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Acrolein exposure associated with
kidney damage: a cross-sectional
study

Jianchao Ma'*, Youqi Lu™?, Yang Cai?, Yuling Zhi*, Wei Li? & Xiaojie Pan3**

Acrolein (Acr) is a common volatile toxic substance excreted by the kidneys. There are no studies

that specifically look at the effects of Acr on kidney function. This study was designed to investigate

the relationship between Acr and kidney damage. A cross-sectional study of data (n=4951) from the
2011-2018 National Health and Nutrition Examination Survey (NHANES) was conducted. Participants’
urinary Acr concentration, estimated glomerular filtration rate (eGFR), and urinary albumin to creatinine
ratio (UACR) were recorded based on laboratory tests. The number of participants with chronic kidney
disease (CKD) was counted. Urinary Acr concentration was divided into quartiles. The association of
urinary Acr with CKD and eGFR was investigated using multivariate linear regression, multivariate logistic
regression, and smooth curve fitting. Subgroup analyses, interaction tests and sensitivity analyses

were used to examine the independence of the Acr-CKD and Acr-eGFR associations in the population.

In 4951 participants, urinary Acr concentration was positively associated with CKD risk and negatively
associated with eGFR. In the fully adjusted model, each log,Acr increase of one unit was associated with
a 6% increased risk of CKD (OR=1.06, 95% Cl11.01, 1.13) and a 0.54 mL/min/1.73 m? decrease in eGFR
(B=-10.54,95%Cl - 0.95, - 0.13). For categorical log,Acr, for each log,Acr increase of one unit, the risk of
CKD was 29% higher in the Q4 group than in the Q1 group (OR=1.29, 95% Cl 1.01, 1.64), while eGFR was
1.9 mL/min/1.73 m? lower in the Q4 group than in the Q1 group (B=-1.90, 95% Cl - 3.65, - 0.14). Smooth
curve fitting confirmed urinary Acr’s nonlinear positive and negative correlations with CKD and eGFR.
According to subgroup analyses, sensitivity analyses and interaction tests, the confounding variables

did not affect the independent correlations of urinary Acr with CKD and eGFR. Our study found that Acr
exposure was significantly associated with kidney damage. Our study provides a new piece of research
evidence to support a link between the volatile toxic substance Acr and a decline in kidney function.
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Abbreviations

Acr Acrolein

NHANES  National Health and Nutrition Examination Survey
NCHS National Center for Health Statistics
eGFR Estimated glomerular filtration rate
UACR Urinary albumin to creatinine ratio

CKD Chronic kidney disease

3HPMA N-Acetyl-S-(3-hydroxypropyl)-L-cysteine
CEMA N-Acetyl-S-(2-carboxyethyl)-L-cysteine
BMI Body mass index

CHD Coronary heart disease

Acrolein (Acr) is a toxic environmental contaminant that enters the human body through food and the
respiratory tract. As a poisonous alpha, beta-unsaturated aldehyde, Acr is highly reactive and a potent irritant.
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Acr has a wide range of sources; it is not only emitted into the air from the combustion of fossil fuels, tobacco,
plastics, and wood but is also formed during the heating of carbohydrates, fats, and amino acids in foods!. Of the
many sources, the total amount of Acr inhaled through cigarettes exceeds that of all other sources combined?.
The total amount of Acr produced in conventional cigarettes has been estimated to vary between 18.3 ug and
98.2 ug/cigarette®. Acr in cigarette smoke comes from the combustion of glycerol and carbohydrates, mainly
carbohydrates. Stevens et al. found that cigarettes with 16% added sucrose could result in the release of up to
215 ug/cigarette of Acr®. Acr is highly water soluble. Upon entering the body, Acr rapidly binds to glutathione in
liver cells to form a conjugate, which is then converted to N-acetyl-S-(3-hydroxypropyl)-L-cysteine (3HPMA)
and N-acetyl-S-(2-carboxyethyl)-L-cysteine (CEMA) by n-acetylation and enzymatic cleavage in the kidneys,
after which it is excreted in the urine as a secondary metabolite®.

