ethnicity (OR = 2.35; 95% CI: 1.81-3.03; P < 0.0001). In Model 3, which is built upon Model 2, the
correlation between AIP and gallstones remained statistically significant (OR = 1.45; 95% CI: 1.09-1.92; P = 0.0102)
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Table | Baseline Characteristics of the Gallstones Group versus the Non-Gallstones

Characteristics Total Adults (N = 6952) Gallstones (N = 748) No Galistones (N = 6204) P value

Age 5117 58 + 16 50+ 17 <0.001

Gender, n (%) <0.001

Male 3406 (49%) 216 (29%) 3190 (51%)

Female 3546 (51%) 532 (71%) 3014 (49%)

Race/Ethnicity, n (%) <0.001

Mexican American 831 (12%) 93 (12%) 738 (12%)

Non-Hispanic White 2548 (37%) 325 (43%) 2223 (36%)

Non-Hispanic Black 1779 (26%) 145 (19%) 1634 (26%)

Other Races 1794 (26%) 185 (25%) 1609 (26%)

Education, n (%) 0.013

Less than 9th grade 466 (7%) 40 (5%) 426 (7%)

9—12th grade 738 (11%) 89 (12%) 649 (10%)

High school graduate/GED 1676 (24%) 194 (26%) 1482 (24%)

Some college or AA degree 2330 (34%) 270 (36%) 2060 (33%)

College graduate or above 1742 (25%) 155 (21%) 1587 (26%)

Marital status, n (%) <0.001

Married/Living with Partner 4048 (58%) 445 (59%) 3603 (58%)

Widowed/Divorced/Separated 1565 (23%) 209 (28%) 1356 (22%)

Never married 1339 (19%) 94 (13%) 1245 (20%)

PIR, n (%) 0.513

<2 2734 (39%) 306 (41%) 2428 (39%)

>2 3374 (49%) 359 (48%) 3015 (49%)

Unclear 844 (12%) 83 (11%) 761 (12%)

Smoking status, n (%) <0.001

Yes 1257 (18%) 120 (16%) 1137 (18%)

Former smoking 1695 (24%) 226 (30%) 1469 (24%)

No 4000 (58%) 402 (54%) 3598 (58%)

Drinking wine, n (%) <0.001

Yes 3897 (56%) 339 (45%) 3558 (57%)

No 3055 (44%) 409 (55%) 2646 (43%)

Hypertension, n (%) <0.001

Yes 3179 (46%) 455 (61%) 2724 (44%)

No 3773 (54%) 293 (39%) 3480 (56%)

Diabetes, n (%) <0.001

Yes 1297 (19%) 228 (30%) 1069 (17%)

No 5655 (81%) 520 (70%) 5135 (83%)

Asthma, n (%) <0.001

Yes 1108 (16%) 153 (20%) 955 (15%)

No 5844 (84%) 595 (80%) 5249 (85%)

Coronary heart disease, n (%) <0.001

Yes 315 (5%) 67 (9%) 248 (4%)

No 6637 (95%) 681 (91%) 5956 (96%)

Liver disease, n (%) <0.001

Yes 353 (5%) 72 (10%) 281 (5%)

No 6599 (95%) 676 (90%) 5923 (95%)

Cancer, n (%) <0.001

Yes 729 (10%) 129 (17%) 600 (10%)

No 6223 (90%) 619 (83%) 5604 (90%)

(Continued)
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Table | (Continued).

Characteristics Total Adults (N = 6952) Gallstones (N = 748) No Galistones (N = 6204) P value
BMI (kg/m?) 30+8 34+9 307 <0.001
AlP 0.00 + 0.32 0.06 + 0.29 —0.01 +0.32 <0.001
Carbohydrate intake (g) 237 £ 108 225 = 100 238 £ 109 <0.001
Protein intake (g) 78 + 36 70 £ 31 79 + 36 <0.001
Total fat intake (g) 83 + 42 79 + 39 84 + 42 <0.001
Fiber intake (g) 16 £9 15+8 16 £ 10 <0.001
Water intake (g) 2767 + 1303 2670 + 1257 2778 + 1308 0.027

Abbreviations: GED, General Equivalency Diploma; BMI, body mass index; PIR, the ratio of family income to poverty; AlP, atherogenic index of plasma.

