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ABSTRACT

Introduction The balance of trace elements plays an
important role in diabetic kidney disease (DKD) patients.
However, studies on the differences in urinary trace
elements across different DKD stages are scarce. This
study aimed to explore the associations between nine
essential trace elements and DKD.

Research design and methods This cross-sectional
analysis included 830 diabetic patients. Participants were
classified into non-DKD (NDKD) and DKD, the latter was
further grouped into mid and end DKD based on estimated
glomerular filtration rate (eGFR), and the case and control
were matched based on age and sex. The concentration
of urinary trace elements was measured with inductively
coupled plasma mass spectrometry.

Results Urinary concentrations of copper (Cu) and
manganese (Mn) in DKD patients were significantly
higher than that of NDKD patients, whereas that of iron
(Fe), cobalt, selenium, and nickel (Ni) of DKD were lower.
Positive correlations between urinary Mn/Cu and the

risk of mid-stage and end-stage DKD were revealed

by conditional logistic regression, while Fe and Ni were
negatively associated with the risk of DKD. In mixed effect
analyses, no significant trend was found for joint trace
element exposure and risk of mid DKD, while negative
associations between combined effects of trace elements
and the risk of end DKD were observed.

Conclusions This study revealed different associations
between trace elements and the risk of mid and end DKD
using both single and mixture effect modeling. The results
suggested that the urinary trace element profile might be
associated with the progression of DKD, which provides
important insights for understanding the pathogenesis of
DKD and developing individualized nutritive management
strategies.

INTRODUCTION

Diabetic kidney disease (DKD), also known
as diabetic nephropathy, is a complication
of diabetes that coexists with chronic kidney
disease (CKD), manifested by elevated urinary
albumin excretion and/or decreased glomer-
ular filtration rate." There are currently about
500million diabetic patients in the world.?
Approximately 40% of type 2 diabetes mellitus
patients and 30% of type 1 diabetes mellitus
patients develop DKD, a leading cause of CKD

! Yue Gu?®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous studies have established associations be-
tween the level of trace elements and the risk of
diabetic kidney disease (DKD), but their role in the
progression of DKD remains to be investigated.

WHAT THIS STUDY ADDS

= In patients with mid to end DKD, iron and nickel
were related to reduced risk, while copper and man-
ganese were associated with increased risk of DKD.
Urinary zinc exhibited a protective effect in mid DKD
but showed a weaker effect in end DKD. An overall
increase in the concentration of trace elements in
urine was associated with a reduced risk of DKD.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study offers valuable information for under-
standing the role of trace elements in the pro-
gression of DKD and for developing personalized
nutrition management strategies.

and end-stage renal disease (ESRD).> * DKD
affects renal function, altering the normal
process of waste and excess fluid clearance
from the body.” Additionally, DKD is associ-
ated with a high mortality rate. Kidney disease
increases the risk of death in diabetic patients
by 31.1%, escalating with the severity of the
disease.” Mitochondrial dysfunction with
increased reactive oxygen species (ROS) and
superoxide production has been postulated
as the primary initiating event in the devel-
opment of diabetic complications.® 7 Tron
(Fe), copper (Cu), manganese (Mn), zinc
(Zn), and other elements are constituents
of superoxide. Loss of homeostasis of these
trace elements in ESRD patients significantly
increases morbidity and mortality. There-
fore, the balance of trace elements should be
considered at every stage of CKD.*
Numerous studies have linked diabetes
to alterations in trace element levels, often
associated with oxidative stress and the
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advancement of DKD.*!! For example, Fe, Cu, Mn,
and Zn can influence oxidative stress and inflamma-
tory responses in the body through their involvement
in redox reactions. Essential trace elements, such as Fe,
are critical for cellular metabolism and homeostasis, and
their imbalance, particularly elevated Fe levels in gesta-
tional diabetes with DKD, can contribute to oxidative
stress and tissue damage.'” ¥ Excess accumulation of
Fe and Cu promotes the generation of ROS, increasing
oxidative stress and resulting in kidney tissue damage.
Mn is an essential element for antioxidant enzymes,
such as Mn superoxide dismutase (SOD); both excess
and deficiency of Mn can disrupt the balance of these
enzymes, weakening antioxidant defense mechanisms
and increasing the risk of kidney damage. Similarly, insuf-
ficient Zn intake has been associated with kidney disease,
and low serum Zn levels may raise the risk of DKD.'*°
Other elements like calcium and Cu are also connected
to kidney failure, with the Cu/Zn ratio proposed as a
marker for renal failure.'” '® In DKD patients, disrupted
regulation of these elements due to factors such as diet,
uremia, inflammation, or dialysis can lead to deficiencies
or toxicities." This imbalance may result in the accumu-
lation of trace elements in the kidneys, causing chronic
damage, hypertension, proteinuria, and disease progres-
sion.”” Consequently, comprehending the homeostasis of
trace elements is crucial for improving DKD prognosis
and retarding disease progression.

