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Gender disparities in the association et

between atherogenic index of plasma
and chronic kidney disease

Yong Wang'™", Jing Cui'", Jing Gao?', Shuang Liang', Guangyan Cai' and Xiangmei Chen'

Abstract

Objective This study investigates the relationship between the atherogenic index of plasma (AIP) and chronic kidney
disease (CKD) occurrence in the general population, with a focus on potential gender disparities.

Methods The study included 22,952 adults from the National Health and Nutrition Examination Survey (NHANES).
Various statistical models were employed to evaluate the association between AlP and CKD occurrence and explore
gender-specific differences.

Results Adjusted for confounding factors, higher AIP levels showed a mild association with increased CKD risk

in the general population. Specifically, individuals in the highest AIP quartile had a slightly elevated odds ratio (OR)
for CKD compared to the lowest quartile (OR: 1.24, 95% Cl: 1.02-1.52, P for trend =0.023). Gender-stratified analysis
revealed significant differences. Among males, higher AIP levels were significantly associated with CKD risk (OR: 1.49,
95% Cl: 1.15-1.94, P for trend < 0.001), whereas in females, the association was weaker and statistically non-significant
(P for trend =0.055). U-shaped relationships between AIP and CKD were observed. Mediation analysis provided
insights into potential pathways underlying this association. Among males, changes in uric acid accounted for 44.50%
of CKD prevalence related to AIP, while glomerular filtration rate (eGFR), BMI, and bicarbonate levels contributed
44.09%, 17.55%, and 15.36%, respectively. Among females, uric acid changes accounted for 45.53%, while eGFR, bicar-
bonate, C-reactive protein (CRP), sodium, and potassium levels contributed 37.96%, 12.43%, 6.37%, 5.58%, and 3.14%,
respectively.

Conclusion Our findings suggest that elevated AIP levels may increase CKD risk, particularly among males
in the general U.S. population.
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Introduction

Chronic kidney disease (CKD) is a major global public
health problem with a heavy burden [1-3]. According
to the 2017 Global Burden of Disease Study (GBD), the
prevalence of adult CKD is approximately 9.1%, resulting
in 1.2 million deaths and 35.8 million disability adjusted
life years [4]. Between 1990 and 2017, the incidence of
CKD increased by 29.3%, with its ranking as a cause of
death rising to 12th place. By 2019, CKD ranked 18th in
terms of disability-adjusted life years [5]. Therefore, it is
crucial to identify CKD risk factors early and take pre-
ventive measures.

CKD is defined as a progressive loss of kidney func-
tion over time, typically diagnosed when the estimated
glomerular filtration rate (eGFR) falls below 60 mL/
min/1.73 m? or when albuminuria (urine albumin-to-
creatinine ratio, UACR > 30 mg/g) is present for at least
three months, regardless of the underlying cause [6, 7]
The disease is classified into different stages based on
eGFR and UACR levels according to the Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines [6].
The etiology of CKD is multifactorial, with diabetes mel-
litus and hypertension being the most common causes,
accounting for over 70% of cases in developed countries
[7]. Other contributing factors include glomerulonephri-
tis, polycystic kidney disease, and autoimmune disorders
[8]. Additionally, metabolic syndrome, obesity, and dys-
lipidemia have been increasingly recognized as risk fac-
tors for CKD progression. Given the complex interplay
between lipid metabolism and kidney function, the role
of the atherogenic index of plasma in CKD development
warrants further investigation.

The atherogenic index of plasma (AIP), calculated as
the logarithm of the ratio of triglycerides (TG) to high-
density lipoprotein cholesterol (HDL-C), is a biomarker
reflecting atherosclerosis [9-11]. Multiple research teams
worldwide have found through prospective cohorts and
cross-sectional observations that AIP is significantly
associated with the risk of CKD in populations of differ-
ent races and regions [9, 12]. However, existing research
is limited by insufficient sample size and a lack of long-
term follow-up data. At present, the relationship between
AIP and CKD has not been accurately evaluated. Gen-
der differences play an important role in the pathogen-
esis of CKD. Research indicates that gender significantly
impacts CKD prevalence and progression, with gender-
specific gene expression and hormone receptor activity
influencing renal function and structure [13]. However,
existing research has shortcomings in gender difference
analysis, failing to fully reveal how gender affects the
onset and progression of CKD [14, 15]. Therefore, the
necessity of conducting CKD research from a gender
perspective is increasingly prominent.
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This study is a cross-sectional observational study
based on the NHANES database. Given that NHANES
provides large-scale, nationally representative data at a
single time point, this design allows us to assess the asso-
ciation between AIP and CKD prevalence while consid-
ering gender differences. This study aims to explore the
differences in AIP in the prevalence of CKD among dif-
ferent genders, providing a deeper understanding of CKD
pathogenesis and offering new prevention strategies and
risk assessment perspectives.