Acr, a ubiquitous volatile toxic substance, is receiving increasing attention for its threat to human health.
Recent research has linked Acr to a variety of diseases. As a respiratory irritant, Acr can cause pulmonary edema,
acute lung injury, and chronic obstructive pulmonary disease. Inhalation of Acr through the respiratory tract
can cause a number of reactions, including disruption of the integrity of the blood-gas barrier of the alveolar
tissue, triggering an inflammatory response, production of large amounts of mucus, enlargement of the alveoli,
and genetic mutations, ultimately leading to disease®. Increased Acr intake also affects the ability of endothelial
cells to transport glucose, increasing the risk of developing type I and II diabetes’. In addition, Acr has been
causally linked to multiple sclerosis®, cancer’, Alzheimer’s disease!®, and cardiovascular disease!l. High levels
and prolonged exposure to Acr have raised public health concerns.

Chronic kidney disease (CKD) is now a public health problem that cannot be ignored and consumes a large
amount of public health resources. It is estimated that more than 10% of the world’s population is currently
diagnosed with CKD, and the trend is increasing year by year'2. CKD disease is primarily characterized by
structural and functional abnormalities of the kidneys that persist for more than three months!®. There are
many causes of CKD; congenital urinary tract disorders, infections, and glomerular disease are the leading
causes of CKD in children'®. In adult patients, hypertension, diabetes, infections, glomerulonephritis, and the
use of nephrotoxic drugs are thought to be strongly associated with the development of CKD!>!¢. Environmental
exposure and the ingestion of toxic substances are particularly prominent causes of kidney dysfunction. Studies
have shown that exposure to the heavy metal nickel is strongly associated with decreased kidney function
and the development of CKD'”. Exposure to airborne organophosphate pesticides increases susceptibility to
kidney damage and CKD risk!®. Airborne particulate pollutants (PM2.5) have also been shown to decrease
glomerular filtration rate and contribute to the development of CKD'. Previous studies have found that plasma
Acr concentrations are up to six times higher in people with uremia than in normal people, and found that Acr
concentrations are associated with the severity of CKD?. Sindhu also noted that it may not be spermine that
acts as a uremic toxin in CKD patients, but rather Acr, an oxidized metabolite of spermineZI. In a mouse model
of diabetic nephropathy, Acr was also found to cause kidney fibrosis??. The unknown association between Acr, a
specific and common volatile toxicant, and renal dysfunction piqued our interest. By elucidating the relationship
between Acr exposure and kidney injury, it will help improve the ability to predict the effects of Acr exposure
on kidney function.

In this cross-sectional study, we evaluated potential associations between Acr exposure and participants’
kidney function using data from the National Health and Nutrition Examination Survey (NHANES, 2011-2018).
This provides valuable epidemiologic evidence for the association between Acr exposure and renal dysfunction.
Importantly, more optimized and accurate public health solutions can be provided by articulating the relationship
between the two. For the convenience of description, in this article, Acr refers to the amount of acrolein excreted
in the urine. In this study, we hypothesized that participants with higher urinary Acr concentrations would have
a higher risk of CKD compared to participants with lower urinary Acr concentrations.

Materials and methods

Study description and data inclusion

NHANES data from 2011 to 2018 were used for this study. NHANES is a cross-sectional survey of the U.S.
civilian noninstitutionalized population conducted on 2-year cycles. Because NHANES uses a complex,
stratified, multistage probabilistic cluster sampling design to assess participants” health and nutritional status, its
sample is representative. NHANES consists of five major modules: demographic information, diet, examination
data, laboratory data, and questionnaire data. The National Center for Health Statistics (NCHS) Research Ethics
Review Board has overseen and approved the data collection process. All participants provided written consent
and were replaced by a unique serial number that identifies the specific NHANES program module in which
the participant is participating. Detailed research procedures and information are publicly available at www.cdc.
gov/nchs/nhanes/.

NHANES data for 39,156 participants from 4 cycles (2011-2012, 2013-2014, 2015-2016, 2017-2018)
were included in this study because these four cycles contained complete Acr data. Details of each of the data
modules are given in the following sections. Demographic information: sex, age, race, education level, and
marital status. Examination data: body mass index (BMI). Laboratory data: CEMA, 3HPMA, urine creatinine,
urine albumin, urine albumin to creatinine ratio (UACR), serum creatinine, alanine aminotransferase (ALT),
aspartate aminotransferase (AST). Questionnaire: smoking status, drinking status, hypertension, diabetes,
coronary heart disease (CHD), angina, stroke. Inclusion criteria: (1) Complete available CEMA and 3HPMA
data. (2) Non-missing data on age, sex, race, and serum creatinine. (3) Complete UACR data. Exclusion criteria:
(1) Demographic data that could not be used for analysis, such as “refused,” “missing,” and “don’t know.” (2)
Missing or incomplete data on smoking status, drinking status, hypertension, diabetes, CHD, angina, and stroke
in examination and questionnaire data.
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Research variables

