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Exploring the link between dietary zinc B

intake and endometriosis risk: insights
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women
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Abstract

Background Endometriosis is a complex disorder with genetic, immune, inflammatory, and multifactorial etiologies.
Zing, an essential trace element, plays a crucial role in various physiological processes. Dysregulation or deficiency

of zinc can lead to aberrations in human physiology. However, the association between dietary zinc and endometrio-
sis remains ambiguous. This study aimed to investigate the link between dietary zinc intake and endometriosis.

Methods Utilizing cross-sectional data from the National Health and Nutrition Examination Survey, we analyzed
information from American women aged 20-54 years between 1999 and 2006. After adjusting for relevant covariates,
multivariable logistic regression analysis was employed to assess correlations.

Results A total of 4315 women were included in the study. The multivariable logistic regression model revealed

a positive correlation between dietary zinc intake and the risk of endometriosis, even after controlling for confound-
ing variables. Relative to individuals with lower zinc consumption (<8 mg/day), the adjusted odds ratio (OR) values
for dietary zinc intake and endometriosis in the 8—-14 mg/day and > 14 mg/day groups were 1.19 (95% Cl: 0.92-1.54,
p=0.189) and 1.60 (95% Cl: 1.12-2.27, p=0.009), respectively.

Conclusions Our findings suggest a positive correlation between dietary zinc intake and the prevalence of endome-
triosis. However, further investigations are necessary to better understand this association and explore the potential
role of dietary zinc in endometriosis.
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Introduction

Endometriosis, a prevalent inflammatory condition, is
characterized by the presence of tissue resembling endo-
metrial tissue outside the uterus on organs and tissues
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costs more than twice as high as those without the condi-
tion [3]. I Its widespread prevalence has led to its classifi-
cation as a public health issue [4]. Despite the significant
impact of endometriosis on healthcare costs and quality
of life [5], little is known about modifiable risk factors
preventing its occurrence.

Zinc, an essential trace element vital for normal bodily
functions, plays a crucial role in reproductive potential.
Any malfunction or deficiency in zinc can lead to abnor-
malities in the human body [6]. Since the human body
cannot store zinc, maintaining adequate levels through
dietary intake is essential, especially for individuals of
reproductive age. Based on dietary surveys conducted in
nine countries within the European Union (EU) [7], the
average daily intake of zinc varied between 4.6 and 6.2 mg
for children under three years old, 5.5 to 9.3 mg for chil-
dren aged three to under ten years old, 6.8 to 14.5 mg for
adolescents aged ten to under eighteen years old, and 8.0
to 14.0 mg for adults. Meat and meat products, grains
and goods made from them, and milk and dairy products
were the main sources of zinc intake. A broad range of
dietary phytate intakes was suggested by the scant data
on phytate intake in the EU. A zinc shortage can lead to
changes in immune cell counts and function, which raises
the risk of cancer, autoimmune illnesses, and infectious
diseases [8, 9]. Excessive zinc consumption may exert an
immunosuppressive effect, promoting pathogen multipli-
cation [10].

Given zinc’s essential role in overall health, its spe-
cific involvement in reproductive function and potential
impact on conditions such as endometriosis deserve fur-
ther exploration. Zinc supports key reproductive pro-
cesses by facilitating DNA synthesis, cell division, and
gene expression [11]. Zinc deficiency can lead to hor-
monal imbalances, impacting gonadal development and
ovarian function [12]. In endometriosis, zinc modulates
immune responses and reduces oxidative stress, both
key factors in the disease’s progression [12]. Addition-
ally, zinc regulates matrix metalloproteinases (MMPs),
enzymes involved in tissue remodeling, which may affect
the invasiveness of endometriotic lesions [13].