Methods

Study population

This study is a cross-sectional observational study
designed to investigate the association between AIP levels
and CKD prevalence in different genders using NHANES
data. All data were extracted from the NHANES con-
ducted by the Center for Disease Control and Preven-
tion of the United States (CDC). NHANES is an ongoing,
national, stratified, and multistage probability sample
survey designed to assess the health and nutritional sta-
tus of the non-institutionalized U.S. population. The cur-
rent study included secondary data analysis of 101,369
participants enrolled across ten consecutive NHANES
cycles from 1999 to 2018. Data collection included struc-
tured interviews, physical examinations, and laboratory
measurements. The exclusion criteria were as follows:
(1) Pregnant or aged under 20 participants (n=47,684);
(2) Participants without serum AIP data (TG or HDL-C)
(n=30,768); (3) Participants without eGFR or UACR data
(n=145). After applying exclusion criteria, 22,952 adult
participants (aged>20 years) were included for final
analysis (Fig. 1). The research protocols were approved by
the ethics review board of the National Center for Health
Statistics. All participants provided informed consent.
Information in detail is available on the website http://
www.cdc.gov/nchs/nhanes/irba98.htm.

Assessment of CKD and AIP

We utilized the CKD-Epidemiology Collaboration (EPI)
equation to calculate eGFR [16]. CKD was diagnosed if
eGFR fell below 60 ml/min per 1.73 m? or if the UACR
was 30 mg/g or higher. AIP was computed using the for-
mula log (TG/HDL-C) [10, 11], with TG representing TG
and HDL-C indicating HDL-C. Measurements for TG
and HDL-C were conducted during participants’ physical
examinations.

Covariant evaluation

General demographic variables, including age, sex, race/
ethnicity, family income, physical activity, and alco-
hol consumption, were collected using standardized
NHANES questionnaires during interviews [17]. Race/
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NHANES 1999-2018
(n=101,369)
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Pregnant or aged under 20
participants (n=47,684)

Adult participants
(n=53,865)

Participants without serum
AIP data (TG or HDL-C)
(n=30,768)

Include Participants
(n=23,097)

Participants without eGFR or
UACR datas (n=145)

Analysis participants
(n=22,952)

Fig. 1 Flow chart of participants selected from the NHANES database 1999-2018

ethnicity was categorized as non-Hispanic White, non-
Hispanic Black, Mexican American, and Other accord-
ing to NHANES classifications [18]. Leisure physical
activity during the past month was classified as vigorous,
moderate, or less exercise based on NHANES-defined
metabolic equivalent (MET) categories [19]. Anthropo-
metric measurements were conducted during physical
examinations in the Mobile Examination Center (MEC)
following standardized NHANES protocols. Body mass
index (BMI) was calculated as weight (kg) divided by
height (m?), following WHO guidelines [20]. Labora-
tory parameters, including TG, total cholesterol (TC),
low density lipoprotein (LDL), HDL-C, C-reactive pro-
tein (CRP), urine albumin/creatinine (U/C), eGFR,
blood urea nitrogen (BUN), uric acid, bicarbonate, total
calcium, phosphorus, sodium, potassium, chloride,
were measured using standard NHANES laboratory
methods [21-23]. Hypertension was defined as antihy-
pertensive medication, the average systolic blood pres-
sure (SBP)>140 mmHg, or diastolic blood pressure
(DBP) >90 mmHg at baseline [24]. Hypercholesterolemia
was defined as fasting total cholesterol values >240 mg/
dl [25]. Diabetes mellitus (DM) was defined as glycated
hemoglobin (HbAlc)>6.5%, fasting plasma glucose

(FPG) >126 mg/dL, or the use of anti-diabetic medica-
tion [26]. These covariates were included in the multi-
variate models as potential confounding factors due to
their well-established roles in the pathophysiology of
CKD, lipid metabolism, and cardiovascular risk [27-29].
By adjusting for these variables, our analysis aims to iso-
late the independent association between AIP and CKD
while minimizing residual confounding effects.

Statistical analyses

Because the NHANES survey utilized complex sampling
methods, we incorporated sample weights from different
research phases into our analysis to ensure the precision
of health statistics. Continuous variables were tested for
normal distribution using the Kolmogorov—Smirnov test
and expressed as mean+standard deviation or median
[IQR]. Comparisons between groups were conducted
using Student’s t-test (for normally distributed data) or
Mann—Whitney U test (for non-normally distributed
data). Categorical variables were presented as frequen-
cies and percentages (%) and compared using the Chi-
square test. AIP levels were categorized into quartiles
(QL:<—2.06; Q2:>—2.06 to —0.04; Q3:>—0.04 to 0.18;



Wang et al. BMC Public Health (2025) 25:825

Q4:>0.18), with the first quartile (Q1) serving as the
reference.