Table 2 Baseline Characteristics of the Study Population According to AIP in NHANES 2017-2020

Characteristics Atherogenic Index of Plasma P value

QI (-0.959, -0.228) | Q2 (-0.228, —0.0237) | Q3 (-0.0237, 0.201) | Q4 (0.201, 1.64)

N = 1738 N = 1738 N = 1738 N =1738
Age 48 + I8 5117 5317 52+ 16 <0.001
Gender, n (%) <0.001
Male 671 (39%) 744 (43%) 876 (50%) 115 (64%)
Female 1067 (61%) 994 (57%) 862 (50%) 623 (36%)
Race/Ethnicity, n (%) <0.001
Mexican American 130 (7%) 196 (11%) 224 (13%) 281 (16%)
Non-Hispanic White 581 (33%) 598 (34%) 660 (38%) 709 (41%)
Non-Hispanic Black 650 (37%) 533 31%) 383 (22%) 213 (12%)
Other Races 377 (22%) 411 (24%) 471 (27%) 535 (31%)
Education, n (%) <0.001
Less than 9th grade 51 (3%) 99 (6%) 137 (8%) 179 (10%)
9—12th grade 159 (9%) 177 (10%) 199 (11%) 203 (12%)
High school graduate/GED 415 (24%) 403 (23%) 432 (25%) 426 (25%)
Some college or AA degree 597 (34%) 604 (35%) 574 (33%) 555 (32%)
College graduate or above 516 (30%) 455 (26%) 396 (23%) 375 (22%)
Marital status, n (%) <0.001
Married/Living with Partner 905 (52%) 955 (55%) 1048 (60%) 1140 (66%)
Widowed/Divorced/Separated | 373 (21%) 448 (26%) 398 (23%) 346 (20%)
Never married 460 (26%) 335 (19%) 292 (17%) 252 (14%)
PIR, n (%) 0.152
<2 648 (37%) 702 (40%) 683 (39%) 701 (40%)
22 879 (51%) 842 (48%) 820 (47%) 833 (48%)
Unclear 211 (12%) 194 (11%) 235 (14%) 204 (12%)
Smoking status, n (%) <0.001
Yes 302 (17%) 301 (17%) 318 (18%) 336 (19%)
Former smoking 361 (21%) 390 (22%) 448 (26%) 496 (29%)
No 1075 (62%) 1047 (60%) 972 (56%) 906 (52%)
Drinking wine, n (%) <0.001
Yes 1076 (62%) 971 (56%) 929 (53%) 921 (53%)
No 662 (38%) 767 (44%) 809 (47%) 817 (47%)
Hypertension, n (%) <0.001
Yes 626 (36%) 760 (44%) 877 (50%) 916 (53%)
No 1112 (64%) 978 (56%) 861 (50%) 822 (47%)

(Continued)
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Table 2 (Continued).
Characteristics Atherogenic Index of Plasma P value

QI (-0.959, —0.228) | Q2 (—0.228, —-0.0237) | Q3 (—0.0237, 0.201) | Q4 (0.201, 1.64)

N =1738 N =1738 N =1738 N =1738
Diabetes, n (%) <0.001
Yes 134 (8%) 255 (15%) 394 (23%) 514 (30%)
No 1604 (92%) 1483 (85%) 1344 (77%) 1224 (70%)
Asthma, n (%) 0.122
Yes 285 (16%) 303 (17%) 256 (15%) 264 (15%)
No 1453 (84%) 1435 (83%) 1482 (85%) 1474 (85%)
Coronary heart disease, n (%) <0.001
Yes 40 (2%) 69 (4%) 89 (5%) 117 (7%)
No 1698 (98%) 1669 (96%) 1649 (95%) 1621 (93%)
Liver disease, n (%) <0.001
Yes 47 (3%) 88 (5%) 103 (6%) 115 (7%)
No 1691 (97%) 1650 (95%) 1635 (94%) 1623 (93%)
Gallstones <0.001
Yes 121 (7%) 178 (10%) 228 (13%) 221 (13%)
No 1617 (93%) 1560 (90%) 1510 (87%) 1517 (87%)
Cancer, n (%) 0.163
Yes 168 (10%) 168 (10%) 193 (11%) 200 (12%)
No 1570 (90%) 1570 (90%) 1545 (89%) 1538 (88%)
BMI (kg/m?) 27 +7 307 31 8 327 <0.001
Carbohydrate intake (g) 228 + 105 226 + 103 240 = 114 253 £ 110 <0.001
Protein intake (g) 77 £ 35 76 + 36 78 + 36 82 + 37 <0.001
Total fat intake (g) 84 + 40 82 + 4| 83 + 43 84 + 4| 0.386
Fiber intake (g) 16 £9 16 £9 16 £ 10 17+9 <0.001
Water intake (g) 2699 + 1305 2696 + 1288 2718 + 1226 2954 + 1371 <0.001

Abbreviations: GED, General Equivalency Diploma; BMI, body mass index; PIR, the ratio of family income to poverty; AlP, atherogenic index of plasma.

