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Abstract

Purpose: Endometriosis is a prevalent gynecological disorder, yet data on the role of
trace metal elements in its risk remain limited. We aimed to investigate the relation-
ship between serum copper (Cu), zinc (Zn), iron (Fe), magnesium (Mg) levels, and the
Cu/Zn ratio with the risk of endometriosis.

Methods: This study involved 568 infertile patients diagnosed with endometriosis,
compared to 819 infertile patients without endometriosis (Control group). Basic char-
acteristics, hormonal parameters, and essential trace elements of the patients were
measured and analyzed.

Results: The findings indicated a notable decrease in serum Zn levels in the endome-
triosis group compared to controls, alongside a significant increase in the Cu/Zn ratio
(p<0.001). Restricted cubic spline (RCS) analysis revealed a linear relationship be-
tween Zn levels and the Cu/Zn ratio and endometriosis risk. Moreover, Zn levels ex-
hibited a negative correlation with endometriosis risk (p trend=0.005), while the Cu/

Zn ratio displayed a positive correlation with endometriosis risk, even after adjusting

for age, body mass index (BMI), and baseline hormones (p trend <0.001). Compared
to the first quartile of Cu/Zn ratio after adjustment, the odds ratios (ORs) with 95%
confidence intervals (Cls) for the second and fourth quartiles were 1.97 (1.37, 2.83)
and 2.63 (1.80, 3.84), respectively.

Conclusions: This study provided evidence of decreased serum Zn levels and an in-
creased Cu/Zn ratio being associated with an elevated risk of endometriosis among
infertile patients. These findings offer valuable real-world data, enriching our under-

standing of endometriosis.
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1 | INTRODUCTION

clinical manifestations of endometriosis include dysmenorrhea, ir-
regular menstruation, dyspareunia, and infertility.! Nonetheless, a

Endometriosis is a prevalent gynecological disorder that signifi- considerable number of patients are primarily diagnosed with en-

cantly impairs fertility among women of reproductive age. Common dometriosis upon seeking medical assistance for infertility issues.
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Epidemiological studies indicate that the incidence of endometriosis
among women experiencing infertility ranges from 30% to 50%.%°
Endometriosis exerts multifaceted effects on fertility, attributed to
alterations in pelvic anatomy, compromised ovarian reserve, oocyte
and embryo quality deterioration, and disrupted endometrial re-
ceptivity.** The pathological mechanisms of endometriosis involve
various factors such as aberrant inflammatory response, hormonal
imbalance, genetic predisposition, and immune dysregulation, yet
they remain elusive.

Trace metal elements play crucial roles in various biochemical
processes in the human body, garnering increasing attention for
their involvement in the pathogenesis of endometriosis. Hall et al’”
performed a cross-sectional study utilizing NHANES 1999-2006
data, revealing a link between urinary cadmium concentrations
and endometriosis prevalence in the U.S. population. Likewise,
Shen et al. found that concentrations of arsenic, cadmium, lead,
and mercury in both serum and follicular fluid were positively cor-
related with an increased risk of endometriosis.® Additionally, Lai
et al.? noted a correlation between decreased Zinc (Zn) levels and
a higher risk of endometriosis in infertile women. Conversely, Su

1.1° observed that elevated Zn levels in both blood and follic-

eta
ular fluid were linked to an increased risk of endometriosis. This
inconsistency in research findings regarding the relationship be-
tween Zn levels and the risk of endometriosis may be attributed
to differences in study design, sample size, characteristics, and
analytical methods.

Zn, an essential trace nutrient, acts as a crucial modulator of im-
mune function, exhibiting potent antioxidant and anti-inflammatory
properties vital for maintaining cellular redox homeostasis.*' Zn
deficiency compromises the activity of antioxidant enzymes, exac-
erbating oxidation stress (OS) conditions.*?> Conversely, copper (Cu)
exhibits multifaceted involvement in OS. By catalyzing the Fenton
reaction, Cu promotes the production of reactive oxygen species,
which can subsequently induce lipid peroxidation, thereby amplify-
ing OS responses.’®* Moreover, Cu participates in redox reactions,
leading to the depletion of the antioxidant glutathione and disrup-
tion of cellular antioxidant defense mechanisms.** Both Cu and Zn
serve as necessary enzyme cofactors in antioxidant defenses and
neurotransmitter synthesis.15 The intricate balance and levels of Cu
and Zn within cells are pivotal for maintaining redox balance and reg-
ulating OS. The human body intricately manages and regulates the
levels and proportions of trace elements crucial for blood circulation
and cellular storage. When the system malfunctions, abnormalities
in the levels or ratios of metal ions arise. In clinical settings, the Cu/
Zn ratio holds more significance than the concentrations of these
metals individually.?®'” The potential significance of OS in the de-
velopment of endometriosis is attracting attention.'®? Imbalances
in the ratio of Cu to Zn can lead to pathological conditions associ-
ated with 05.2%2! Nevertheless, limited and contentious research
concerning the association between serum Zn levels and the Cu/Zn
ratio with endometriosis exists.