Restricted cubic spline curves (4 knots, with the 25th
percentile as the reference point) were used to evaluate
the nonlinear association between AIP and CKD preva-
lence, with graphics plotted based on Model 3.

Multivariate logistic regression analysis was used to
evaluate the odds ratios (ORs) and 95% confidence inter-
vals (Cls) for the association between AIP and CKD.
Three multivariable models were constructed. Model 1
adjusted for age (continuous), race/ethnicity (non-His-
panic white, non-Hispanic black, Mexican American or
other), and education level (less than high school, high
school or equivalent, or greater than high school); Model
2 adjusted for Model 1 plus BMI (continuous), physical
activity (never, moderate or vigorous), PIR (0-1.0, 1.01-
4.99 or 5.0), serum cotinine (>10, LOD-10 or<LOD ng/
mL), Model 3 adjusted for Model 2 plus hypertension
(yes or no), hypercholesterolemia (yes or no), and dia-
betes (yes or no). Additionally, we conducted a stratified
multivariate logistic regression analysis by gender. Mul-
tiplicative interactions were included to determine if the
association between AIP and CKD prevalence varied by
these potential factors.

The area under the receiver operating characteristic
(ROC) curve (AUC) was applied to assess the predictive
value of AIP for the occurrence of CKD in male.

We also performed mediation analysis to evaluate
whether variables such as BMI, TG, LDL, TC, HDL, CRP,
U/C, eGFR, BUN, uric acid, bicarbonate, total calcium,
phosphorus, sodium, potassium, and chloride mediated
the relationship between AIP and CKD prevalence and to
quantify their mediation effects.

Statistical analyses were carried out using Stata soft-
ware (version 17; StataCorp, College Station, TX, USA)
and R (www.r-project.org). Two-tailed p-values<0.05
were considered statistically significant.

Results

Participant characteristics

Based on AIP categories, Table 1 lists selected demo-
graphic characteristics and potential confounding fac-
tors. In the NHANES dataset from 1999 to 2018, 22,952
adults aged>20 years were measured for AIP. The
median AIP level was —0.04 (IQR —2.06-0.18) g/L, with
the 25th, 50th, and 75th percentiles being —2.06, —0.04,
and 0.18, respectively. The average age of the final study
sample was 47.11+16.80 years, with 48.8% being male
and 51.2% female. The study found that higher AIP lev-
els were more likely among males, older adults, non-His-
panic Whites, obese individuals, those with more than a
high school education, moderate household income, lack
of leisure physical activity, and cotinine levels>10 ng/
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mL. There was a higher prevalence of CKD, hyperten-
sion, hypercholesterolemia, and diabetes among those
with elevated AIP levels. In patients with frequent labo-
ratory abnormalities, levels of TG, LDL, TC, HDL, CRP,
U/C, BUN, uric acid, total calcium, and potassium were
higher, whereas levels of eGFR, bicarbonate, phosphorus,
sodium, and chloride were lower.

Compared with non CKD patients, CKD patients are
more likely to be female, elderly, non Hispanic white indi-
viduals, obese individuals, individuals with high school
education or above, middle-income families, individuals
lacking leisure and sports activities, and individuals with
cotinine levels <10 ng/mL. The prevalence of hyperten-
sion, hypercholesterolemia and diabetes is higher in CKD
patients. Laboratory indicators are often abnormal, with
higher levels of TG, CRP, U/C, BUN, uric acid, bicarbo-
nate, total calcium, phosphorus, and potassium, while
lower levels of LDL, TC, HDL, eGFR, sodium, and chlo-
ride (Supplementary Table 1).

Males and females have different lipid levels and their
trends. Compared to females, males are more prone to
disorders of lipid metabolism, as evidenced by higher lev-
els of AIP, TG and LDL and lower levels of TC and HDL
(Supplementary Table 2).