Unlike the well-studied effects of zinc on the male
reproductive system, limited investigations have been
conducted on its effects on the female reproductive sys-
tem [14, 15]. While most studies have focused on zinc’s
role and supplementation during pregnancy and fetal
development [16, 17], only a few clinical studies suggest
decreased serum zinc levels in women with endome-
triosis [18]. However, these studies, with their low sam-
ple numbers, have limitations, and the impact of factors
such as smoking, obesity, and race/ethnicity remains
unknown. This cross-sectional study aims to explore
this connection among American women aged 20 to 54,
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utilizing a substantial sample size (4315 participants) to
address these information gaps. Specifically, we hypoth-
esize that higher dietary zinc intake is associated with a
lower risk of endometriosis, given zinc’s role in modu-
lating immune responses, reducing oxidative stress, and
regulating matrix metalloproteinases (MMPs), which are
involved in tissue remodeling. Our findings aim to pro-
vide new insights into endometriosis prevention strate-
gies in the United States.

Methods

Data source

The National Center for Health Statistics (NCHS) and
the National Health and Nutrition Examination Survey
(NHANES) played crucial roles in data collection for this
study. Data were gathered from four consecutive 2-year
NHANES cycles conducted between 1999 and 2006,
utilizing a nationally representative stratified sample
through interviews and physical exams. Ethical approval
was obtained from the NCHS Ethics Review Committee,
and participants provided written informed consent.

Participants and definition

Endometriosis was assessed based on participants’
responses to a specific question in the reproductive
health questionnaire: "Has a doctor or other health pro-
fessional ever told you that you had endometriosis?"
Those responding affirmatively were classified as patients.
Dietary zinc consumption was evaluated in the NHANES
dietary survey, part of the "What We Eat in America" sur-
vey, conducted at the Mobile Examination Center (MEC)
using a 24-h recall completed by professional interview-
ers. The NHANES computer-assisted dietary interview
(CADI) system documented participants’ food and bev-
erage intake 24 h before the interview.

Participants were randomized to data collection ses-
sions in the morning or afternoon/evening, following
the study protocol. The US Department of Agriculture
Survey Nutrients Database and the University of Texas
Food Intake Analysis System determined dietary zinc and
nutrient consumption. Nutritional calculations excluded
pharmaceuticals or dietary supplements. Two 24-h
dietary recall interviews were conducted, and a second
interview was completed 3—10 days later over the phone.
The first interview, conducted in person at the MEC, was
selected for analysis, considering that 24-h recall is the
most commonly used method in large-scale surveys [19].

Measurements

Covariates considered in our study encompassed a wide
range of variables from the literature [20-22], including
age, marital status, race/ethnicity, education level, fam-
ily income, smoking status, physical activity, BMI, calorie
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intake, and use of dietary supplements. Racial and ethnic
categories included non-Hispanic white, non-Hispanic
black, Mexican American, and other races. Marital status
categories were living with a partner or living alone. Edu-
cational achievement was stratified into fewer than nine
years, nine to twelve years, and more than twelve years.
Family income, assessed using the Poverty Income Ratio
(PIR), categorized income into low, medium, and high
based on ranges from 1.3 to 3.5, according to the US gov-
ernment’s Agriculture report [23]. Smoking status was
dichotomized into smokers and never smokers (those
who smoked fewer than 100 cigarettes each). Physi-
cal activity levels were segmented into three categories:
unable to perform physical activity, moderate (defined as
at least 10 min of movement within the previous 30 days
resulting in only light perspiration or a mild to moder-
ate increase in respiration or heart rate), and vigorous (at
least 10 min of activity within the last 30 days resulting in
profuse sweating or an increased heart rate).

Prior to the MEC interview, participants underwent a
dietary recall interview to obtain 24-h nutritional data,
including calorie intake and macronutrients. Information
on medications, including dietary supplements, taken in
the previous month was collected.