Table 3 Odds Ratios and 95% Confidence Intervals for Gallstones According to AIP and Diabetes

Exposure

OR (95% Cl), P value

Model |

Model 2

Model 3

Model 4

AIP (continuous)
AIP (quartile)
Quartile |
Quartile 2
Quartile 3
Quartile 4

P for trend
Diabetes

No

Yes

1.84 (1.46, 2.32) <0.0001

Reference

1.52 (1.20, 1.94) 0.0006
2.02 (1.60, 2.54) <0.0001
1.95 (1.54, 2.46) <0.0001
<0.0001

Reference
2.11 (1.78, 2.49) <0.0001

2.35 (1.81, 3.03) <0.0001

Reference

1.48 (1.16, 1.89) 0.0018
1.97 (1.55, 2.50) <0.0001
2.22 (1.73, 2.83) <0.0001
<0.0001

Reference
1.77 (1.48, 2.13) <0.0001

1.45 (1.09, 1.92) 0.0102

Reference

1.22 (0.95, 1.57) 0.1235
1.40 (1.09, 1.80) 0.0077
1.45 (1.12, 1.88) 0.0051
0.0041

Reference
1.25 (1.03, 1.51) 0.0266

1.45 (1.09, 1.93) 0.0108

Reference

1.22 (0.94, 1.57) 0.1298
1.39 (1.08, 1.79) 0.0097
1.45 (1.11, 1.88) 0.0055
0.0046

Reference
1.27 (1.05, 1.55) 0.0148

Notes: Model |: no adjustment for covariates. Model 2: adjusted for sex, age, and race. Model 3: adjusted for sex, age, race, education, marital status, PIR, BMI,
hypertension, smoking, alcohol consumption, asthma, coronary heart disease, liver disease, and cancer. Model 4: adjusted for sex, age, ethnicity, educational
attainment, marital status, PIR, hypertension, BMI, alcohol consumption, asthma, coronary heart disease, liver disease, cancer, protein intake, smoking, carbohydrate
intake, dietary fiber intake, total fat intake, and water intake.
Abbreviations: OR, odds ratio; 95% Cl, 95% confidence interval; AP, atherogenic index of plasma.
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even after considering variables like educational background, marital status, BMI, PIR, smoking habits, alcohol intake,
and related medical conditions (such as hypertension, asthma, coronary artery disease, liver disease, and malignancy).
Despite accounting for all covariates in Model 4, the aforementioned significant correlation persisted as statistically
significant (OR = 1.45; 95% CI: 1.09-1.93; P = 0.0108). This indicates that with every unit rise in AIP, the occurrence of
gallstones escalated by 38%. The strong correlation between AIP and gallstones persisted even after dividing AIP into
quartiles, as indicated by the statistical significance of the trend tests (P < 0.05). In Model 4, there was a 54% rise in
gallstone occurrence when comparing the highest quartile of AIP to the lowest quartile. Furthermore, a notable
correlation between diabetes and gallstones was detected. After accounting for all variables in Model 4, individuals
with diabetes exhibited a 27% increased likelihood of developing gallstones in comparison to those without diabetes (OR
=1.27; 95% CI: 1.05-1.55; P = 0.0148).

The findings of the multiple logistic regression analysis examining the relationship between AIP and diabetes are
presented in Table 4. In the unadjusted model, a statistically significant positive association between AIP and diabetes
was observed (OR = 5.47; 95% CI: 4.51-6.63; p < 0.0001). Notably, this strong positive correlation remained significant
even after controlling for gender, age, and race variables in Model 2 (OR = 7.33; 95% CI: 5.86-9.17; p < 0.0001). Model
3, which additionally adjusted for education, marital status, BMI, PIR, smoking, alcohol consumption, and associated
comorbidities (hypertension, asthma, coronary heart disease, liver disease, and malignancy) based on Model 2, showed
that the association between AIP and diabetes was still significant (OR = 4.70; 95% CI: 3.70-5.97; p < 0.0001).
Furthermore, even after controlling for all covariates in Model 4, the aforementioned positive association continued to be
statistically significant (OR = 5.08; 95% CI: 3.99-6.47; P < 0.0001).