In this context, we conducted a retrospective analysis of the dis-
tribution characteristics of Cu, Zn, iron (Fe), and magnesium (Mg)

levels, as well as the ratio of Cu to Zn among 1387 infertility pa-
tients. Additionally, we investigated the correlation between these

elements and the risk of endometriosis.

2 | MATERIALS AND METHODS

2.1 | Subjects

This case-control study was conducted at the Reproductive and
Genetic Center of Suzhou Municipal Hospital (Suzhou, Jiangsu
Province, China). Detailed clinical data were retrieved from the
Clinical Reproductive Medical Management System. The participant
recruitment process is illustrated in Figure 1. From January 2018 to
December 2022, women undergoing their first in vitro fertilization
(IVF) cycle due to tubal factor, male factor, or endometriosis-related
infertility were enrolled. Written informed consent was obtained
from all participants, and the study protocol was approved by the
institutional ethics committee.

Based on clinical, imaging, and surgical findings, participants
were categorized into the endometriosis group or the control
group. The inclusion criteria for the endometriosis group required
fulfillment of at least one of the following conditions: (1) laparo-
scopic and histopathological confirmation of endometriosis; or (2) a
high clinical suspicion of endometriosis, with characteristic imaging
findings on transvaginal ultrasound (TVUS) or magnetic resonance
imaging (MRI), such as ovarian endometriomas or deep infiltrat-
ing endometriosis. The control group consisted of women with no
history of endometriosis, as confirmed by medical records and the
absence of endometriotic lesions on TVUS or MRI. For individuals
who had undergone laparoscopic surgery for other indications, the
absence of intraoperative evidence of endometriosis was required
for inclusion.

Exclusion criteria for both groups included the presence of con-
comitant gynecological disorders that could confound the study
outcomes, such as hydrosalpinx, salpingitis, acute pelvic inflamma-
tory disease, and ovarian malignancies. Additionally, women with
systemic diseases known to affect immune or metabolic function,
including polycystic ovary syndrome, hyperprolactinemia, hypogo-
nadism, thyroid dysfunction, autoimmune diseases, or chromosomal
abnormalities, were excluded. Other exclusion criteria encompassed
a history of smoking, long-term medication use, or hormonal therapy
(such as gonadotropin-releasing hormone agonists, oral contracep-
tives, or progestins) within the past 6 months. These factors were ex-
cluded due to their potential impact on estrogen metabolism, ovarian
function, and systemic inflammatory responses, which could intro-
duce bias and confound the interpretation of study findings.

2.2 | Hormone and trace metal elements assays

Serum samples collected during the early follicular phase (7.00-
9.00a.m.) were utilized to measure the baseline levels of sex
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FIGURE 1 Flow chart of recruitment of participants in the study.

hormones. Hormone levels, including follicle-stimulating hor-
mone (FSH), luteinizing hormone (LH), testosterone (T), estradiol
(E2), progesterone (P), prolactin (PRL), and anti-Miillerian hor-
mone (AMH), were assessed using an automated electrochemi-
luminescence immunoassay system (Hitachi Model 7170, Japan).
Participants fasted overnight before blood collection, and serum
samples were separated for subsequent analysis of trace metal
concentrations. The concentrations of copper (Cu), zinc (Zn), iron
(Fe), and magnesium (Mg) were measured using specific assay kits
according to the provided experimental protocols. The products/
kits being utilized are described as follows: Quick Auto Neo Cu
kit (SHINO-TEST CORPORATION, Japan), Quick Auto Neo Fe kit
(SHINO-TEST CORPORATION, Japan), Zn Assay Kit (Metallogenic
Co., Ltd., Japan), and Mg-HR Il Kit (FUJIFILM, Japan).