Statistical analyses

This study, a secondary analysis of freely available data-
sets, used descriptive statistics to characterize continu-
ous variables (mean/SD or median/IQR) and proportions
(%) for categorical variables. Group differences were
assessed using Kruskal-Wallis tests and one-way analy-
ses of variance. Logistic regression models explored the
relationship between dietary zinc intake and endometrio-
sis in three models. Model 1 was a crude model, Model
2 adjusted for age, race/ethnicity, education level, smok-
ing status, and dietary supplements taken, and Model
3 adjusted for Model 2 plus vigorous activity, moderate
activity, marital status, family income, and BMI. These
models aimed to comprehensively account for poten-
tial confounding factors and refine the understanding
of the relationship between Dietary Zinc Intake and
endometriosis.

Moreover, potential modifiers of the association
between dietary zinc intake and endometriosis were
investigated, incorporating variables such as family
income (low vs. medium or high), marital status (living
with a partner vs. living alone), smoking status, and die-
tary supplements taken. Multivariate logistic regression
assessed heterogeneity among subgroups, and interac-
tions between subgroups and dietary zinc intake were
scrutinized through likelihood ratio testing. To ensure
the robustness of our findings, sensitivity analyses were
conducted by excluding participants with extreme energy
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intake, defined as those consuming less than 500 or more
than 5000 kcal per day. This meticulous approach aimed
to evaluate the consistency and reliability of our results
under different conditions, enhancing the validity of the
study outcomes.

Sample size determination relied on available data, and
no a priori statistical power assessments were carried
out. Statistical analyses were performed using R 3.3.2, a
statistical software program developed by The R Foun-
dation, Shanghai, China (accessed on 10 January 2023),
along with Free Statistics Software 1.5 [24]. A descriptive
study was conducted on all individuals, characterizing
the dataset comprehensively. For hypothesis testing, a
two-tailed analysis was employed, and a significance level
of 0.05 was considered for determining statistical sig-
nificance. This widely accepted threshold is indicative of
a standard level of confidence in interpreting the results
and drawing meaningful conclusions from the conducted
analyses.

Results

Study population

The original dataset comprised 5557 female participants.
Following the exclusion of individuals with missing endo-
metriosis-related information and those falling outside
the age range of 20 to 54 years, our final study population
consisted of 4315 women. Among them, 331 were diag-
nosed with endometriosis, while 3984 were not. Exclu-
sions were applied to 991 pregnant women, 138 with
missing pregnancy status data, and 113 lacking informa-
tion on Dietary Zinc Intake. Figure 1 provides a detailed
illustration of the inclusion and exclusion process.

Baseline characteristics

Table 1 outlines the fundamental characteristics of the
4315 participants in the study. Among the sample, 331
individuals (7.7%) received a diagnosis of endometrio-
sis, and 2742 (64%) were categorized as overweight. A
total of 1699 participants (39.4%) reported being smok-
ers, while 2030 (47.1%) acknowledged the use of dietary
supplements. Regarding age distribution, 2298 partici-
pants (53.3%) were below 40 years old, 1403 (32.5%) were
between 40 and 50 years old, and 614 (14.2%) were above
50 years old. Notably, dietary zinc intake seemed to be
higher in individuals who used dietary supplements,
engaged in moderate exercise, and lived with a partner
or had a higher income. These baseline characteristics
offer an overview of the diversity within the study popu-
lation and establish the foundation for subsequent analy-
ses exploring the association between these factors and
endometriosis.
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5557 Participants aged 20-54 y with available
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v

331 with endometriosis

Fig. 1 The study’s flow diagram

Relationship between Dietary Zinc Intake

and endometriosis

Table 2 presents the relationships between dietary
zinc intake and endometriosis. The univariate analysis
revealed significant associations, indicating that dietary
zinc intake, age, race, family income, education level,
smoking status, and the use of dietary supplements were
correlated with the presence of endometriosis. These
findings underscore a complex interplay between die-
tary factors, demographic variables, and lifestyle choices
influencing the occurrence of endometriosis. Subsequent
multivariate analyses will further dissect these associa-
tions to elucidate the independent contributions of each
factor to the risk of endometriosis.