Subgroup Analyses and Interaction Tests

To assess the stability of the association between AIP and gallstones and to identify potential differences between
different populations, we performed subgroup analyses, the results of which are shown in Figure 2. Notably, the
association between AIP and high risk of gallstones was more pronounced in the subgroup of participants who were
under 60 years of age, female, had a university degree or higher, smoked, drank alcohol, and were hypertensive (all
P values < 0.05). In the interaction test, we found that the “P for interaction” was greater than 0.05, suggesting that the
positive association between AIP and gallstones is generally stable and consistent in the general population.

Gallstones Exhibit a Non-Linear Correlation with AIP

In Figure 3, the Restricted Cubic Spline Curve (RCS) illustrates the association between AIP and gallstones. Following
adjustment for all covariates, a significant nonlinear relationship was observed between AIP and gallstones (nonlinear P <
0.001). To further explore this nonlinear relationship, a two-stage linear regression model was employed to calculate the
threshold effect and inflection point. The inflection point for AIP was determined to be 0.2246. When the AIP value was

Table 4 Multiple Logistic Regression of the Association Between AIP and Diabetes Mellitus

Exposure OR (95% CI), P value

Model |

Model 2

Model 3

Model 4

AIP (continuous)
AIP (quartile)
Quartile |
Quartile 2
Quartile 3
Quartile 4

P for trend

5.47 (451, 6.63) <0.0001

Reference

2.06 (1.65, 2.57) <0.0001
3.51 (2.85, 4.32) <0.0001
5.03 (4.10, 6.17) <0.0001
<0.0001

7.33 (5.86, 9.17) <0.0001

Reference

1.92 (1.52, 2.42) <0.0001
3.39 (2.71, 4.22) <0.0001
5.78 (4.63, 7.21) <0.0001
<0.0001

4.70 (3.70, 5.97) <0.0001

Reference

1.59 (1.25, 2.03) 0.0001
2.47 (1.96, 3.12) <0.0001
3.79 (3.00, 4.79) <0.0001
<0.0001

5.08 (3.99, 6.47) <0.0001

Reference

1.59 (1.25, 2.02) 0.0002
2.59 (2.05, 3.28) <0.0001
4.05 (3.19, 5.13) <0.0001
<0.0001

Notes: Model I: no adjustment for covariates. Model 2: adjusted for sex, age, and race. Model 3: adjusted for sex, age, race, education, marital status, PIR, BMI,
hypertension, smoking, alcohol consumption, asthma, coronary heart disease, liver disease, and cancer. Model 4: adjusted for sex, age, ethnicity, educational
attainment, marital status, PIR, hypertension, BMI, alcohol consumption, asthma, coronary heart disease, liver disease, cancer, protein intake, smoking,
carbohydrate intake, dietary fiber intake, total fat intake, and water intake.

Abbreviations: OR, odds ratio; 95% Cl, 95% confidence interval; AlP, atherogenic index of plasma.
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Age

Below 60

Over 60

Gender

Male

Female

Education Level
Less than 9th grade
9-12th grade

High school graduate/GED

Some college or AA degree

College graduate or above

Race/Ethnicity
Mexican American
Non-Hispanic White
Non-Hispanic Black
Other Races
Smoking status
Yes

Former smoking

No

Drinking wine

Yes

No

Hypertension

Yes

No

0.019
0.089

0.320
0.006

0.416
0.862
0.135
0.118
0.011

0.704
0.073
0.128
0.136

0.034
0.572
0.058

0.048
0.088

0.016
0.221

1.6 (1.08, 2.38)
1.43 (0.95, 2.16)

1.27 (0.79, 2.06)
1.66 (1.16, 2.38)

0.54 (0.13, 2.36)
0.93 (0.39, 2.19)
1.57 (0.87, 2.82)
1.47 (0.91, 2.37)
2.32 (1.21, 4.46)

0.84 (0.35, 2.03)
1.51 (0.96, 2.36)
1.67 (0.86, 3.23)
1.52 (0.88, 2.64)

2.03 (1.05, 3.92)
1.16 (0.69, 1.96)
1.47 (0.99, 2.19)

1.48 (1.00, 2.19)
1.41 (0.95, 2.09)

1.58 (1.09, 2.28)
1.31(0.85, 2.01)

0.693
—————————————
-————————
0.385
————————————
0.304
0.629
e
0.423
—
0.858
—
-——.——————
0.512
—
—_———
0.00 0.50 1.00 1.50 200 250 3.00 350 400 450

Figure 2 Subgroups analysis for the associations between AIP and gallstones.