Association of AIP with CKD

We performed weighted multivariate COX regres-
sion analyses to detect an association between AIP and
CKD and found that higher AIP was associated with a
higher risk of CKD in the overall population and in the
male population. In the overall population, the risk of
developing CKD increased with increasing AIP (P for
trend=0.023). After adjusting for potential confound-
ers, the adjusted ORs 95% CI for CKD in quartiles with
progressively increasing AIP compared with the lowest
quartile were 0.96 (0.81-1.14; P=0.631), 0.98 (0.83—1.14;
P=0.756), and 1.24 (1.02-1.52; P=0.032), respectively.
The risk of CKD was higher for each increase of 1 stand-
ard deviation (SD) increased the risk of developing CKD
by 12% (OR 1.12; 95% CI 1.04—1.20; P=0.004) (Table 2).
In the male population, the risk of developing CKD
increased with increasing AIP (P for trend <0.001). The
adjusted OR (95% CI) for CKD in quartiles with progres-
sively increasing AIP compared with the lowest quartile
after adjusting for potential confounders was 0.91 (0.69—
1.19; P=0.474), 1.09 (0.85-1.41; P=0.495), and 1.49
(1.15-1.94; P=0.003), respectively. for every increase of 1
SD was associated with an 18% increased risk of develop-
ing CKD (OR 1.18; 95% CI 1.07-1.30; P=0.001) (Table 3
and Fig. 2). ROC curve analysis showed that AIP was pre-
dictive of CKD development in men (AUC=0.555, 95%
CI: 0.541-0.569) (Fig. 3). In the female population, no
trend was observed for a significant increase in the risk of
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Table 1 The demographic and clinical characteristics of the patients by quartiles of baseline AIP
Total Q1 (<-2.06) Q2 (>—-2.06to Q3 (>—0.04t00.18) Q4(>0.18) P value
—0.04)
Participants, No 22952 5739 5738 5739 5736
Female (%) 11622 (51.2) 3657 (65.5) 3086 (54.5) 2767 (48.3) 2112 (35.8) <0.001
Age, years 47.11 (16.80) 45,02 (17.08) 46.71 (17.23) 4836 (17.15) 4851 (15.39) <0.001
Race/ethnicity (%) <0.001
Mexican American 4042 (8.2) 633 (5.8) 945 (8.0) 1136 (9.0) 1328 (9.9)
Other 4057 (12.5) 993 (11.9) 994 (11.8) 1069 (13.6) 1001 (12.6)
Non-Hispanic 10273 (68.4) 2325 (65.0) 2530 (68.2) 2595 (68.6) 2823 (72.1)
white
Non-Hispanic black 4580 (11.0) 1788 (17.4) 1269 (12.0) 939 (8.8) 584 (5.4)
Education levels (%) <0.001
Less than high 6287 (17.5) 1157 (12.8) 1505 (16.3) 1694 (19.8) 1931 (21.5)
school
High school 5262 (24.1) 1207 (20.4) 1340 (24.7) 1350 (24.9) 1365 (26.4)
or equivalent
Greater than high 11370 (58.4) 3370 (66.7) 2888 (59.1) 2682 (55.3) 2430 (52.1)
school
BMI, kg/m2 28.77 (6.77) 25.95 (6.00) 28.10 (6.61) 29.99 (6.78) 31.23(6.48) <0.001
BMI (%) <0.001
<25 6792 (31.6) 2792 (52.7) 1940 (35.9) 1253 (23.1) 807 (13.4)
25-299 7680 (33.2) 1650 (28.6) 1916 (33.7) 2014 (34.6) 2100 (36.0)
>30 8139(35.2) 1224 (18.7) 1812 (30.4) 2373(423) 2730 (50.6)
Cotinine (%) <0.001
>10ng/mL 5750 (26.0) 1242 (20.9) 1368 (24.9) 1469 (27.6) 1671 (31.1)
LOD =10 ng/mL 11934 (49.9) 3042 (50.0) 3016 (51.0) 2950 (49.7) 2926 (49.0)
<LOD 5203 (24.0) 1448 (29.1) 1336 (24.1) 1303 (22.7) 1116 (19.9)
Drinking status (%) 14923 (77.0) 3752 (78.7) 3701 (77.0) 3630 (75.4) 3840 (76.8) 0.023
Physical activity (%) <0.001
Never 9685 (34.7) 2128 (29.6) 2373 (34.5) 2551 (36.3) 2633 (38.5)
Moderate 6591 (32.9) 1892 (37.4) 1691 (33.2) 1535 (31.0) 1473 (29.6)
Vigorous 6675 (32.5) 1719 (33.0) 1673 (32.2) 1653 (32.7) 1630 (31.9)
PIR (%) <0.001
<1 4268 (14.0) 983 (13.0) 1065 (13.8) 1049 (14.1) 1171 (15.0)
1.01-4.99 12956 (61.0) 3148 (58.4) 3226 (61.2) 3291 (61.3) 3291 (63.2)
5 3687 (25.0) 1077 (28.6) 938 (25.0) 903 (24.6) 769 (21.8)
CKD (%) 4333(13.9) 824 (11.0) 1009 (12.6) 1157 (14.7) 1343 (17.6) <0.001
Hypertension (%) 9859 (37.1) 1937 (27.2) 2356 (34.0) 2664 (40.4) 2902 (47.3) <0.001
Hypercholester- 9213 (38.6) 1578 (25.6) 2083 (33.5) 2486 (42.6) 3066 (53.4) <0.001
olemia (%)
Diabetes mellitus 4483 (14.0) 598 (6.9) 892 (10.3) 1267 (16.0) 1726 (23.5) <0.001
(%)
TG, mmol/L 9(0.82,1.75) 0.66 (0.53,0.79) 1.00(0.87, 1.16) 41 (1.24,1.64) 2.34(1.93,3.04) <0.001
LDL, mmol/L 2.92(2.35,3.54) 261(2.15,3.15) 2.95 (240, 3. 54) 3.08(2.51,3. 72) 3.13(248,3.78) <0.001
TC, mmol/L 497 (4.29, 5.66) 471 (4.11,5.33) 4.86 (4.24,5.53) 4.99 (4.34,5.69) 5.30(4.63,6.10) <0.001
HDL, mmol/L 1.32(1.09, 1.60) 1.73(1.50,2.02) 142 (1.24,1.60) 1.22(1.09, 1.40) 01(0.88, 1.14) <0.001
CRP, mg/L 1.90 (0.80, 4.40) 1.00 (0.45, 2.50) 1.80(0.73, 3. 90) 2.30(1.00,5 41) 2.70(1.20,5.50) <0.001
U/C, mg/g 6.25 (4.16,11.52) 6.28(4.21,11.02) 5.95 (4.07,10.32) 6.26 (4.12,11.52) 6.60 (4.26, 13.86) <0.001
eGFR, TL/min per 96.23 (81.22, 109.95) 99.34 (84.44,112.90)  96.26 (81.52,11041)  94.77 (79.53,108.89)  94.49 (79.27,107.21) <0.001
1.73m
BUN, mmol/L 464 (3.57,5.71) 464 (3.57,5.71) 464 (3.57,5.71) 464 (3.57,5.71) 464 (3.90,5.71) <0.001
Uric acid, mmol/L 321.20 (263.37, 279.60 (237.90, 309.30 (261.70, 333.10(279.60, 356.90 (303.30, <0.001
374.70) 333.10) 362.80) 386.60) 410.40)