The exposure variable was urinary Acr metabolites. Acr is composed of two metabolic products, CEMA and
3HPMA. CEMA and 3HPMA are coded as “URXCEM” and “URXHPM,” respectively, in the Laboratory
Data module. In NHANES 2011-2018, urinary concentrations of Acr metabolites were measured by ultra
performance liquid chromatography coupled with electrospray tandem mass spectrometry (UPLC-ESI/MSMS)
in mobile examination centers for determination??. After conversion to moles, the sum of CEMA and 3HPMA
concentrations was used as the total urinary Acr concentration?®. Owing to the skewed distribution (right-
skewed) of the urinary Acr concentration, the data were log-transformed (log,) before analysis to bring the data
closer to normal distribution for the accuracy of the results?. The outcome variable was CKD. The determination
method of CKD is estimated glomerular filtration rate (¢GFR) <60 mL/min/1.73 m? or UACR>30.0 mg/g'”.
We used the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula, which is calculated
as eGFR=175x standardized Scr~11> * age=0203 * 1.212 [if black] * 0.742 [if female], and the unit is mL/
min/1.73 m? of body surface area®. Urinary albumin and urinary creatinine were measured by fluorescence
immunoassay and Roche Cobas 6000 analyzer, respectively. Serum creatinine was measured using an enzymatic
method in a Roche Cobas 6000 analyzer. Serum creatinine is converted to glycine and hydrogen peroxide under
the action of creatininase, creatinase, and sarcosine oxidase. Hydrogen peroxide under the action of peroxidase
can produce colored products (546 nm wavelength). In addition, we also included the continuous variable eGFR
as an outcome variable in this study.

Covariates

The NHANES classification standard was used to classify some covariates as categorical variables. Sex is
categorized as male and female. Race is categorized as Mexican American, other Hispanic, non-Hispanic white,
non-Hispanic black, and other races. There are three categories for education levels: below high school, high
school, and above high school. Three types of marital status are distinguished: never married, married/Living
with partner, and divorced/separated/widowed. Regarding drinking status, participants were categorized as yes
or no based on the question, "ever have 4/5 or more drinks every day? Participants’ smoking status was defined as
yes if they had smoked at least 100 cigarettes in their lifetime and no if they had smoked less than 100 cigarettes.
Lastly, the NHANES questionnaire classification criteria were used to classify CHD, angina, stroke, diabetes, and
hypertension as yes or no. All covariate collection and measurement procedures are publicly available at http://
www.cdc.gov/nchs/nhanes/.

Statistical analysis

All analyses were performed under the Centers for Disease Control and Prevention (CDC) guidelines.
Because NHANES uses a complex stratified multistage sampling design, we applied appropriate sampling
weights to minimize data variability during the analysis. R software (version 4.3.1, http://www.R-project.org)
and EmpowerRCH software (version 4.1, www. empowerstats.com; X&Y Solutions, Inc., Boston MA) were
used throughout the study for statistical analyses and image generation. Continuous variables are expressed
as mean + standard deviation; categorical variables are expressed as percentages. Acr was divided into quartile
groups (Q1-Q4) from low to high concentrations to assess baseline characteristics of the study population. The
statistical methods of weighted t-test and weighted chi-squared test were used to evaluate differences in baseline
characteristics between groups after grouping Acr by quartiles. Three models in our construction. Multivariate
logistic regression analysis assessed the association between Acr and the categorical variable CKD. To evaluate
the relationship between Acr and eGFR, we performed multivariate linear regression analysis with eGFR as a
continuous variable. Model 1 does not adjust for covariates. Model 2 adjusts for sex, age, and race. Model 3 (fully
adjusted model) was further adjusted for education, marital status, BMI, ALT, AST, smoking status, drinking
status, hypertension, diabetes, CHD, angina, and stroke based on model 2. We also analyzed the relationship
between kidney dysfunction and Acr excretion by multivariate linear regression. Smooth curve fitting helped
further discover potential correlations between Acr and CKD, eGFR. Subgroup analyses were used to assess the
heterogeneity of the Acr-CKD relationship and the Acr-eGFR relationship among populations of different sex,
age (<60 and > 60 years), race, marital status, BMI (< 18.5, 18.5-24.9, 25.0-29.9, > 30), hypertension, and diabetes.
In different subgroups (sex, age, race, marital status, BMI, hypertension, and diabetes), we use interaction tests to
determine whether the interaction between Acr and CKD, eGFR is independent of these variables and remains
stable across subgroups. It means that these variables affect the relationship between Acr and CKD, eGFR when
P<0.05. Sensitivity analyses were performed for stratification such as hypertension and diabetes. The criterion
for statistical significance was set at a two-tailed P <0.05.