2.3 | Statistical analyses

The software package for social science statistics (SPSS, version
27) was used for the statistical analysis. The normality of data dis-
tribution for continuous variables was assessed using the Shapiro-
Wilk test. For data with a normal distribution, we presented mean
values along with their standard deviations (SD) and compared
them using the T-test. For data not following a normal distribu-
tion, we reported median values along with the 25th and 75th per-
centiles and conducted comparisons using non-parametric tests
(Mann-Whitney U test) for continuous variables between groups.
Categorical data were expressed as proportions or percentages
(%), with intergroup comparisons conducted using the chi-square
test. RCS was employed to examine the linear correlation between
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trace metal levels and the risk of endometriosis. RCS was plotted
using the rms package in R (version 4.2.1), with the 25th, 50th,
75th, and 95th percentiles chosen as fitting nodes for each pa-
rameter. Logistic regression was utilized to compute odds ratios
(ORs) and 95% confidence intervals (Cls) to evaluate the correla-
tion between levels of trace metals and the risk of endometriosis.
Continuous variables were transformed into categorical variables
based on quartiles, and p for trend tests were conducted.?? A sig-
nificance threshold of p <0.05 was applied for determining statis-

tical significance.

3 | RESULTS

3.1 | Baseline profile of study participants

Out of 1387 patients experiencing infertility, 568 were diagnosed
with endometriosis (Endometriosis group), while 819 were identified
as the Control group, which included cases of tubal factor infertility
or male factor infertility. Table 1 displays the clinical and biochemi-
cal profiles of the participants. No significant differences were ob-
served between the two groups regarding mean age and duration
of infertility (all p-values>0.05). The mean body mass index (BMI)
was significantly lower in the Endometriosis group (21.39 +2.74)
compared to the control group (22.15+3.06), with a p-value less
than 0.001. There was a significant difference in the type of in-
fertility, with 58.80% of individuals in the Endometriosis group ex-
periencing primary infertility, compared to 41.50% in the control
group (p <0.001). Regarding baseline hormones, the Endometriosis
group exhibited significantly higher levels of FSH (p=0.003) and
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Variables
Age (years)
Age strata (%)
<35
>35
BMI (kg/m?)
BMI strata (%)
<18.5
18.5-24.9
>24.9
Type of infertility (%)
Primary
Secondary
Infertile duration (years)

Baseline hormones

Control, N =819
30.77+3.52

88.90 (728/819)
11.10(91/819)
22.15+3.06

9.77 (80/819)
72.77 (596/819)
17.46 (143/819)

41.50 (340/819)
58.50(479/819)
3(2,4)
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Endometriosis,
N=568

30.79+£3.37

90.80 (516/819)
9.20(52/819)
21.39+2.74

12.50 (71/568)
76.58 (435/568)
10.92 (62/568)

58.80 (334/568)
41.20(234/568)
3(2,4)

TABLE 1 Baseline characteristics of
Control and Endometriosis groups.

FSH (mIU/mL) 7.56+£2.00 7.91+£2.33

LH (mIU/mL) 4.83+2.67 4.96+4.29

E2 (pg/mL) 38.0(29.0, 51.0) 41.0(30.0, 55.7)
P (ng/mL) 0.59 (0.42,0.80) 0.60 (0.45,0.79)
PRL (ng/mL) 15.27 (11.47,20.68) 15.67 (11.82,

20.52)

T (ng/mL) 0.48+0.19 0.47+0.21
AMH (pg/L) 3.70(2.43,5.39) 3.48(2.27,4.81)

t/z/? p
-0.068 0.946
1.388 0.239
4.861 <0.001
12.676 0.002
40.132 <0.001
-1.2 0.23
-2.962 0.003
-0.692 0.489
-2.49 0.013
-0.313 0.754
-0.621 0.535
1.495 0.135
-2.143 0.032

Abbreviations: AMH, anti-mullerian hormone; BMI, body mass index; E2, estradiol; FSH, follicle-
stimulating hormone; LH, luteinizing hormone; P, progesterone; PRL, prolactin; T, testosterone.

E2 (p=0.013) compared to the control group. Conversely, the
Endometriosis group exhibited a significantly lower median level
of AMH compared to the control group [3.48 (2.27, 4.81) vs. 3.70
(2.43, 5.39), Endometriosis vs. control, pg/L; p=0.032]. Levels of
LH, P, PRL, and T did not exhibit significant differences between the
two groups (all p-values>0.05).