Current research on the associations between DKD and
bodily trace element concentrations has predominantly
focused on trace elements exposure in the early stages of
DKD. However, few studies have analyzed or compared
the benefits and risks of various trace elements across
different stages of DKD. Moreover, most research has
been limited to the analysis of single trace elements and
has not examined the associations of mixed exposures
to multiple trace elements with DKD progression. This
paper addresses these gaps by leveraging data from a
population of diabetic patients to establish the associa-
tions between multiple trace elements and mid-to-end
DKD.

MATERIALS AND METHODS

Study population

This study, conducted at Henan Province People’s
Hospital, Henan Province, China. Diabetic patients were
considered for enrollment. All patients (n=834) were
20-90 years old and had visited the nephrology depart-
ment at least twice between March 2021 and June 2021.
Trained investigators administered epidemiological
questionnaires through face-to-face interviews, while first
morning urine samples were collected from participants.
According to previous studies, morning urine samples
were representative and stable for detecting urine
biomonitoring indicators.”’ Those who did not provide
sufficient urine samples or questionnaire data (n=4) were
excluded from the current study, leaving 830 diabetes

patients for further analysis (online supplemental figure
S1). Written informed consent was obtained from all
participants.

Type 2 diabetic kidney disease definition

Definition of diabetes

Diabeteswasdefinedasafasting glucoselevel>7.0 mmol /L,
selfreported physician-diagnosed diabetes or use of
antidiabetic medications (insulin or oral hypoglycemic
agents) according to the National Guidelines for Preven-
tion and Treatment of Diabetes Mellitus (2022).%

Diabetic kidney disease definition
The diagnosis of DKD was based on the Chinese Guide-
lines for the Prevention and Treatment of Diabetic
Kidney Disease (2021 edition). DKD was either defined
by a urine albumin-to-creatinine ratio>30mg/g or an
estimated glomerular filtration rate (eGFR)<60mL/
min/1.73 m® in the absence of other primary causes
of kidney damage. Included participants were divided
into non-DKD (NDKD), mid and end DKD. We defined
patients with diabetes and an eGFR decline within the
range of 15-59mL/min/1.73 m? as mid stage, and
patients with diabetes with an eGFR less than 15mL/
min/1.73 m® accompanied by albuminuria as end stage.
We adopted the following methods to ensure the accu-
rate handling of borderline cases in diabetes and DKD
pathology. First, standardized measurement and labora-
tory testing methods were used for diagnosis and inclu-
sion. Only long-term diabetes patients (over 12 months)
were included, and cases with other primary kidney
diseases were excluded. For cases near threshold values,
repeated testing was conducted to confirm the diagnosis.

Covariate data

Detailed physical examinations were conducted,
including measurements of height, weight, and blood
pressure, following recommended standard proce-
dures. Questionnaires and medical records were used to
collect characteristics of participants, including smoking,
education, occupation, and related disease history. Body
mass index (BMI) was calculated as weight in kilograms
divided by height in meters squared.” Covariates of
current study included sex, age (<40, 40-60, >60 years),
BMI (<24, 24-28, >28kg/m”), smoking status (never,
ever), education (high school graduate or less, college
graduate or higher), occupation (heavy physical work,
light physical work), diabetes-specific complications (no,
yes), cardiovascular diseases (no, yes), and other systemic
diseases (no, yes). Definition of occupation, diabetic-
specific complications, cardiovascular diseases and other
systemic diseases can be found in Covariates definition of
online supplemental information.