Results

Baseline characteristics of participants

In total, 4951 eligible participants have been recruited between 2011 and 2018. The detailed research process is
shown in Fig. 1. First, we excluded 28,636 participants with missing data on acrolein. Next, we excluded 2748
participants with missing data on eGFR and UACR. Participants with missing data on education, marital status,
BMI, ALT, AST, drinking status, smoking status, hypertension, diabetes, CHD, angina, and stroke were next
excluded, for a total of 2821 participants. The final inclusion was 4951 participants, all>20 years of age. On
average, those participating were 47.40 (16.58) years old. 52.60% of them were men and 47.40% were women.
The non-Hispanic white population was 68.34%. The concentration ranges of Q1-Q4 log,Acr were Q1: — 4.00
to 0.22 (<-0.22), Q2: — 0.22 to 0.74 (£0.74), Q3: 0.74 to 1.73 (<1.73), Q4: 1.73 to 7.18 (<7.18), respectively.
All participants’ mean eGFR and mean UACR were 89.15 (23.02) mL/min/1.73 m? and 29.93 (209.63) mg/g,
respectively. Of these, 14.97% of participants were diagnosed with CKD. Participants in the highest log,Acr
group were more likely to have hypertension, diabetes, CHD, stroke, high ALT, high AST, and high urinary
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Participants from NAHANES

2011-2018
(N=39,156)
| . - Excluded: _
¢ ” Missing data on acrolein
(N=28,636)
10,520 individuals included
5> Excluded:
v Missing data on eGFR and UACR
(N=2,748)

7,773 individuals included

~ Excluded:
> Missing data on covariates

A (N=2,821)

Finally, 4,951 individuals included

Fig. 1. Study flowchart for participant screening.

creatinine than those in the lowest log, Acr group (all P<0.05). In addition, participants with higher log, Acr were
more likely to be male, married/living with partner, non-Hispanic white, and generally had higher education and
BMI (Table 1). Mean (SD) for age, eGFR, UACR.