3.2 | Distribution of serum metal element levels
among study participants

The distribution of serum metal element concentrations was pre-
sented in Table 2. Specifically, the levels of serum Cu, Zn, Fe, and
Mg are displayed as the minimum, 25th, 50th (median), 75th, and
maximum values. The median Zn concentration showed a signifi-
cant decrease in the endometriosis group compared to the control
group (14.6 vs. 15.1pumol/L, Endometriosis vs. Control; p<0.001).
However, the levels of three other metallic elements—Cu (p=0.226),
Fe (p=0.363), and Mg (p=0.083)—exhibited comparable values
across both groups. Of particular note, the endometriosis group ex-
hibited a significantly higher Cu-toto-Zn ratio compared to the con-
trol group (median of Cu/Zn %: 107.39 vs. 104.83, Endometriosis vs.
Control; p<0.001).

3.3 | Correlation of serum metal levels and the
risk of endometriosis

To determine whether there was a linear correlation between serum
metal levels and the risk of endometriosis, we conducted restricted
cubic spline analyses (RCS) after controlling for confounding fac-
tors (age, BMI, and baseline hormone levels). As shown in Figure 2,
Zn levels and the Cu/Zn % exhibited a linear relationship with the
risk of endometriosis (Zn: P for nonlinearity=0.154; Cu/Zn %: P for
nonlinearity =0.164). Moreover, Zn exhibited a negative association
with the risk of endometriosis, whereas the Cu/Zn % demonstrated
a positive association. Cu, Fe, and Mg levels showed a non-linear
relationship with the risk of endometriosis.

We further evaluated the ORs and 95% Cls for the association
between serum metal element levels and the risk of endometriosis
(Table 3). Initially, we categorized serum metal element levels into
quartiles. Subsequently, we conducted an ordinal trend test using
logistic regression models constructed with the median of serum
metal element levels and Cu/Zn ratio quartiles. Cu, Fe, and Mg lev-
els exhibited no notable correlation with the risk of endometriosis,
whether in univariate or multivariate analysis (all p trend>0.05).
Conversely, serum Zn levels were inversely correlated with the risk of
developing endometriosis (ptrend=0.005). Compared to individuals
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TABLE 2 Distribution of serum metal element concentrations in Control and Endometriosis groups.

Control, N=819

Endometriosis, N=568

Elements Min P B P, Max Min P, P P, Max p

Cu (pmol/L) 54 13.95 15.6 17.45 37 7.57 14.27 15.77 17.49 48.12 0.226

Zn (pmol/L) 8.9 13.6 151 16.8 26.5 5.6 13 14.6 16.5 271 <0.001

Fe (umol/L) 1.0 11.2 14.8 19.4 41.8 1.4 10.45 14.93 19.1 71.9 0.363

Mg (mmol/L) 0.69 0.86 0.91 0.95 1.27 0.71 0.87 0.92 0.97 1.21 0.083

Cu/Zn (%) 29.67 88.89 104.83 119.31 235.77 42.53 93.14 107.39 125.89 291.60 <0.001
Abbreviations: Cu, copper; Fe, iron; Max, maximum; Mg, magnesium; Min, minimum; P, 25th percentiles; P,,, 50th percentiles; P,;, 75th percentiles;
Zn, zinc.

(A) (B) ©)
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P for overall = 0.009
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FIGURE 2 Restricted cubic spline curves depicting the odds ratios of endometriosis risk in relation to serum metal levels and Cu/Zn (%).
(A) Cu and endometriosis; (B) Zn and endometriosis; (C) Fe and endometriosis; (D) Mg and endometriosis; (E) Cu/Zn ratio and endometriosis.
The solid red line represents the odds ratio, while the red shaded area indicates the 95% confidence interval. The distribution percentiles for
increasing weights are at the 25th, 50th, and 75th percentiles. The model is adjusted for age, body mass index, and baseline hormones.

in the fourth quartile of Zn, the ORs (95% Cls) for the first and sec-
ond quartiles were 1.54 (1.13, 2.08) and 1.41 (1.04, 1.91), respec-
tively. However, no significance was observed after confounding for
age, BMI, and baseline hormones (p trend=0.065). Furthermore, the
results showed a positive association between the Cu/Zn ratio and
the risk of endometriosis (p trend <0.001), which remained signifi-
cantly positive after adjusting for age, BMI, and baseline hormones
(p trend <0.001). Compared to the first quartile of Cu/Zn ratio after

adjustment, the ORs (95% Cls) for the second and fourth quartiles
were 1.97 (1.37, 2.83) and 2.63 (1.80, 3.84), respectively.