Wang et al. BMC Public Health (2025) 25:825 Page 6 of 13
Table 1 (continued)

Total Q1 (<-2.06) Q2 (>—-2.06to Q3(>—-0.04t00.18) Q4 (>0.18) P value

—0.04)

Bicarbonate, 24.85 (2.29) 25.12(2.24) 24.93 (2.26) 24.83 (2.33) 24.51 (2.28) <0.001
mmol/L
Total calcium, 2.35(2.28, 2.40) 2.35(2.28, 2.40) 2.35(2.28, 2.40) 2.35(2.28, 2.40) 2.35(2.30, 2.40) <0.001
mmol/L
Phosphorus, 1.16 (1.07,1.29) 1.20(1.10,1.29) 1.16 (1.07, 1.26) 1.16 (1.03, 1.26) 1.16 (1.03,1.26) <0.001
mmol/L
Sodium, mmol/L 139.28 (2.30) 139.37 (2.31) 139.37 (2.25) 139.37 (2.35) 139.01 (2.28) <0.001
Potassium, mmol/L  4.06 (0.34) 403 (0.34) 4.05(0.34) 4.06 (0.34) 4.09(0.33) <0.001
Chloride, mmol/L 103.44 (2.91) 103.53(2.92) 103.62 (2.82) 103.47 (2.92) 103.13 (2.95) <0.001

All estimates were accounted for complex survey designs

Categorical variables are expressed as number (percentage) [n (%)]. Normally distributed numerical variables are presented as mean + standard deviation (SD). Non-
normally distributed numerical variables are reported as median (interquartile range, IQR)

Abbreviations: AIP atherogenic index of plasma, BMI body mass index, PIR poverty-income ratio, CKD chronic kidney disease, TG triglyceride, LDL low density
lipoprotein, TC total cholesterol, HDL high density, CRP C-reactive protein, U/C urine albumin/creatinine, eGFR estimated glomerular filtration rate, BUN blood urea
nitrogen

Table 2 Relative odds of CKD according to AIP in different models among all participants

Unadjust Model 1 Model 2 Model 3
OR (95% Cl) Pvalue OR(95% Cl) Pvalue OR(95% Cl) Pvalue  OR(95% Cl) P value
Per 1 SD 1.23(1.17-1.30) <0.001 1.26 (1.19-1.35) <0.001 1.19(1.11-1.28) <0.001 1.12 (1.04-1.20) 0.004
Q1 (£-2.06) ref ref ref ref
Q2 (>-2.06 to —0.04) 1.16(1.01-134) 0034 1.09 (0.94-1.27)  0.254 099 (0.84-1.17) 0928 0.96 (0.81-1.14) 0631
Q3 (>—0.04t00.18) 1.39 (1.21-1.60) <0.001 1.24 (1.06-1.44) 0.006 1.05 (0.90-1.23) 0534 0.98(0.83-1.14) 0.756
Q4 (>0.18) 1.72 (1.49-1.97) <0.001 1.74 (1.47-2.06) <0.001 147 (1.21-1.78) <0.001 1.24(1.02-1.52) 0.032
P for trend <0.001 <0.001 <0.001 0.023