Trace metal elements measurement

Morning urine samples from participants were collected
and frozen within 2 hours, and stored at —80°C for subse-
quent analysis. The urinary concentrations of nine trace
elements (Fe, Cu, chromium (Cr), cobalt (Co), Zn,
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selenium (Se), vanadium (V), nickel (Ni), and Mn) were
determined using inductively coupled plasma mass spec-
trometry (NexION 300D ICP-MS; PerkinElmer, USA).
The methodology was based on previously published
literature with slight modifications.** In brief, the sample
was first nitrate-treated overnight at 4°C. Subsequently,
it was diluted with ultrapure water, thoroughly shaken,
and filtered through a 0.22pm water-compatible filter
head before analysis. The specific pretreatment methods
were described in online supplemental information. For
internal quality assurance and control, test tubes were
prewashed by soaking overnight in nitric acid. The limit
of detection (LOD) for urinary trace elements is between
0.004 and 4.657pg/L (online supplemental table S1).
A standard quanlity control (QC) sample was measured
after every 20 samples. Therefore, a pooled urine sample
was used to ensure the precise and accurate detection of
these elements. The within-day and between-day coeffi-
cients of variation for urinary elements were less than 15%
(online supplemental table S2). The recovery rates for all
elements ranged from 72.6% to 121.8% (online supple-
mental table S2). The detected data were adjusted for
specific gravity (SG), and it has been reported that urine
SG and creatinine corrections are valid and interchange-
able correction standards.”” Trace elements concentra-
tions were adjusted according to the following equation:
Pc=P x ((SGm-1)/(SGi-1)),”® where P represents the
measured concentration of trace elements as in ng/mL,
SGm is the median of SG of all samples (1.020), and SGi
the SG of individual samples. Trace elements levels below
LOD were replaced by LOD divided by the square root
of two.

Statistical analysis

Baseline characteristics according to the development
of DKD in diabetes were assessed using t-tests or Mann-
Whitney U tests (continuous variables), and XQ tests (cate-
gorical variables). Continuous variables were presented
as median (IQR) and categorical variables in percent-
ages. Urine trace elements concentrations with skewed
distributions were log2-transformed. Spearman’s rank
correlation analysis was used to examine correlations
between urine trace elements.

In this study, we used the propensity score matching
(PSM) method to match age and sex by using a multivar-
iate logistic regression model with 1:1 optimal matching.
After matching, we assessed the quality of the matches
using standardized mean differences (SMD). We ensured
that the SMD values for all age and sex variables were
below 0.1, thereby confirming the balance in baseline
characteristics between the two groups post-matching
(online supplemental table S3).

In the single analyte models, conditional logistic regres-
sion models were used to estimate ORs and 95% ClIs for
the associations between urinary elements and DKD in
patients with diabetes. Urinary elements concentrations
were categorized into tertiles according to their distri-
butions. To better understand the potential non-linear

relationships and interactions between the urine trace
elements and the risk of developing DKD, we employed
restricted cubic spline (RCS) in logistic regression models
with four knots.

To deal with potential non-linear and interactive
relationships among multiple trace elements, we used
the Weighted Quantile Sum (WQS) regression, Quan-
tile G-Computation (QGcomp) and Bayesian Kernel
Machine Regression (BKMR) model to estimate the joint
and single effects of multiple elements exposures on DKD
patients. WQS regression was employed to quantify the
cumulative effect of elements on DKD risk. This model
calculates a weighted index reflecting the combined
effect of all trace elements. To evaluate the robustness
of our estimates, we split the data into 40% for training
and 60% for testing, and fitting models 1000 times to
discern both positive and negative relationships between
elements and DKD.

QGcomp was adopted to assess the aggregate influ-
ence of elements on DKD risk, calculating risk shifts
corresponding to an equal quantile rise in nine urinary
elements. Differing from WQS, QGcomp does not neces-
sitate a uniform direction of elements associations with
DKD risk, with the combined weight totals being equal to
1 in both positive and negative weights.