4 | DISCUSSION

The current study analyzed a large cohort, including 819 patients
with tubal or male factor infertility and 568 patients diagnosed
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TABLE 3 Odds ratios (95% confidence intervals) for the association between serum trace metal concentrations and the risk of
endometriosis.
Univariate Multivariate
Elements Cases/Total (N) Median (range) OR (95% Cl) p OR (95% ClI) p
Cu (pmol/L)
Q1 139/348 13.10 (5.40, 14.08) 1.00(1.00, 1.00) Ref 1.00(1.00, 1.00) Ref
Q2 148/356 14.98 (14.09, 15.70) 1.19(0.88, 1.62) 0.253 1.28(0.89,1.83) 0.185
Q3 148/337 16.53(15.73, 17.45) 1.31(0.97,1.78) 0.081 1.55(1.07,2.26) 0.022
Q4 142/346 18.82(17.47,48.12) 1.17(0.86, 1.58) 0.32 1.62(1.10,2.39) 0.015
p for trend 0.371 0.058
Zn (pmol/L)
Q1 164/352 12.30(5.60, 13.30) 1.54(1.13,2.08) 0.006 1.59 (1.10, 2.29) 0.013
Q2 158/355 14.20 (13.40, 14.90) 1.41(1.04, 1.91) 0.026 1.44(0.999, 2.09) 0.051
Q3 121/335 15.70 (15.00, 16.60) 0.99 (0.73, 1.36) 0.976 1.19 (0.82, 1.73) 0.352
Q4 125/345 18.10 (16.60, 27.10) 1.00 (1.00, 1.00) Ref 1.00(1.00, 1.00) Ref
p for trend 0.005 0.065
Fe (umol/L)
Q1 156/348 8.30(1.00, 10.90) 1.27 (0.94, 1.72) 0.125 1.27(0.88, 1.83) 0.196
Q2 128/354 13.00(11.00, 14.90) 0.88(0.65, 1.20) 0.428 0.90(0.62, 1.30) 0.568
Q3 150/342 17.00 (14.95, 19.30) 1.22 (0.90, 1.65) 0.203 1.35(0.94, 1.95) 0.105
Q4 134/343 23.2(19.30, 71.90) 1.00(1.00, 1.00) Ref 1.00(1.00, 1.00) Ref
p for trend 0.066 0.091
Mg (mmol/L)
Q1 138/361 0.83(0.69, 0.86) 1.00(1.00, 1.00) Ref 1.00(1.00, 1.00) Ref
Q2 141/360 0.89 (0.87,0.91) 1.04 (0.77, 1.40) 0.796 1.20(0.83,1.73) 0.328
Q3 144/346 0.94 (0.92, 0.96) 1.15(0.85, 1.56 0.357 1.26 (0.88, 1.81) 0.215
Q4 145/320 1.00(0.97,1.27) 1.34(0.99, 1.82) 0.061 1.55(1.06,2.26) 0.024
p for trend 0.245 0.159
Cu/Zn (%)
Q1 117/347 80.95 (29.67, 90.55) 1.00(1.00, 1.00) Ref 1.00(1.00, 1.00) Ref
Q2 158/347 98.28 (90.59, 105.66) 1.64(1.21,2.23) 0.002 1.97(1.37,2.83) <0.001
Q3 123/347 112.38 (105.67, 122.10) 1.08 (0.79, 1.48) 0.632 1.22(0.83,1.79) 0.321
Q4 170/346 138.85(122.14,291.60) 1.90(1.40, 2.58) <0.001 2.63(1.80, 3.84) <0.001
p for trend <0.001 <0.001

Note: Based on the distribution characteristics, the levels of serum metal elements and the copper-to-zinc ratio were divided into four quartiles,
represented as Q1, Q2, Q3, and Q4. Univariate, unadjusted for confounders; multivariate, adjusted for age, BMI, and baseline hormones (FSH, LH,

E2, P, PRL, T, AMH).

with endometriosis. The results revealed a significant decrease
in serum Zn levels and a notable elevation in the Cu/Zn ratio in
individuals with endometriosis compared to individuals without
endometriosis. Logistic regression analysis showed a significant
positive association between the Cu/Zn ratio and the risk of en-
dometriosis. These findings provide valuable real-world data, en-
hancing our understanding of endometriosis from the perspective
of trace elements.