Model 1 adjusted for gender (male, or female), age (continuous), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American or other), education level
(less than high school, high school or equivalent, or greater than high school)

Model 2 adjusted for model 1+ BMI (continuous), physical activity (never, moderate or vigorous), PIR (0-1.0,1.01-4.99 or 5.0), serum cotinine (> 10, LOD-10 or <LOD

ng/mL), drinking status (< 12 dozen drinks/yr, > 12 dozen drinks/yr)

Model 3 adjusted for model 2 + hypertension (yes or no), hypercholesterolemia (yes or no), diabetes (yes or no)

CKD onset with increasing AIP (P for trend =0.055). The
adjusted OR (95% CI) for CKD in quartiles with progres-
sively increasing AIP compared with the lowest quartile
after adjusting for potential confounders was 0.98 (0.79—
1.20; P=0.810), 1.06 (0.85-1.32; P=0.607), and 1.23
(0.97-1.57; P=0.092), respectively. For every increased
by 1 SD, the risk of developing CKD increased by 7% (OR
1.07; 95% CI 0.97-1.18; P=0.174) (Table 3 and Fig. 2).
The association of AIP with the development of CKD was
significantly different in males and females (P value for
interaction=0.010) (Table 3).

The RCS curves showed a U-shaped association
between AIP and CKD in all participants. We also
explored the effect of gender on the risk association of
AIP with CKD. The results showed a U-shaped associa-
tion between AIP and CKD in both males and females.
Increased AIP scores were associated with a decreased

risk of CKD on the left side of the RCS curve, whereas
they were associated with an increased risk of CKD on
the right side of the RCS curve (Fig. 4).

Mediation analysis

Mediation analysis revealed the biological mecha-
nisms underlying gender differences in the association
between AIP and CKD occurrence (Table 4). In males,
changes in uric acid accounted for 44.50% of the CKD
prevalence related to AIP, while changes in eGFR, BMI,
and bicarbonate levels contributed 44.09%, 17.55%, and
15.36%, respectively. In females, changes in uric acid
contributed to 45.53% of the CKD prevalence related to
AIP, while changes in eGFR, bicarbonate, CRP, sodium
ions, and potassium ions levels contributed 37.96%,
12.43%, 6.37%, 5.58%, and 3.14%, respectively.
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Table 3 Relative odds of CKD according to AIP in different models among male and female
Unadjust Model 1 Model 2 Model 3
OR (95% Cl) P value OR (95% Cl) P value OR (95% CI) P value OR (95% Cl) P value
Male
Per 1 SD 126 (1.17-1.35) <0.001 136 (1.25-1.49) <0.001 1.25(1.14-1.38) <0.001 1.18 (1.07-1.30) 0.001
Q1 (<-0.19) ref ref ref ref
Q2 (>-0.19t0 0.03) 1.07 (0.88-1.30) 0.502 1.05 (0.85-1.31) 0.632 0.96 (0.73-1.24) 0.735 0.91 (0.69-1.19) 0474
Q3 (>0.03t00.25) 1.45(1.18-1.78) <0.001 1.51(1.21-1.89) <0.001 121 (0.94-1.57) 0.145 1.09 (0.85-1.41) 0.495
Q4 (>0.25) 1.85 (1.52-2.25) <0.001 217 (1.73-2.72) <0.001 1.71(1.31-2.21) <0.001 149 (1.15-1.94) 0.003
P for trend <0.001 <0.001 <0.001 <0.001
Female
Per 1 SD 1.31(1.23-1.39) <0.001 1.18(1.10-1.28) <0.001 1.15 (1.05-1.26) 0.004 1.07 (0.97-1.18) 0.174
Q1 (<-0.31) ref ref ref ref
Q2 (>-031t0—-0.11) 1.22 (1.02-1.45) 0.029 1.05(0.88-1.26) 0.574 1.01(0.82-1.24) 0.908 0.98(0.79-1.20) 0.810
Q3(>-0.11t00.11) 1.59(1.32-1.92) <0.001 1.21(0.99-1.48) 0.064 1.13(0.91-1.40) 0.262 1.06 (0.85-1.32) 0.607
Q4(>0.11) 2.12(1.77-2.53) <0.001 1.55(1.27-1.89) <0.001 146 (1.16-1.83) 0.001 1.23(0.97-1.57) 0.092
P for trend <0.001 <0.001 <0.001 0.055
Pvalue for interaction ~ 0.071 0.012 0.017 0.010

Abbreviations: BMI body mass index, PIR poverty-income ratio

Model 1 adjusted for age (continuous), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American or other), education level (less than high school,

high school or equivalent, or greater than high school)

Model 2 adjusted for model 1+ BMI (continuous), physical activity (never, moderate or vigorous), PIR (0-1.0,1.01-4.99 or 5.0), serum cotinine (> 10, LOD-10 or <LOD

ng/mL), drinking status (< 12 dozen drinks/yr, > 12 dozen drinks/yr)

Model 3 adjusted for model 2 + hypertension (yes or no),hypercholesterolemia (yes or no), diabetes (yes or no)

1.49

1.6 1
1.4 -

P for trend =0.010

1.2 1.09

. 91
0.8 -
0.6 -
0.4 -
0.2 -

0 .