BKMR model was used to examine the potential non-
linear dose response between each trace element and
DKD, the combined effects of trace element mixture
on DKD, and the possible interaction between trace
elements. Confounding factors included in the BKMR
model were the same as those in the adjusted single
models. To fit the BKMR model, a Markov Chain
Monte Carlo sampler was run for 10,000 iterations.
In order to ensure the robustness of the BKMR model
results, we also conducted a sensitivity analysis using
the BKMR model without elements extreme value
treatment.

All statistical analyses were conducted in R (V.4.3.2)
with the following packages, ‘survival’, ‘rms’, ‘gWQS’,
‘qgcomp’, and ‘bkmr’, respectively. The threshold for
statistical significance was set at p<0.05 (two-tailed).

RESULTS

Demographic characteristics

This study analyzed 830 participants at different
stages of DKD, comprising 539 men and 291 women
(table 1). The proportion of DKD in diabetic patients
in this study was 48%. Significant differences in age
distribution between mid DKD and end DKD were
observed (p=0.003). Most of the participants had a
high school education or below. There were more
light physical workers in mid than end DKD patients
(p<0.001). The proportion of diabetes-specific
complications and cardiovascular diseases was signifi-
cantly higher in the mid DKD than NDKD (p<0.001),
and the prevalence of other systemic diseases was less
in end DKD compared with mid.
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Table 1 Basic characteristics of the study participants by DKD stages

Characteristics NDKD Mid DKD End DKD P value*
n (%) 432 (52.0) 258 (31.1) 140 (16.9)
Sex (%) 0.430
Male 280 (64.8) 162 (62.8) 97 (69.3)
Female 152 (35.2) 96 (37.2) 43 (30.7)
Age, years, n (%)
<40 55 (12.7) 24 (9.3) 6 (4.3) 0.003
40-60 213 (49.3) 106 (41.1) 66 (47.1)
>60 164 (38.0) 128 (49.6) 68 (48.6)
BMI, m/kg? n (%)
<24 156 (36.1) 74 (28.7) 38 (27.1) 0.104
24-28 188 (43.5) 116 (45.0) 70 (50.0)
>28 88 (20.4) 68 (26.4) 32 (22.9)
Smoke, n (%) 0.111
Never 286 (66.2) 163 (63.2) 79 (56.4)
Ever 146 (33.8) 95 (36.8) 61 (43.6)
Education, n (%) <0.001
High school graduate or less 198 (45.8) 102 (72.9) 172 (66.7)
College graduate or higher 234 (54.2) 38 (27.1) 86 (33.3)
Occupation, n (%) <0.001
Heavy physical work 80 (18.5) 76 (29.5) 72 (51.4)
Light physical work 352 (81.5) 182 (70.5) 68 (48.6)
Anemia <0.001
No 361 (85.5) 181 (72.1) 22 (15.8)
Yes 61 (14.5) 70 (27.9) 117 (84,2)
Diabetes-specific complications, n (%)T 0.088
No 38 (8.8) 15 (5.8) 17 (12.1)
Yes 394 (91.2) 243 (94.2) 123 (87.9)
Cardiovascular diseases, n (%)f <0.001
No 197 (45.6) 71 (27.5) 10 (7.1)
Yes 235 (54.4) 187 (72.5) 130 (92.9)
Other systemic diseases, n (%)§ <0.001
No 76 (17.6) 61 (23.6) 49 (35.0)
Yes 356 (82.4) 197 (76.4) 91 (65.0)

*P values were calculated using the Wilcoxon rank-sum test for continuous variables and the x2 test for categorical variables. P values in

bold represent values less than 0.05

TDiabetic-specific complications in this paper mainly included diabetic foot, diabetic ketosis, fundus disease, diabetic retinopathy, diabetic
nephropathy, diabetic peripheral vascular disease, diabetic peripheral neuropathy, and diabetic macrovascular disease.
FThe cardiovascular diseases in this paper mainly include peripheral atherosclerosis, coronary heart disease, cardiovascular disease,

cerebrovascular disease, and hypertension.

§Other systemic diseases in this paper mainly include respiratory system diseases, digestive system diseases, fatty liver, and other related

diseases of the endocrine system.
BMI, body mass index; DKD, diabetic kidney disease; NDKD, non-DKD.