Association of Acr with CKD and eGFR

The findings of multivariate logistic regression analysis and multivariate linear regression analysis for log,Acr-
CKD and log,Acr-eGFR are displayed in Table 2. OR = 1, indicating that Acr is not associated with CKD. OR> 1,
indicating that Acr exposure promotes CKD. OR <1, indicating that Acr exposure inhibits CKD. =0 indicates
that Acr has no correlation with eGFR. 3> 0 indicates that Acr exposure increases eGFR. B <0 indicates that Acr
exposure decreases eGFR. The results showed that higher levels of log,Acr were associated with an increased
risk of CKD and a reduced eGFR in all three models. In model 3, each 1-unit increase in continuous log,Acr
was associated with a 6% increased risk of developing CKD (OR=1.06, 95% CI 1.01,1.13). The risk of CKD
increased with increasing log,Acr concentration compared to the lowest log,Acr concentration group (Q1). For
each 1-unit increase in log,Acr, the risk of CKD in the Q4 group with the highest log,Acr concentration was
29% higher than the risk of CKD in the Q1 group (OR=1.29, 95% CI 1.01, 1.64), P for trend 95% CI 1.01, 1.15;
P=0.0336. On the other hand, there was a negative correlation between log,Acr and eGFR. In model 3, for each
1-unit increase in continuous log,Acr, participants’ mean eGFR decreased by 0.54 mL/min/1.73 m? (= 0.54,
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log,Acr
Q1 Q2 Q3 Q4
Characteristics Overall N=1238 N=1237 N=1238 N=1238
Age (years) 47.40+16.68 |48.32+16.88 |48.77+16.86 |4595+16.70 |46.24+16.00
Sex, (%)
Male 52.60 37.80 54.09 64.05 57.92
Female 47.40 62.20 4591 35.95 42.08
Race, (%)
Mexican American 8.27 7.88 8.77 10.58 5.87
Other Hispanic 5.93 6.10 6.46 6.61 4.44
Non-Hispanic White 68.34 74.30 69.45 61.98 66.13
Non-Hispanic Black 9.99 4.77 9.22 12.62 14.72
Other race 7.46 6.96 6.10 8.20 8.84
Education level, (%)
<High school 12.52 7.42 10.87 15.26 17.96
High school 22.73 20.22 20.69 22.85 28.02
>High school 64.74 72.36 68.44 61.89 54.02
Marital status, (%)
Married/living with partner | 63.23 64.41 65.96 62.65 59.35
Divorced/separated/widowed | 17.80 16.04 17.21 17.76 20.70
Never married 18.97 19.55 16.83 19.59 19.95
BMI (Kg/m?) 29.40+6.86 28.37+£6.45 29.78£6.90 30.17+7.02 29.47£6.99
Drinking status, (%)
Yes 15.53 10.05 14.09 17.36 22.13
No 84.47 89.95 8591 82.64 77.87
Smoking status, (%)
Yes 47.78 34.29 39.23 48.25 73.61
No 52.22 65.71 60.77 51.75 26.39
Hypertension, (%)
Yes 32.39 28.78 30.83 33.56 37.45
No 67.61 71.22 69.17 66.44 62.55
Diabetes, (%)
Yes 10.15 8.67 10.58 12.12 9.54
No 89.85 91.33 89.42 87.88 90.46
CHD, (%)
Yes 3.81 2.85 5.11 4.10 3.30
No 96.19 97.15 94.89 95.90 96.70
Angina, (%)
Yes 2.13 1.61 2.07 2.05 295
No 97.87 98.39 97.93 97.95 97.05
Stroke
Yes 231 1.38 223 2.70 3.18
No 97.69 98.62 97.77 97.30 96.82
CKD
Yes 14.97 13.66 16.26 14.76 15.40
No 85.03 86.34 83.74 85.24 84.60
Urine creatinine, (mg/dL) 113.74+75.57 | 55.28£35.10 | 105.96+51.29 | 148.01+71.86 | 160.81 +86.56
Urine albumin, (mg/L) 29.68+228.98 | 21.04+£234.89 | 24.70+126.49 | 37.24+330.94 | 38.27+173.61
ALT (U/L) 2590+19.41 |23.72+15.64 |26.42+2047 |27.90+22.13 |26.03+19.24
AST (U/L) 2523+14.82 |2446+14.13 |25.12+12.77 |26.41+£17.96 | 25.11+14.09
Continued
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log,Acr
Q1 Q2 Q3 Q4

Characteristics Overall N=1238 N=1237 N=1238 N=1238
Scr, (mg/dL) 0.88+0.27 0.84+0.25 0.89+0.32 0.91+0.25 0.90£0.23
eGFR ,(mL/min/1.73m?) 89.15+£23.02 | 89.09+£22.52 | 88.34+23.64 |89.78+23.73 |89.49+22.19
UACR, (mg/g) 29.93+209.63 | 32.95+226.93 | 26.81+160.43 | 28.69+261.97 | 30.81+170.47
CEMA, (umol/l) 0.66+0.99 0.14£0.08 0.38+0.16 0.65+0.30 1.65+1.67
3HPMA, (umol/l) 2.30+4.61 0.36£0.15 0.86+0.22 1.70+0.45 6.94+£7.99

Table 1. Baseline characteristics of participants by quartiles of log,Acr. Mean +/~ SD for: age, BMI, Urine
albumin, Urine creatinine, ALT, AST, Scr, eGFR, UACR, CEMA, 3HPMA. P value was calculated by weighted
linear regression model. % for: sex, race, education level, marital status, CKD, drinking status, hypertension,
diabetes, CHD, angina, stroke, smoking status. P value was calculated by weighted chi-square test. Weighted
by: WTMEC2YR. BMI, body mass index; CHD, coronary heart disease; CKD, chronic kidney disease; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; Scr, Serum creatinine; eGFR, estimated glomerular
filtration rate; UACR, urinary albumin to creatinine ratio; CEMA, N-acetyl-S-(2-carboxyethyl)-L-cysteine;
3HPMA, N-acetyl-S-(3-hydroxypropyl)-L-cysteine.