P for trend >0.0501.23
1.06

1 98

Male

m Quartilel mQuartile2

Female

Quartile3 = Quartile4

Fig. 2 Association between AIP and the prevalence of CKD. A overall population; B males; C females

Discussion

In a large cross-sectional study of the general popula-
tion in the United States, it was found that patients with
AIP levels>0.18, especially males, have a significantly
increased risk of CKD, and this association is not related
to traditional risk factors. Research has shown that uric
acid plays the most significant role in mediating the risk
of AIP and CKD in both males and females. This study is

the first to explore gender differences between AIP lev-
els and the prevalence of CKD in the general population
using the NHANES database.

Several studies have evaluated the association of AIP
levels with the development of CKD, and the results
of these studies are consistent with our findings. A
Korean study, the Gangnam Severance Medical Cohort
(GSMMC), enrolled 4,176 adults with at least one
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metabolic disorder-related disease (e.g., diabetes melli-
tus, fatty liver, and hypertension) between 2006 and 2021.
The study indicates a significant association between
elevated AIP and CKD risk among adults with metabolic
disorders. Stratified analysis reveals that the predictive
effect of high AIP on CKD risk is more pronounced in
males than in females [9] An observational case—con-
trol study from the Nephrological Counselling Cen-
tre of the University Clinical Centre Sarajevo, included
117 patients with non-dialysis nephropathy. The study

A B
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found that decreased levels of HDL-C and apolipopro-
tein E (APOE) and increased AIP were associated with
eGFR<60 ml/min/1.73m?, suggesting that changes in
these parameters are associated with CKD [12]. A study
evaluated the association of AIP, stress hyperglycemia
ratio (SHR), triglyceride-glucose index (TyG), and insulin
resistance as assessed by homeostatic modeling (HOMA-
IR) with the risk of developing diabetic kidney disease
(DKD) in patients with type 2 diabetes mellitus (T2D).
The study included 4351 T2D patients and showed that
elevated AIP, SHR, TyG, and HOMA-IR were associated
with a significantly increased risk of DKD [14].

Previous studies, such as the CRIC study, differ from
the present study. The CRIC study, a multicenter, pro-
spective, observational study, found no independent
correlation between various lipids (including total cho-
lesterol, TG, Lp(a), VLDLc, LDLc, HDLc, ApoA-I, and
ApoB) and kidney disease progression in a CKD patient
cohort [30]. This led to the hypothesis that AIP might
also not be independently correlated with kidney disease
progression. However, our study found that elevated AIP
levels may increase CKD risk, particularly in U.S. men.
This difference may stem from the study populations:
the CRIC study focused on CKD patients with poten-
tial confounding pathophysiologic alterations, while our
study encompassed a broad U.S. cross-section. Wang
et al. found a correlation between AIP and rapid kidney
function decline (RKFD) in a Chinese middle-aged and
elderly population with normal baseline renal function,
but no direct correlation with CKD progression [15].
Population differences, including genetic background,
lifestyle, and health care, may influence the AIP-CKD
risk relationship.

C

—— Estimation
-- 95%Cl

—— Estimation
-- 95%Cl

P-overall <0.001 ,
P-non-linear = < 0.001
7

Odd Ratio of CKD
Odd Ratio of CKD

—— Estimation
-- 95%Cl

P-overall <0.001 /

P-overall < 0.00¢
P-non-linear = 0.g51

P-non-linear = /01
/

Odd Ratio of CKD

AIP

AIP AIP

Fig. 4 Relative odds of CKD according to AIP quartile among male and female. The adjustment factors included age (continuous), race/ethnicity
(non-Hispanic white, non-Hispanic black, Mexican American or other), education level (less than high school, high school or equivalent, or greater
than high school), BMI (continuous), physical activity (never, moderate or vigorous), PIR (0-1.0,1.01-4.99 or 5.0), serum cotinine (> 10, LOD-10
or<LOD ng/mL), drinking status (< 12 dozen drinks/yr,> 12 dozen drinks/yr), hypertension (yes or no), hypercholesterolemia (yes or no), diabetes
(yes or no)
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Gender differences have multifaceted effects on AIP,
with sex hormones playing a crucial role in modulat-
ing plasma lipid levels. Studies have shown disparities
in plasma lipid levels between males and females, which
may be attributed to the actions of sex hormones [12,
15, 31]. For instance, estrogen can elevate HDL-C lev-
els, while testosterone may lead to an increase in LDL-C
levels, potentially raising AIP [32]. However, as women
age, their estrogen levels decline, which could affect their
lipid metabolism and consequently impact AIP [33]. At
the molecular level, gender-specific gene expression and
hormone receptor activity may influence the expres-
sion of genes related to atherosclerosis, thereby affecting
AIP, although current research in this area is still insuffi-
cient [34, 35]. In the pathogenesis of CKD, sex hormones
exert distinct effects. Studies have indicated a correlation
between male sex hormone levels and the progression of
CKD, possibly accelerating renal disease development
through pathways such as inflammation, apoptosis, and
fibrosis. In contrast, estrogen exhibits anti-fibrotic and
anti-apoptotic effects in the kidneys, potentially slow-
ing down CKD progression. This also explains the find-
ings of this study, indicating that elevated AIP levels may
increase the risk of CKD, especially among males in the
general U.S. population [36].