Endometriosis is a prevalent and intricate syndrome, with its
pathogenesis remaining largely elusive. Among the numerous can-
didate factors in pathophysiology, oxidative stress is purported to
exert a significant influence.’®23 Reports suggest that individuals

with endometriosis may exhibit elevated oxidative stress param-
eters, accompanied by a notable decrease in plasma superoxide
dismutase 1 (SOD1) levels and an increase in lipid peroxidation en-
zymes.z“’25 Extensive literature substantiates the involvement of
trace elements in oxidative stress pathways.z“”27 In recent years,
there has been a growing focus on the association between trace
element homeostasis imbalances and endometriosis risk.

Cu ranks as the third most prevalent trace metal in the human
body, serving as a crucial cofactor for numerous key enzymes es-
sential in various cellular processes and metabolic functions.?® It
can act both as an antioxidant, reducing oxidative damage, and
as a pro-oxidant, leading to OS and disease progression, such as
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Alzheimer's disease.?? Certain studies have observed higher levels
of Cu in the serum of individuals with endometriosis compared to
healthy women.2%732 This implies that elevated serum Cu levels
might be linked to an increased risk of endometriosis, although the
specific mechanisms require further investigation. In our study,
while the serum Cu concentrations in the endometriosis group ex-
hibited a slight increase compared to those in the control group,
no significant statistical disparity was detected (median of Cu:
15.77 vs. 15.6, Endometriosis vs. Control). The latest case-control
study, involving 451 blood samples, reported findings consistent
with ours.'® It is important to note that in both our study and the
aforementioned case-control study,*° the control group consisted
of infertility patients rather than healthy women. This difference
in control group selection could have contributed to the absence
of statistically significant differences in serum Cu levels, warrant-
ing further investigation.

Zn is an indispensable micronutrient essential for various phys-
iological functions in the human body, encompassing enzymatic re-
actions, DNA synthesis, immune responses, wound healing, as well
as growth and development processes.'! As a cofactor for numerous
enzymes, Zn plays a crucial role in preserving the structural integ-
rity of proteins and cell membranes.®® Furthermore, Zn assumes a
critical role in modulating oxidative-reductive balance, exerting an-
tioxidant effects, and shielding cells from oxidative damage, often
in conjunction with other antioxidants like vitamin E.>* Zn levels
impact the activity of various antioxidant enzymes, such as Cu/
Zn superoxide dismutase, which contributes to preventing DNA
damage.®® Multiple clinical observations have indicated decreased
serum Zn concentrations in individuals afflicted with endometrio-
sis.”3¢ Messalli et al. compared serum Zn levels between 42 patients
with endometriosis and 44 healthy patients. They noted a significant
difference, with serum Zn concentration being lower in the endo-
metriosis group (1294 + 62.22 pg/L).“ In a cross-sectional study, Lai
et al. likewise found markedly lower median blood Zn concentrations
in infertile women with endometriosis compared to those without
the condition (11.62 vs. 4.47 mg/L).” However, a case-control study
by Su et al. yielded opposite results, showing that women with en-
dometriosis had significantly higher median Zn levels (8666.14 vs.
4847.88 pg/L).10 In this study, we observed that the Zn concentra-
tion in the serum was significantly lower in the Endometriosis group
compared to the Control group (14.6 vs. 15.1 pmol/L). Furthermore,
serum Zn levels exhibited a negative correlation with the risk of en-
dometriosis, although no significance was observed after adjusting
for age, BMI, and baseline hormones. We hypothesize that multi-
ple mechanisms may underlie the observed Zn deficiency in women
with endometriosis. Chronic inflammation and oxidative stress, hall-
marks of the disease, could increase Zn utilization and depletion due
to its essential role in antioxidant defense and immune regulation.
Additionally, disrupted trace element homeostasis in endometrio-
sis may lead to increased Cu accumulation and reduced Zn levels,
potentially due to competition for transporters and metallothionein
regulation. Although our study did not assess dietary intake or ab-
sorption, nutritional deficiencies or impaired Zn absorption could
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also contribute to lower serum levels in affected individuals. Overall,
there are inconsistencies in Zn concentrations in the blood of pa-
tients with endometriosis, but the abnormal activity of Zn correlates
with the condition, suggesting Zn's involvement in the multifaceted
pathogenesis of the disease.