In comparison to individuals with lower zinc con-
sumption (<8 mg/day), and with adjustments for age,
race, education level, smoking status, dietary supple-
ments taken, vigorous activity, moderate activity, marital
status, family income, and BMI, the adjusted odds ratio
(OR) values for dietary zinc intake and endometriosis in
the 8—14 mg/day and > 14 mg/day groups were 1.19 (95%
CL 0.92-1.54, p=0.189) and 1.60 (95% CIL: 1.12-2.27,
p=0.009), respectively (Table 3).

Stratified analyses based on additional variables

In a meticulous examination of various subgroups, strati-
fied analyses were conducted to assess potential effect
modifications on the relationship between dietary zinc
intake and endometriosis (refer to Fig. 2). Notably, no
significant interactions were identified in any subgroups,
whether stratified by age, race, BMI, marital status, family
income, smoking status, education level, or dietary sup-
plements taken. These results suggest that the observed

!

3984 without endometriosis

association between dietary zinc intake and endome-
triosis holds consistently across diverse demographic
and lifestyle factors, reinforcing the robustness of the
findings.

Sensitivity analysis

Furthermore, upon excluding individuals with extreme
energy intake, the dataset comprised 4237 individu-
als, and the association between dietary zinc intake and
endometriosis remained robust. In comparison to indi-
viduals with lower zinc consumption (<8 mg/day), and
after adjustments for age, race, education level, smoking
status, dietary supplements taken, vigorous activity, mod-
erate activity, marital status, family income, and BM], the
adjusted odds ratio (OR) values for dietary zinc intake
and endometriosis in the 8-14 mg/day and > 14 mg/day
groups were 1.22 (95% CI: 0.94-1.59, p=0.128) and 1.61
(95% CI: 1.13-2.29, p=0.009), respectively. This rein-
forces the reliability of the observed relationship, dem-
onstrating its resilience to variations in energy intake
(Supplementary Table S1).

Discussion

In this extensive cross-sectional study involving Ameri-
can adults, a noteworthy and previously unexplored
positive correlation between endometriosis and dietary
zinc intake was identified. Endometriosis, characterized
by inflammation and altered immune regulation, has
immune dysregulation as a central element in its devel-
opment. Previous studies have delineated the existence of
a robust immunosuppressive microenvironment in endo-
metriosis [25]. While zinc’s roles as an antioxidant, anti-
inflammatory agent, and immune regulator suggest it
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Table 1 Population characteristics by categories of dietary zinc intake
Variables Zinc Intake, mg/d
Total <8 8-14 >14 p
4315 1864 1652 799
Agelyear), n (%) 0.022
<40 2298 (53.3) 942 (50.5) 907 (54.9) 449 (56.2)
40-50 1403 (32.5) 630 (33.8) 524 (31.7) 249 (31.2)
>50 614 (14.2) 292 (15.7) 221(13.4) 101 (12.6)
BMI(Kg/m?), n (%) 0.004
<25 1544 (36.0) 625 (33.9) 633 (385) 286 (36)
25-30 1153 (26.9) 545 (29.5) 415 (25.2) 193 (24.3)
>30 1589 (37.1) 676 (36.6) 597 (36.3) 316 (39.7)
Race/Ethnicity, n (%) <0.001
Mexican American 973 (22.5) 410 (22) 396 (24) 167 (20.9)
Other Race 381(88) 173(9.3) 153(9.3) 55 (6.9)
Non-Hispanic White 2001 (46.4) 812 (43.6) 793 (48) 396 (49.6)
Non-Hispanic Black 960 (22.2) 469 (25.2) 310(18.8) 181 (22.7)
Family Income, n (%) 0.008
Low 1134 (28.1) 530 (30.5) 406 (26.1) 198 (26.4)
Medium 1475 (36.5) 637 (36.7) 577 (37.1) 261 (34.8)
High 1433 (35.5) 570 (32.8) 572 (36.8) 291 (38.8)
Education Level(year), n (%) 0.002
<9 369 (86) 179 (9.6) 141 (8.5) 49 (6.1)
9-12 1647 (38.2) 748 (40.2) 601 (36.4) 298 (37.3)
>12 2295 (53.2) 935 (50.2) 909 (55.1) 451 (56.5)
Marital Status, n (%) 0.031
Living with a partner 2531 (60.2) 1046 (58) 992 (61.4) 493 (62.8)
Living alone 1675 (39.8) 759 (42) 624 (38.6) 292 (37.2)
Smoking status, n (%) 0.958
Yes 1699 (39.4) 736 (39.5) 648 (39.2) 315(394)
No 2613 (60.6) 1127 (60.5) 1003 (60.7) 483 (60.5)
Vigorous activity, n (%) 0.018
Yes 1470 (34.7) 597 (32) 582 (35.2) 291 (36.4)
No 2761 (64.0) 1222 (65.6) 1049 (63.5) 490 (61.3)
Unable to do activity 82(1.9) 44 (2.4) 20(1.2) 18 (2.3)
Moderate activity, n (%) <0.001
Yes 2257 (52.3) 919 (49.3) 872 (52.8) 466 (58.3)
No 1995 (46.2) 908 (48.7) 767 (46.4) 320 (40.1)
Unable to do activity 61(1.4) 36(1.9) 12(0.7) 13 (1.6)
Dietary supplements taken, n (%) <0.001
Yes 2030 (47.1) 803 (43.1) 795 (48.1) 432 (54.1)
No 2281 (52.9) 1059 (56.8) 855(51.8) 367 (45.9)