CKD eGFR
log,Acr OR (95% CI) B (95% CI)
Crude model (Model 1)
Continuous | 1.04 (0.99, 1.09) ‘ —0.08 (-0.52,0.37)
Categories
Quartile 1 1 (ref) 0 (ref)
Quartile 2 1.20 (0.98, 1.48) -1.05 (-2.99, 0.90)
Quartile 3 | 1.20 (0.97, 1.47) -0.48 (-2.43, 1.47)
Quartile 4 1.20 (0.97, 1.47) -0.50 (-2.45, 1.45)
P for tend 1.05 (0.99, 1.11) 0.1180 | -0.09 (-0.63, 0.45) 0.7426

Minimally adjusted model (Model 2)

Continuous | 1.10 (1.04, 1.16) -0.44 (-0.83, -0.05)
Categories

Quartile 1 1 (ref) 0 (ref)

Quartile 2 1.22(0.97,1.52) -0.58 (-2.24, 1.08)

Quartile 3 1.39 (1.10, 1.74) -1.71 (-3.40, -0.03)
Quartile 4 1.47 (1.17, 1.85) -1.53 (-3.22,0.16)

P for tend 1.12 (1.05, 1.19) 0.0006 | -0.47 (-0.94, -0.01) 0.0456
Fully adjusted model (Model 3)

Continuous

Categories 1.06 (1.01, 1.13) -0.54 (-0.95, -0.13)
Quartile 1 1 (ref) 0 (ref)

Quartile2 | 1.12 (0.89, 1.41) -0.49 (-2.14,1.17)

Quartile 3 | 1.23 (0.97, 1.56) -1.69 (-3.38,-0.01)
Quartile4 | 1.29 (1.01, 1.64) -1.90 (-3.65, -0.14)

P for tend 1.08 (1.01, 1.15) 0.0336 | -0.58 (-1.07, -0.10) 0.0180

Table 2. Associations of log,Acr with CKD and eGFR. Model 1: no covariates were adjusted. Model 2: age,
sex, and race were adjusted. Model 3: age, sex, race, BMI, education, marital status, drinking status, smoking
status, hypertension, diabetes, CHD, angina, stroke, ALT and AST were adjusted. BMI, body mass index;
CHD, coronary heart disease; CKD, chronic kidney disease; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; eGFR, estimated glomerular filtration rate.

95% CI - 0.95, — 0.13). In the categorical log,Acr, eGFR decreased with increasing log,Acr concentration
compared to the lowest log,Acr concentration group (Q1). For each 1-unit increase in log,Acr, the eGFR of
the Q4 group with the highest log, Acr concentration was 1.9 mL/min/1.73 m? lower than that of the Q1 group
with the lowest concentration (f=-1.90, 95% CI — 3.65, — 0.14), P for trend 95% CI — 1.07, — 0.10; P=0.0180.
The results in Supplementary Table 1 show that kidney dysfunction was not significantly correlated with Acr
excretion in model 3 (P> 0.05).
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In addition, after adjustment for all covariates, we performed generalized model smoothing curve fitting
analyses for log,Acr-CKD and log,Acr-eGFR (Fig. 2A,B). We found that log,Acr correlated positively with
CKD and negatively with eGFR. The smoothed curve fitting results provide further evidence of the correlation
described above.

Subgroup analysis

Based on the population factors of sex, age, race, marital status, BMI, hypertension, and diabetes, we performed
subgroup analyses and interaction tests to examine the extent to which the associations of Acr with CKD and
eGFR were stable in the general population and to identify possible population-specific settings. Our study
shows that the correlation of Acr with CKD and eGFR varies modestly among the above population factors. In
Married/Living with partner, there was a significant positive correlation between Acr and CKD (p<0.05). Acr
showed a valid positive association with CKD in all subgroups except age < 60 years, other Hispanic, other race,
never married, divorced/separated/widowed, BMI < 18.5 kg/m?, and BMI > 30 kg/m?, although not statistically
significant (p>0.05) (Fig. 3) For the relationship between Acr and eGFR, we observed a significant negative
correlation between Acr and eGFR in age>60 years (p<0.05). Acr showed a valid negative correlation with
eGFR in all subgroups except non-Hispanic whites, BMI < 18.5 kg/m?, BMI > 30 kg/m?, and diabetic patients,
although not statistically significant (p>0.05) (Fig. 4). The interaction tests of Acr with CKD and eGFR showed
the same results. Acr’s independent correlations with CKD and eGFR were unaffected by these variables, as
evidenced by the non-significant interactions for each of the subgroups (all P for interaction > 0.05).

Sensitivity analyses

Figures 5A,B show the sensitivity analysis curves for log,Acr-CKD in hypertension and diabetes stratification.
Tables 3 and 4 show the results of threshold effects for log,Acr-CKD after stratification by hypertension and
diabetes. The above results show that there is a significant positive correlation between log,Acr and CKD before
inflection point (p <0.05).