Trace element analysis revealed significant differences
across DKD stages (table 2). Urinary concentrations of
Fe, Co, Se and Ni in DKD were significantly lower than
those of NDKD, and end-stage concentrations of these
elements were lower than mid stage (p<0.001). The

concentration of urinary Cu and Mn was higher in DKD
than in NDKD, and higher in end DKD (p<0.001). Zn
was different, being highest in mid DKD patients and
lowest in end DKD patients.
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Table 2 Concentrations of trace elements in urine among DKD stages

Elements NDKD (ng/mL) Mid DKD (ng/mL) End DKD (ng/mL) P value*
Iron 785.0 (506.1-1154.0) 645.5 (421.2-1024.3) 328.9 (191.5-566.3) <0.001
Copper 209.0 (110.6-373.3) 223.6 (132.2-405.2) 305.8 (183.9-435.2) <0.001
Chromium 72.7 (59.6-89.2) 76.2 (59.3-94.0) 74.7 (53.3-93.6) 0.266
Cobalt 0.55 (0.42-0.79) 0.54 (0.36-0.78) 0.34 (0.22-0.53) <0.001
Zinc 558.5 (323.4-833.1) 609.5 (397.5-904.0) 473.1 (249.8-786.5) 0.002
Selenium 20.3 (13.6-28.6) 18.5 (11.0-26.0) 17.6 (10.0-21.5) <0.001
Vanadium 44.8 (31.4-65.9) 46.3 (30.2-69.4) 46.7 (32.2-67.7) 0.767
Nickel 11.4 (8.10-15.8) 9.03 (5.92-13.42) 5.15 (2.69-7.66) <0.001
Manganese 1.55 (0.95-2.46) 1.86 (1.04-3.36) 2.79 (1.67-4.33) <0.001

Note: Trace elements are described using median (IQR). The concentrations of trace elements in urine were corrected for specific gravity.
*P values were calculated using the Wilcoxon rank-sum test for continuous variables.

DKD, diabetic kidney disease; NDKD, non-DKD.

In the correlation analysis of trace elements, the study
observed that most of the elements had a low correlation
(online supplemental figure S1), except Fe, Co and Ni.
Additionally, mild correlations existed between Cu and V,
Mn (0.42 to 0.53), while Se was negatively correlated with
Cu, and V with Cr (-0.24 to -0.15).

Exposure to single element and incidence of DKD

The conditional logistic regression results showed the
association between trace elements and different stages
of DKD (table 3). Urinary Fe and Ni showed a signifi-
cant negative association with DKD both mid (OR (95%
CI): Fe, 0.77 (0.62, 0.95); Ni, 0.50 (0.38, 0.66)) and end
(OR (95% CI): Fe, 0.35 (0.21, 0.60); Ni, 0.30 (0.17,0.53))
after adjusted. Mn and Cu showed a positive correlation
with mid DKD after adjusted (OR (95% CI): Mn, 1.27
(1.10, 1.47); Cu, 1.21 (1.02, 1.44)), with risk increases
of 74% and 47% in end DKD patients compared with
mid DKD (OR (95% CI): Mn, 1.74 (1.20, 2.53); Cu, 1.79
(1.14, 2.83)). Co showed an insignificant association in
mid DKD, and showed a negative correlation in end after
adjusted (OR (95% CI): Co, 0.70 (0.58, 0.86)). Most of
the elements showed a negative correlation between the
two stages of DKD, the positive correlation between Cu
and Mn and DKD shown in table 3.

This study used RCS with four knots to model the asso-
ciation of nine trace elements with two stages of DKD
(figure 1). Overall, the elements showed similar risk
trends in mid DKD and end DKD. In mid DKD, urinary
Fe, Co, V, and Ni only had certain risks below 77.5png/L,
2.32pg/L, 18.3pg/L, 7.19pg/L, respectively, with Co
showing a significant non-linear association (p for non-
linear both <0.05). A similar risk trend of these elements
was observed in end DKD (Fe: 88.5pg/L, Co: 0.84pg/L,
V: 22.2pg/L, Ni: 11.3pg/L). Cr, Zn, and Mn exhibited
increased DKD risk with concentrations exceeding corre-
sponding thresholds across all stages of DKD. A strong
U-shaped relationship was noted between predicted Mn
and end DKD, with the risk of end DKD decreasing when
Mn concentration was below 1.46pg/L and reaching

the highest risk when above 5.15pg/L (p for non-linear
both<0.05). Additionally, the trend of Cu in mid DKD
was not significant, with Cu concentration in end DKD
showing the lowest OR at 42.7pg/L and highest risk at
72.4ng/L.