Odds Ratio (95% CI)

Point estimate

Turning point=0.2246 95% CI

2.0 5 P-Nonlinear <0.001
1.54
1.0 4
0.5 -
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-0.5 0.0 0.5 1.0

AIP = Ig[TG(mmol/L)/HDL-C(mmol/L)]

Figure 3 Dose-response relationship between AIP and gallstones. Adjusted for sex, age, ethnicity, educational attainment, marital status, PIR, hypertension, BMI, alcohol
consumption, asthma, coronary heart disease, liver disease, cancer, protein intake, smoking, carbohydrate intake, dietary fiber intake, total fat intake, and water intake.
Abbreviations: OR, odds ratio; Cl, confidence interval; SD, standard deviation; AIP, atherogenic index of plasma; TG, triglyceride; HDL-C, high-density lipoprotein
cholesterol; BMI, body mass index; PIR, the ratio of family income to poverty.
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below 0.2246, a robust positive correlation was observed between AIP and the occurrence of gallstones, with an odds
ratio (OR) of 1.36 (95% CI: 1.24-1.50). However, this correlation weakened significantly when AIP measurements
reached 0.2246.

Mediation of Diabetes

Perform mediation analyses to assess whether diabetes mediates the association between AIP and gallstone
occurrence. The model and pathway for the mediation analysis are shown in Figure 4. After adjusting for all
potential confounders, the results showed a significant indirect effect of AIP on gallstone occurrence through
diabetes (B [95% CI], 0.0056 [0.00032-0.01082]; P = 0.024), suggesting a partially mediated role of diabetes.
The effect of AIP on gallstones remained statistically significant despite controlling for diabetes (B [95% CI],
0.02753 [0.00044-0.05846] p = 0.044), suggesting both direct and indirect effects. Approximately 16.9% of the
effect of AIP on gallstones [95% CI, 0.5-83.7%] was mediated by diabetes. The results of the intermediation
analysis are shown in Table 5.

Discussion

This study reports for the first time the mediating effect of diabetes in the association of AIP with gallstones. We
analyzed a sample of 6952 adults and found a significant positive correlation between AIP and gallstones, suggesting that
those with elevated AIP were more likely to develop gallstones. This correlation remains strong even when all
confounding covariates are accounted for in the fully adjusted model (Model 4). According to subgroup analyses and
interaction tests, the positive association between AIP and gallstones was more pronounced in participants who were

Indirect effect = 0.0056
Pvalue = 0.024

Diabetes

%

Proportion mediated (%) = 16.9

-------Pathc'------

Path ¢

Direct effect =0.0275
AIP Pvalue = 0.044 Gallstones

Figure 4 Path diagram of the mediation analysis model for the 6952 adult participants in the 2017-2020 National Health and Nutrition Survey. In the mediation analysis, AIP
is defined as the exposure factor; gallstones are defined as the outcome; and diabetes is defined as the mediator. Path a represents the regression coefficient for the
association of AIP with diabetes. Path b represents the regression coefficient for the association of diabetes with gallstones. Path ¢ denotes the simple total effect of AIP
versus gallstones, unadjusted for diabetes. Path ¢’ indicates the direct effect of AIP on gallstones, controlling for diabetes.
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Table 5 Mediation Analysis for the Associations Between AIP and Gallstones

Independent Variable | Mediator Total Effect Indirect Effect Direct Effect Proportion Mediated, %
95% ClI
Coefficient (95% CI) P value Coefficient (95% CI) P value Coefficient (95% CI) P value ( )
AlIP Diabetes 0.03313 (0.00517, 0.06108) 0.012 0.00560 (0.00032, 0.01082) 0.024 0.02753 (0.00044, 0.05846) 0.044 16.9 (0.5, 83.7)