Discussion
In this cross-sectional study of 4951 participants, we observed an association between Acr and kidney damage.
As we hypothesized, Acr exposure detected in urine was associated with impaired renal function. Urine Acr
exposure levels were positively associated with CKD risk and negatively associated with eGFR. We confirm
their relationship through regression modeling as well as smooth curve fitting. In model 3, the CKD risk and
eGFR increased and decreased, respectively, with increasing log,Acr concentration compared with the lowest
log,Acr concentration group (Q1). Moreover, this associated effect size was most pronounced in the group
with the highest log,Acr concentration (Q4). Pre-existing kidney dysfunction does not affect Acr metabolism
or excretion. The results of the smoothed curve fitting also corroborated the nonlinear positive and negative
correlations between Acr exposure and CKD risk as well as eGFR. The stratification variables of age, sex, race,
marital status, BMI, hypertension, and diabetes did not affect the association between Acr exposure and CKD
risk and eGFR. Although the above results suggest that Acr exposure was significantly associated with kidney
damage, we cannot establish a causal relationship.

Previous studies have shown that Acr, a highly toxic unsaturated aldehyde, can damage a wide range of tissues
and organs when introduced into the body. The toxicity mechanism of Acr to the human body can be divided
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Fig. 2. Association between Acr exposure and decreased kidney function. A smooth curve fitting between the
variables is indicated by the solid red line. The fitting’s 95% confidence interval is shown by the blue band. (A)
log,Acr and CKD; B log,Acr and eGFR.
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CKD OR(95%CI) P for interaction
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Fig. 3. Subgroup analysis for longcr and CKD. Age, sex, race, BMI, education, marital status, drinking status,
smoking status, hypertension, diabetes, CHD, angina, stroke, ALT, and AST were adjusted except for the
variable itself.

into two aspects: direct mechanism and indirect mechanism®. Direct mechanisms include the induction of DNA
and protein cohesion and the damage of cell membranes. Indirect mechanisms such as induction of oxidative,
pro-inflammatory, immune dysregulation, mitochondrial, and endoplasmic reticulum stress. Acr affects cellular
physiological processes by targeting amino acid residues of important physiological significance, such as the
sulthydryl, imidazole, and amino groups®®. Acr has carcinogenic properties manifested by the induction of
interstrand cross-links in the double strands of DNA, DNA-protein cross-links, and the formation of Acr-DNA
adducts?”?8. This not only interferes with normal gene expression but can also cause critical genes to become
mutated. For example, the accumulation of Acr adducts in mitochondria increases the high mutation rate in
neurodegenerative diseases?. As another example, high levels of Acr-DNA adducts have been found in cancers of
the lung, urothelium, and liver**-32, In addition, Acr can generate toxic reactive oxygen species such as superoxide
radicals and hydroxyl radicals and diffuse into cellular tissues, leading to lipid peroxidation of proteins, enzymes,
and DNA™. Acr exposure can cause dysplasia, necrosis, and metaplasia of respiratory epithelial cells in rats, as
well as hemorrhage, ulceration, and cellular hyperplasia of the gastrointestinal mucosa, as reported by Faroon
et al.>%. On the whole, Acr damages tissue cells and affects normal physiological metabolism in multiple ways.
Acr, an environmental pollutant from a wide range of sources, especially from cigarettes, has now been found
to be associated with a number of diseases. A study of 2027 participants by Feroe et al. found that elevated levels
of urinary Acr metabolites were significantly associated with an increased risk of diabetes and decreased insulin
sensitivity?*. A study of 9536 participants by Lei et al.*® also found that the concentration of Acr metabolites
was significantly higher in the urine of patients with rheumatoid arthritis than in the normal group and that
there was a significant positive correlation with the risk of rheumatoid arthritis. Acr specifically by what way
damage kidney? And that got us thinking. In a mouse model of nephropathy, Acr can induce modification
changes in pyruvate kinase M2 and translocate it from the cytoplasm to the nucleus, causing aberrant activation
of the HIF-1a pathway; activated HIF-1a induces cellular metabolism toward glycolysis, causing mitochondrial
dysfunction and ultimately renal tubular injury and exacerbation of renal fibrosis®. In addition, in mouse
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Fig. 4. Subgroup analysis for log,Acr and eGFR. Age, sex, race, BMI, education, marital status, drinking
status, smoking status, hypertension, diabetes, CHD, angina, stroke, ALT, and AST were adjusted except for the
variable itself.