Analysis between trace element mixture and DKD

The results of the WQS index of the positive and negative
weights with mid and end DKD are shown in figure 2. Mn
(0.46) and Zn (0.38) are the two highest-weight contrib-
utors associated with mid DKD, whereas in end DKD, the
main contributors are Mn (0.51) and Cs (0.39). Ni has
the highest negative weight in both mid stage (0.63) and
end stage (0.37). As demonstrated in (figure 2E), which
revealed the weights of each element for QGcomp model
indexes, Ni has the largest negative weight, followed by
positive weights for Zn and Mn in mid DKD. Mn has
the largest positive weight, followed by Ni with a nega-
tive weight in end DKD. In the mixture model of BKMR
(figure 3), there is no significant correlation and trend
between the mixture and the mid DKD. In end DKD, this
study found that increasing the overall concentration
of elements can reduce the risk of DKD. In the BKMR
of the single element model, when other elements are
fixed at the 25th, 50th, and 75th percentiles, Ni consis-
tently showed a significant negative correlation in both
DKD stages. Additionally, in end DKD, Mn also exhib-
ited a significant positive correlation, and the negative
correlation of Ni was not affected. Here, interactions
between every two elements. When the concentration of
Mn is fixed at the 90th percentile, the influence expo-
sure trends of other elements become stable in mid
DKD. However, in end DKD, this phenomenon was not
observed; an interaction between Ni and Mn at the 90th
percentile was identified instead.

DISCUSSION
In this study, we simultaneously measured nine trace
elements from patients with different stages of DKD and
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Table 3 Single model between trace elements and DKD stages after PSM

End DKD

Mid DKD

Model 2 (adjusted)

OR (95% CI)t

Model 1 (unadjusted)

OR (95% CI)*

Model 2 (adjusted)

OR (95% CI)t

Model 1 (unadjusted)

OR (95% CI)*

P value
<0.001
0.012

P value
<0.001
<0.001
0.257

P value
0.014

P value

0.025

Elements

0.35 (0.21, 0.60)
1.79 (1.14, 2.83)
1.24 (0.65, 2.35)
0.70 (0.51, 0.94)
0.81(0.55, 1.21)
0.97 (0.82, 1.16)

0.32 (0.22, 0.46)
2.03 (1.51, 2.73)
1.26 (0.84, 1.90)
0.70 (0.58, 0.86)
0.78 (0.63, 0.98)
0.86 (0.76, 0.97)

0.93 (0.72, 1.21)

0.77 (0.62, 0.95)
1.21 (1.02, 1.44)
1.71 (1.17, 2.50)
0.99 (0.83, 1.19)
1.12 (0.95, 1.32)
0.94 (0.86, 1.02)
0.83 (0.64, 1.06)

0.81 (0.67, 0.97)
1.23 (1.06, 1.43)
1.67 (1.18, 2.35)
1.02 (0.87, 1.20)
1.15 (0.98, 1.34)
0.92 (0.86, 1.00)

Iron

0.027

0.007

Copper

0.518

0.006
0.932

0.003

Chromium
Cobalt
Zinc

0.020

0.001

0.813

0.302

0.034

0.182

0.123
0.139

0.090
0.047

0.778
0.040

0.015

Selenium

0.60 (0.37, 0.98)
0.30 (0.17, 0.53)

0.602

0.533

Vanadium  0.93 (0.75, 1.16)

<0.001
0.004

<0.001
<0.001

0.29 (0.20, 0.43)

<0.001
0.001

0.50 (0.38, 0.66)
1.27 (1.10, 1.47)

<0.001
0.001

0.55 (0.43, 0.69)

Manganese 1.25 (1.10, 1.42)

Nickel

1.74 (1.20, 2.53)

1.93 (1.48, 2.51)

Note: Association between nine trace elements and mid DKD and end DKD using conditional logistic regression.