On the basis of the results of these mediation analyses,
we can hypothesize some potential biological mecha-
nisms explaining the gender differences between AIP
and CKD. In males, uric acid changes may be partially
explained in the AIP-CKD association, suggesting the
importance of metabolic disorders in the pathogenesis
of CKD in males. In addition, the contribution of eGFR,
BM]I, and bicarbonate levels suggests that renal function,
body mass index, and acid—base balance may be associ-
ated with sex differences in AIP and CKD. Whereas in
females, the association of uric acid changes with the
prevalence of AIP and CKD may be influenced by the
degree of metabolic disturbances in vivo, the contribu-
tion of eGFR, bicarbonate, CRP, sodium and potassium
levels may be related to physiologic processes such as
renal function, inflammatory response and electrolyte
balance.

The possible mechanisms are as follows: (i) Uric acid
is one of the independent risk factors for the develop-
ment of CKD, which can damage the kidney through
various pathways, such as inflammation, oxidative stress,
and activation of the renin angiotensin system [37-39];
(if) With the onset of CKD, eGFR decreases, leading to
weakened renal regulation of fixed acid, decreased bicar-
bonate levels and metabolic acidosis, accelerating the
development of CKD and increasing inflammatory state
and mortality [40—43]; (iii) Several studies have identified
BMI as an independent risk factor for CKD progression.
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Meta-analyses have shown that for every 1 kg/cm?
increase in obesity, there is a 1.28-fold increase in the rel-
ative risk of developing low eGFR and a 1.51-fold increase
in the risk of albuminuria. Obesity damages the kidneys
and its associated complications include hypertension,
insulin resistance, type 2 diabetes, and atherosclerotic
dyslipidemia. These complications lead to renal damage
and endothelial dysfunction through multiple pathways,
such as inflammation, oxidative stress, increased RAAS
and SN activity, and other mechanisms, accelerating the
development of CKD [44, 45]; (iv) CRP, as an indicator of
inflammation, has an important role in the development
of CKD, and persistent inflammation is a typical feature
of the development of CKD, which forms a vicious circle
with renal injury [1, 46]; (v) Sodium and potassium ion
disorders accelerate the decline of eGFR and significantly
increase the occurrence of CKD, mortality, hospitaliza-
tion, and the need for renal replacement therapy, which
seriously affects the long-term quality of patients’ sur-
vival. These findings provide important clues for further
research on the biological basis of the gender difference
between AIP and CKD, and help us better understand
the mechanism of the association [47, 48].

Our study has some limitations that need to be
addressed in future research. Firstly, due to the cross-
sectional nature of the NHANES data we used, lacking
longitudinal follow-up studies, we can only preliminarily
infer that higher AIP may correspond to a higher likeli-
hood of CKD occurrence, but cannot establish a causal
relationship between AIP and CKD. Therefore, further
prospective cohort studies are needed to verify this asso-
ciation, especially with detailed analyses on different gen-
der groups, to better understand the causal relationship
between the two. Secondly, although we have adjusted
for relevant confounding factors as much as possible,
there may still be potential confounders that were not
completely excluded, which could affect the causal rela-
tionship. Lastly, the NHANES database categorizes CKD
simply as a single disease without distinguishing between
primary and secondary forms. Different types of CKD
exhibit significant differences in etiology and pathophysi-
ological characteristics, which may affect the association
between AIP and CKD. Future research should differ-
entiate between different types of CKD and explore the
stability of the association between AIP and each type of
CKD to more accurately evaluate the impact of AIP on
CKD.

Conclusions

In the general U.S. population, particularly males, we
found that increased AIP levels were associated with
an increased risk of developing CKD. However, cross-
sectional studies were unable to determine causality,
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and further research is needed to investigate the specific
association between AIP and CKD and the mechanism of
the role of gender factors. Future studies should empha-
size gender differences as key variables affecting plasma
Atherosclerotic Index and CKD occurrence to provide a
more comprehensive and precise explanation.
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