models of ischemia-reperfusion, Acr was found to cause proximal renal tubular cell death and upregulate the
expression of genes associated with renal fibrosis’”%. A strong link between the development of CKD and
oxidative stress in the kidney has been demonstrated in relevant studies. Because of the frequent oxidative
reactions of renal mitochondria, the kidney is an extremely metabolically active organ that is very sensitive to
changes in oxidative stress*. Oxidative stress has been shown to contribute to the increased secretion of multiple
inflammatory mediators by affecting the normal function of renal vascular endothelial cells, which is key to
renal function impairment and CKD progression?’. In the majority of cases, Acr is metabolized via glutathione.
Excessive exposure to Acr causes glutathione levels to drop, which disrupts the body’s endogenous antioxidant
defenses and causes oxidative stress***2, Sen et al.** found that sulforaphane inhibited Acr-mediated oxidative
stress and inflammatory response and reduced glutathione consumption by upregulating the expression of Nrf-2
in peripheral blood mononuclear cells. Urinary Acr is an essential marker of oxidative stress; according to Taki
et al.* urinary Acr levels decreased significantly after renal function improvement in CKD patients treated with
an oral adsorbent (Kremezin). In addition, Aihara et al.>” noted that exposure to Acr during acute kidney injury
caused by tubular cell death may exacerbate acute kidney injury by promoting ischemia-reperfusion events. In
summary, with the above analysis, we believe the association between Acr exposure and renal impairment in this
study is reliable. Our work provides valuable evidence on the relationship between urinary Acr exposure and
kidney damage and helps to provide reliable information for developing and implementing relevant programs.
However, the limitations of our work still warrant our attention. First, because all of the data in this work
were derived from the NHANES database, the association between Acr and decreased kidney function may be
more applicable to the general U.S. population. Second, since the renal function indicators were derived from the
participants’ single urine sample, the repeated urine test results may represent the participants’ renal function
status more. Third, other factors that may affect kidney function, such as diet, medication use, and physical
activity, were not taken into account. Fourth, eGFR is estimated from serum creatinine combined with a specific
formula and can be affected by a variety of factors such as muscle mass, age, diet, medications, etc.** The study
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Outcome

Hypertension

Non-hypertension

Fitting model by standard linear regression

1.06 (0.99, 1.15) 0.1117

1.06(0.98,1.16) 0.1399

Fitting model by two-piecewise linear regression

Inflection point

2.37

-1.02

<2.37/-1.02

1.15 (1.04, 1.28) 0.0054

2.28 (1.27, 4.09) 0.0055

>2.37/-1.02

0.76 (0.57, 1.01) 0.0597

0.99 (0.90, 1.09) 0.8257

P for log likelihood ratio test

0.013

0.003

Table 3. Threshold effects for longcr—CKD after stratification by hypertension. Age, sex, race, BMI, education,
marital status, drinking status, smoking status, hypertension, diabetes, CHD, angina, stroke, ALT and AST

were adjusted.

Outcome

Diabetes

Non-Diabetes

Fitting model by standard linear regression

1.07 (0.93, 1.22) 0.3448

1.06 (1.00, 1.13) 0.0677

Fitting model by two-piecewise linear regression

Inflection point

0.49

-0.85

<0.49/-0.85

1.37 (1.01, 1.86) 0.0451

1.54 (1.10, 2.14) 0.0118

>0.49/-0.85

0.93 (0.76, 1.13) 0.4738

1.01 (0.94, 1.09) 0.7622

P for log likelihood ratio test

0.070

0.019

Table 4. Threshold effects for longcr-CKD after stratification by diabetes. Age, sex, race, BMI, education,
marital status, drinking status, smoking status, hypertension, diabetes, CHD, angina, stroke, ALT and AST

were adjusted.

of the relationship between Acr and decreased kidney function is cross-sectional evidence. Although it is helpful
in verifying the hypothesis and searching for evidence, it still lacks the ability to infer causality between the two.

Conclusion

This study found that Acr exposure was associated with decreased kidney function. Acr exposure was positively
associated with CKD risk and negatively associated with eGFR. Nevertheless, further studies are needed to
validate these findings and to unearth the pathological mechanisms of Acr-induced kidney damage.
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Data availability

All

NHANES data for this study are publicly available and can be found here: https://wwwn.cdc.gov/nchs/nha
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