Bolded values denote statistically significant odds ratios (OR), defined as P < 0.05 and 95% confidence intervals (Cl) excluding the null value of 1.

*Model 1 is an unadjusted model.

TModel 2 was adjusted by sex, BMI, age, smoking status, education, occupation, diabetes-specific complications, cardiovascular diseases, and other systemic diseases.

BMI, body mass index; DKD, diabetic kidney disease; PSM, propensity score matching.

evaluated the association between them, both in single
and mixtures. Mn and Cu are positively correlated in all
DKD stages, and Mn is still the most positively correlated
element with the largest contribution and weight in the
mixture model. Ni and Fe are the two elements nega-
tively correlated in both mid and end DKD, Ni ranks first
in the weight of the mixture, while Fe ranks second and
has a significant correlation only in the end DKD. At the
end DKD, there was a negative correlation trend between
nine element mixtures and DKD. When the total mixture
was lower than 50%, trace elements had a certain risk,
which was mainly driven by Mn and Cu.

Recent epidemiological studies on kidney function
suggest that besides genetic and lifestyle factors, sex and
age show significant differences in CKD.”” The preva-
lence of DKD in this study was 48%, with no significant
difference between men and women. This study used a
case—control approach and employed the PSM method
to individually match age and sex in mid and end DKD.
Urine is a non-invasive and usually preferred biological
monitoring medium, especially for some water-soluble
trace elements.” In the process of producing urine, the
kidney is constantly exposed to and filters many toxins
and pollutants, which makes it vulnerable to adverse
effects. The levels of these trace elements in urine indi-
rectly reflect the decline in kidney function, influencing
the filtration and reabsorption of these elements.” Fe
deficiency anemia is a common comorbidity in CKD,
found in 44% of our study. Clinically, Fe is often used
to treat anemia associated with CKD,28 but excessive Fe
storage can lead to infections and subsequently impair
kidney function, causing abnormal Fe excretion.”
Experimental studies have observed that high expo-
sure to Fe leads to increased urinary Fe excretion and
kidney damage.” In this study, Fe levels were found to be
significantly lower in subjects with DKD, yet Fe served as
a stronger protective factor against ESRD than for mid
DKD. This might be due to kidney disease reducing the
body’s overall Fe absorption.”* However, it is important to
note that Fe?*, the active form involved in ferroptosis, can
promote oxidative damage in DKD by triggering renal
fibrosis and cell death. In contrast, Fe3', stored in ferritin,
is less harmful but may contribute to imbalances when
improperly regulated. Ferroptosis has been proven to
be a potential mechanism in the progression of DKD. Fe
overload was found in DKD mice, leading to ferroptosis,
which in turn triggers renal fibrosis and mediates renal
cell death.”

Previous epidemiological and mechanistic studies
have indicated that high exposure to Cu in both serum
and urine can increase the risk of CKD and proteinuria,
leading to poor kidney function. * Previous studies
have shown that excessive urinary Cu can also affect the
development of DKD.? Cu’s toxicity is largely due to its
oxidative properties, especially in its Cu?" form, which
can catalyze the production of ROS, leading to oxida-
tive stress and further kidney damage. The increase in
urinary Cu excretion may be due to the dissociation of
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oxidative damage.” However, when in overload, they can
act as ROS and cause damage to renal tubular epithe-
lial cells.** However, the accumulation or reduction of
element ions does not directly reflect ferroptosis or Cu
death. The oxidation valence state of elements, such as
Fe**, promotes ferroptosis, while Fe" is usually an inert
storage in ferritin. The toxicity of Cu also has different
forms of toxicity compared with Cu*'. Therefore, future
research needs to pay more attention to the determi-
nation of element valence states and the assessment of
toxicity risks.