The human body employs a highly regulated system to main-
tain trace metal homeostasis, with Cu and Zn exhibiting a well-
documented competitive interplay. These metals share common
intestinal transporters, including the divalent metal transporter 1
and Cu Transporter 1,%7 leading to competitive absorption, wherein
an excess of one element can impair the uptake of the other.
Additionally, high Zn intake induces metallothionein expression in
enterocytes, which preferentially binds Cu, sequestering it and pro-
moting its excretion.®® In systemic circulation, Cu and Zn compete
for binding to transport proteins such as albumin, further influenc-
ing their distribution and metabolic availability.”’40 This antagonistic
relationship is crucial for maintaining homeostasis, and one com-
mon imbalance observed is elevated Cu levels alongside reduced
Zn levels. Indeed, in clinical settings, the Cu/Zn ratio often holds
greater significance than independent concentrations.** Recent
studies have revealed complex interactions involving the serum
Cu/Zn ratio across various diseases. In breast cancer patients, a
higher Cu/Zn ratio was found to be correlated with lower overall
survival rates following diagnosis, indicating its potential as an in-
dependent predictive marker.*! Similarly, in chronic obstructive pul-
monary disease (COPD), elevated serum Cu/Zn ratios were linearly
associated with an increased risk of COPD in men.*? Additionally,
the serum Cu/Zn ratio has shown promise as a diagnostic marker
for ectopic pregnancy, with higher ratios associated with the con-
dition.*®* Moreover, during pregnancy, a higher plasma Cu/Zn ratio
has been independently linked to pregnancy-specific psychological
distress symptoms, suggesting a potential role for micronutrients as
novel biomarkers for perinatal mood disorders.** Overall, a common
feature across these diseases is an increase in the Cu/Zn ratio at-
tributed to either decreased serum Zn or increased serum Cu. In this
context, the plasma Cu/Zn ratio may represent downstream out-
comes of a series of complex mechanisms. These findings suggest
that the Cu/Zn ratio may serve as a valuable tool in clinical research
as a prognostic and predictive factor for various pathological and
pre-pathological states. However, the serum Cu/Zn ratio is rarely
mentioned in endometriosis. Our results revealed that the endome-
triosis group exhibited a higher Cu/Zn ratio compared to the control
group. RSC indicates that an increased Cu/Zn ratio is linearly associ-
ated with a higher risk of endometriosis. Further logistic regression
analysis confirmed a positive correlation between the Cu/Zn ratio
and the risk of endometriosis.

We also analyzed two other trace elements, Fe and Mg. There
were no significant differences in the distribution of Fe and Mg be-
tween the endometriosis and control groups. Additionally, no sig-
nificant correlations were found between Fe and Mg levels and the
risk of endometriosis. Among the four trace elements examined in
this study, Cu showed a slight increase in endometriosis patients.
At the same time, Zn levels were significantly lower, resulting in a
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significantly elevated Cu/Zn ratio. Overall, imbalances in Zn and
Cu, particularly the marked increase in the Cu/Zn ratio, may reveal
certain pathological mechanisms of endometriosis. The Cu/Zn ratio
has been extensively studied across various pathological conditions
due to its critical role in maintaining physiological balance, partic-
ularly in modulating oxidative stress, inflammation, and immune
function. Patients with endometriosis exhibit elevated serum Cu
levels, potentially due to increased Cu demand during inflamma-
tion and tissue repair. With its antioxidant properties, Zn protects
cells from oxidative stress; however, endometriosis patients often
experience heightened oxidative stress, and Zn deficiency could
exacerbate this issue. The elevated Cu/Zn ratio affects antioxidant
defense and immune function, possibly promoting the progression
of endometriosis. Given that endometriosis often presents with
nonspecific symptoms, leading to delayed diagnosis, identifying
reliable biomarkers is of paramount importance. The Cu/Zn ratio
may serve as a helpful adjunct in the diagnostic process by reflect-
ing systemic inflammation and oxidative stress, potentially aiding in
the identification of at-risk patients and prompting further clinical
evaluation. Additionally, monitoring Cu/Zn dynamics could offer
valuable insights into disease progression and therapeutic response,
as interventions targeting inflammation or Zn supplementation
may contribute to restoring its balance. While an elevated Cu/Zn
ratio is not exclusive to endometriosis, its diagnostic potential lies
in its ability to complement established diagnostic modalities, such
as ultrasonography, magnetic resonance imaging, laparoscopy, and
histopathological examination. Although further validation through
prospective studies is warranted, current evidence suggests that the
Cu/Zn ratio holds promise as a noninvasive biomarker for the early
detection and clinical management of endometriosis.