Note: In mediation analyses, adjustments were made for sex, age, ethnicity, education, marital status, PIR, hypertension, BMI, smoking, alcohol consumption, asthma, coronary heart disease, liver disease, cancer, protein intake,
carbohydrate intake, dietary fiber intake, total fat intake, and water intake.
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under 60 years of age, female, with a bachelor’s degree or higher, and who smoked, consumed alcohol, and were
hypertensive. Interaction tests between subgroups were not significantly different and were relatively stable. RCS curve
fitting and threshold effect analyses showed that there was a nonlinear correlation between AIP and gallstones, with
a turning point of 0.2246. Overall, AIP was positively correlated with the occurrence of gallstones. At the same time,
diabetes played a partial mediating role in the relationship between AIP and gallstones, which highlights the importance
of focusing on blood glucose and strengthening the management of diabetic patients while regulating lipid levels to
prevent gallstones.

Recently, academics have increasingly ventured into the field of biomarkers associated with gallstones through
extensive and comprehensive investigations using the NHANES database. In their study, Wang et al*> demonstrated
a significant association between the metabolic index of insulin resistance score (METS-IR) and the prevalence of
gallbladder stones. The results showed a strong and direct correlation, indicating that with every increment in the METS-
IR index, there was a proportional rise of 3.3% in the occurrence of gallbladder stones. In contrast, a negative linear
correlation was found between the METS-IR index and the age at which the first gallstone was formed. In another cross-
sectional investigation conducted by Zhang et al,”° a significant discovery was made indicating a positive correlation
between a higher visceral obesity index (VAI) and the prevalence of gallstones, potentially resulting in an carlier age at
initial gallstone surgery. This association persisted when subgroup analyses were performed in different age groups, and
races, with and without hypertension, and with and without diabetes. Notably, this positive association was more
pronounced in women. Wang et al*’ discovered a noteworthy correlation between the presence of heavy metals in the
bloodstream and the occurrence of gallstones. Specifically, blood selenium emerged as an autonomous risk factor for
gallstones, particularly among women, non-Hispanic whites, individuals below the age of 65, non-drinkers, those with
obesity, and individuals with higher levels of education. Furthermore, blood cadmium (Cd) and mercury (Hg) exhibited
a negative association within certain thresholds, indicating a potential decrease in the risk of gallstones. These combined
results highlight the importance of incorporating multiple markers in the assessment of gallstones and shed light on the
complex causes of the disease. However, to date, no academic studies have reported a potential relationship between AIP
and gallstones.

The AIP, a lipid metabolism index, effectively integrates TG and HDL-C, providing insights into the ratio of
TG to HDL-C as well as the size of lipoprotein particles. It serves as a superior indicator of dyslipidemia
compared to elevated TG or reduced HDL-C levels, as it better reflects the pathogenicity and specificity of
dyslipidemia.”®?° To our understanding, this study represents the initial cross-sectional analysis employing the
NHANES database to examine the correlation between AIP and gallstones, as well as to explore the potential
mediating influence of diabetes. Prior investigations have explored the relationship between AIP and various
diseases through diverse epidemiological approaches, encompassing distinct target populations. Hernandez et al*°
found that AIP > 0.11 was significantly associated with severe suppurative tonsillitis in a Spanish case-control
study (OR = 4.38; 95% CI = 1.09 to 17.50, p = 0.037). In a meticulous study of 112,200 Chinese patients, Liu
et al’' found a strong association between AIP and NAFLD, and that AIP had a better discriminatory ability than
other lipid markers in identifying NAFLD. A prospective study directed by Cho et al** involving 323 Korean
patients showed that according to the Atlanta classification, AIP was significantly and positively associated with
pancreatitis severity. An extensive study by Sun et al,*® representing a large American cohort, revealed no
significant association between periodontitis prevalence and AIP overall (P = 0.341), but a significant association
was seen in non-smokers (P = 0.031). Shi et al** reported a positive linear association between AIP and
prediabetes or diabetes mellitus. Although an increase in AIP significantly increases the prevalence of diabetes,
it remains stable only in the female population. A cross-sectional study by Yin et al*> found a J-shaped association
between AIP and type 2 diabetes mellitus, and that higher AIP was significantly associated with a higher risk of
insulin resistance and T2D. There is growing evidence that AIP is not only associated with cardiovascular disease
but also with other metabolic and endocrine diseases.