Cu is a cofactor of Cu, Zn-SOD, where Cu? directly
participates in the catalytic cycle and reduces oxida-
tive damage to cells, while Zn2" plays a structural role
and enhances stability. Zn plays a key role in regulating

numerous cellular and subcellular processes in humans,
such as DNA replication, energy metabolism, protein
structure maintenance, and growth.38 In mid DKD, Zn
levels are elevated, potentially as a protective response
to renal stress, leveraging Zn’s antioxidant properties.
Conversely, in end DKD, Zn levels decrease, signaling
severe kidney dysfunction and impaired reabsorption of
essential minerals.” In advanced kidney disease, reduced
renal function hampers Zn reabsorption, leading to lower
urine Zn levels. Urinary Zn concentrations mirror kidney
damage and dysfunction in DKD, with high levels possibly
signifying compensatory responses in early stages and low
levels indicating severe impairment in advanced stages.
A study has shown that supplementation with Se posi-
tively affects some inflammatory and oxidative stress

8
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markers in patients with DKD.*” *' Se is an essential
trace element or metalloid that helps produce a variety
of enzymes with antioxidant properties like glutathione
peroxidase.”” A double-blind randomized controlled
trial for Swedish elderly put forward a possible mecha-
nism for the association between Se exposure and CKD
that kidney function was dramatically improved with the
supplemented effect of Se and coenzyme Q10.*

Mn is essential for enzymes like Mn SOD, protecting
against oxidative stress in CKD and DKD, butits levels rise
due toimpaired kidneyfunction, especially during dialysis,
becoming a consistent risk factor for DKD.** Conversely,
Ni, despite its toxic potential in excess, plays a protective
role at appropriate levels by modulating pathways related
to renal disease development.”” and enhancing cellular
defenses against oxidative stress and inflammation via the
Nrf2/NLRP$ pathway.** The pathway supports cellular
resilience against environmental and metabolic stresses,
which is critical in chronic conditions like DKD where
oxidative stress and inflammation are prevalent. In an
animal experiment, kidney damage indicators such as
serum urea and creatinine were significantly increased
in mice exposed to Ni alone, indicating that the kidneys
were unable to eliminate these waste products, resulting;
in a decrease in the concentration of Ni in the urine.*
Research indicates that urinary metal levels, including
Ni, are influenced by kidney function. In the middle and
late stages of DKD, reduced glomerular filtration and
tubular reabsorption may lead to lower urinary excretion
of elements like Ni, which might not directly reflect a
systemic reduction in body burden but rather impaired
kidney function.”® Furthermore, Ni has been shown to
activate antioxidant defenses, which can reduce oxida-
tive stress, a key factor in the progression of DKD. This
is consistent with studies suggesting that oxidative stress
and inflammation are central to kidney damage in DKD,
and protective effects from elements like Ni could vary
across disease stages depending on the body’s oxidative
stress response. Additionally, animal models and in vitro
studies have shown that other elements and antioxidants
play protective roles in reducing oxidative stress in CKD
and diabetes-related conditions."

Our study benefits from a large sample size and the
use of PSM matching to assess the impact of nine urinary
trace elements across various DKD stages. For the first
time, we examine stage-specific variations in these
elements and their disease progression risks. However,
the cross-sectional design precludes establishing
causality, and we did not differentiate between element
valence states or metabolites. Although the recovery rates
of trace elements Zn, Ni, and Se in urine were slightly
below or above the ideal range, this study employed
rigorous quality control measures, including within-day
and between-day precision evaluations (with coefficients
of variation, all within acceptable ranges) to ensure the
robustness of the data.”’ Moreover, urinary elements may
not be ideal biomarkers for all substances, and our single
measurement may not capture fluctuating levels. The

hospital-based recruitment could introduce selection and
confounding biases. Future research should use prospec-
tive cohorts and control for occupational exposures.

CONCLUSION

Trace elements play an important role in the different
courses of DKD patients. This study explored nine trace
elements in the urine of patients with mid-to-late DKD
based on single and mixed analysis. In this study, it was
found that Fe and Ni consistently exhibit a negative
correlation in mid-to-late DKD patients, while Cu and Mn
are positive correlation factors in the mid and end stages.
In the mixture, the protective factor of Ni is stronger
than Mn in the mid DKD. In the end DKD, the risk of
Mn is greater. In addition, Mn also interacts with Ni, Se,
and Cu in the mid DKD. Overall, elevated concentrations
of multiple trace elements in urine can reduce the risk
of DKD. Our findings may have important implications
for disease prognosis and health management of DKD
patients. Further research is needed in the future to
verify our results and elucidate the potential mechanisms
of the effects of multiple elements on the condition of
DKD.
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