Growing evidence supports Zn's role in disease prevention and
management, with its translational potential in medicine increasingly
recognized. Zn supplementation has been shown to significantly im-
prove glycemic control in patients with diabetes by reducing fasting
blood glucose, postprandial blood glucose, and glycated hemoglo-
bin levels.**> Additionally, Zn has demonstrated beneficial effects on
lipid metabolism, with meta-analyses indicating reductions in total
cholesterol, low-density lipoprotein cholesterol, and triglycerides,
suggesting a potential role in mitigating the risk of atherosclerosis.*®
In elderly individuals, Zn supplementation has been reported to de-
creaseinfectionrates, reduce inflammatory cytokine levels,and lower
oxidative stress markers while simultaneously increasing plasma Zn
concentrations and immune response biomarkers.*”*® In the context
of endometriosis, studies indicate that affected women have lower
dietary antioxidant intake, including Zn.* Antioxidant supplementa-
tion may reduce dysmenorrhea and oxidative stress, though findings
are limited by study heterogeneity and bias.>° Interestingly, conflict-
ing data suggest that Zn may play both a protective and a potentially
detrimental role in endometriosis, possibly due to its involvement
in enzymatic activity, immune modulation, and interactions with
MMPs.”* While Zn possesses antioxidant and immunomodulatory
properties that may help counteract oxidative stress and immune
dysregulation, Zn supplementation alone is unlikely to fully correct

the underlying pathological mechanisms of the disease. Moreover,
excessive Zn intake may disrupt Cu homeostasis and other trace ele-
ment balances, further complicating its therapeutic potential. Thus,
Zn supplementation should be considered within a broader thera-
peutic framework integrating antioxidant and anti-inflammatory
strategies for endometriosis management. Given the current lack of
direct clinical trials specifically addressing Zn supplementation in en-
dometriosis, future prospective studies are warranted to clarify the
dose-response relationship, potential threshold effects, and clinical
utility of dietary Zn intake as a supportive therapeutic approach for
managing endometriosis symptoms.

This study included a substantial number of participants, enhanc-
ing the reliability and generalizability of the findings. To the best of
our knowledge, this is the first study to evaluate the relationship be-
tween the Cu/Zn ratio and the risk of endometriosis, adding a new
dimension to understanding endometriosis. These findings offer
practical insights that could influence future diagnostic and ther-
apeutic strategies. However, several limitations need to be noted.
Firstly, it was a single-center retrospective analysis, thus inherently
constituting bias and confounding factors despite our adjustments
for potential confounders. Secondly, we selectively studied essen-
tial trace elements in serum. At the same time, the follicular fluid,
urine, and endometrial tissue levels were also worth investigating,
as this would have provided a more comprehensive understand-
ing. Additionally, we lacked data on dietary intake, inflammatory
processes, and oxidative stress markers—factors that could have
enriched the analysis of serum Cu/Zn correlation and potentially
enhanced interpretation and inference. Therefore, future research
should involve multicenter, multi-tissue, multi-parameter studies to
capture a more holistic perspective. Similarly, exploring the correla-
tion between the Cu/Zn ratio and endometriosis severity, including
pain symptoms, rASRM score, endometrioma size, and the presence
of deep endometriosis, would offer valuable clinical insights.

Our study revealed an association between decreased serum Zn
levels and an increased Cu/Zn ratio with the risk of endometriosis,
emphasizing the predictive potential of the Cu/Zn ratio. Considering
the limitations of this study, further multicenter prospective re-
search incorporating additional tissues such as follicular fluid, urine,
and endometrial tissue, as well as more parameters including oxi-
dative stress-related markers, is necessary. Moreover, investigat-
ing the causal relationships and biological mechanisms involved is
warranted.
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