Previous research has demonstrated a correlation between diabetes mellitus and gallstones, indicating that individuals
with diabetes mellitus face an elevated likelihood of developing gallstones compared to the general population,
particularly those with inadequately regulated blood glucose levels.*®” In a cross-sectional investigation conducted in
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Ali, a cohort of 204 patients diagnosed with gallstones was examined, consisting of 74 individuals with diabetes, 79
without diabetes, 51 classified as pre-diabetic, 1 with well-managed diabetes, and 1 with poorly controlled diabetes (37
patients). The results indicate that diabetes is a contributing factor in the formation of gallstones.>® Conversely, controlled
diabetes significantly reduces the risk of developing gallstones. A retrospective cohort study showed a significant
reduction in the incidence of gallstones in diabetic patients on long-term metformin.** Our study similarly found that
diabetics had a 27% increased risk of gallstones compared to non-diabetics (in Model 4). However, the precise
mechanism by which AIP enhances the susceptibility to gallstones, as well as the significance of diabetes about this
correlation, remains uncertain. The connection between AIP and gallstones, as well as the heightened risk of gallstones
due to diabetes, can be accounted for by several potential biological mechanisms. First, AIP is an indicator of the degree
of atherosclerosis, which is strongly associated with metabolic syndrome and diabetes.'®***%*! One of the major
contributing factors to the development of diabetes in patients with high AIP is dyslipidemia, which is usually manifested
by elevated levels of low-density lipoprotein cholesterol (LDL-C) and triglycerides and reduced levels of high-density
lipoprotein cholesterol (HDL-C). Abnormal lipid metabolism promotes the formation of atherosclerotic plaques, impairs
glucose metabolism pathways, and leads to insulin resistance and the eventual development of diabetes.**** In our study,
this fact was verified by using four integrated regression models. Interestingly, in Model 4, which adjusted for all
potential confounders, the positive correlation between AIP and diabetes was more significant than in Model 3. For every
one-unit rise in AIP, the risk of developing diabetes increased by 4.08-fold (OR = 5.08; 95% CI: 3.99-6.47; P < 0.0001).
In addition, diabetes can exacerbate the reduced blood supply to the gallbladder through microvascular damage and
neurological complications, which reduces the peristaltic capacity of the gallbladder. Prolonged siltation of bile in the
gallbladder increases bile saturation, leading to cholecystitis and gallstones.** ™’ It has been found that diabetic patients
with sphincter Oddi dysfunction impede bile elimination, further increasing the risk of gallstones.*® Lastly, reduced
sensitivity of gallbladder smooth muscle cells to cholecystokinin or a decrease in the number of cholecystokinin
receptors in the gallbladder wall may be responsible. Insulin-related signaling pathways are aberrant in diabetic patients,
mainly due to diminished punctate signaling of the insulin receptor in human hepatocytes and high levels of reactive
oxygen species (ROS), which reduce the functional activity of clusters of insulin receptor molecules in otherwise insulin-
sensitive cells.*’

The study’s strength is derived from its utilization of a sample comprising US adults, acquired via a meticulously
stratified, multi-stage probability sampling methodology, consequently enhancing the precision of the findings. In
addition, we used four models to account for confounding variables, resulting in more reliable results. Finally, subgroup
analyses and mediating effects analyses were performed to gain more insight into the association between AIP and
gallstones in different populations and the mediating role that diabetes plays between the two.

Limitations

Of course, this study has its limitations. First, we extracted information only from the NHANES database, which is
a cross-sectional survey and does not have prospective cohort follow-up data. In addition, the study’s eligibility criteria
for participants were based on whether they had gallstones, and no information is available on the type of gallstones or
when they first appeared. In conclusion, we did not perform additional analyses of the correlation between gallstones and
the use of medication or the implementation of specific treatments in patients with gallstones. However, it was considered
that many of the comorbidities were confounders. To summarize, our research provides a valuable understanding of the
relationship between AIP and gallstones, thus improving comprehension in this specific field.

Conclusion

This study suggests that elevated levels of AIP are linked to an augmented vulnerability to gallstone development, with
diabetes serving as a mediating factor. It implies that maintaining AIP within a lower range and prioritizing glycemia
regulation is imperative for gallstone prevention. These findings present a novel perspective on clinical approaches to
prevent and manage gallstones. However, additional research is necessary to elucidate the underlying mechanisms at play.
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