may have a potential influence on endometriosis, further
studies are required to confirm this relationship. Spe-
cifically, zinc has been reported to exert a pronounced
impact on the immune system, primarily through its
influence on T lymphocytes. Even minor fluctuations
in serum zinc concentration have been shown to cor-
respondingly affect T cell levels [26]. This novel finding

sheds light on a potential avenue for understanding and
managing endometriosis, emphasizing the intricate inter-
play between dietary factors, immune responses, and the
pathogenesis of this complex inflammatory condition.

To date, a limited number of studies have explored
the association between zinc and endometriosis,
with varying results. Messalli et al. [27] reported
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Table 2 Association of covariates and endometriosis risk

Variable OR_95CI P_value Variable OR_95CI P_value

zinc 1.03 (1.01~1.05) 0.008 BMI(Kg/m?), n (%)

Agelyear), n (%) <25 1 (reference)

<40 1 (reference) 25-30 0.97(0.73~1.28) 0.828

40-50 0.55(0.43~0.7) <0.001 >30 1.08 (0.83~141) 0.57
>50 0.53(0.39~0.73) <0.001 Smoking status, n (%)

Race/Ethnicity, n (%) Yes 1 (reference)

Mexican American 1 (reference) No 161(1.28~2.01) <0.001

Other Race 061(033~1.13) 0.119 Vigorous activity, n (%)

Non-Hispanic White 0.23(0.15~0.34) <0.001 Yes 1 (reference)

Non-Hispanic Black 041 (0.26~0.66) <0.001 No 0.96 (0.76 ~1.22) 0.758
Education Level(year), n (%) Unable to do activity 0.58 (0.29~1.15) 0.118
<9 1 (reference) Moderate activity, n (%)

9-12 0.19(0.08~0.44) <0.001 Yes 1 (reference)
>12 0.18 (0.08~0.4) <0.001 No 1.16 (0.92~1.46) 0.198
Marital Status, n (%) Unable to do activity 0.51(0.25~1.04) 0.066

Living with a partner 1 (reference) Dietary supplements taken, n (%)

Living alone 1.25(0.98~1.58) 0.067 Yes 1 (reference)

Family Income, n (%) No 1.57 (1.25~1.97) <0.001

Low 1 (reference)

Medium 0.77 (0.56~1.06) 0.108

High 0.5(0.37~0.68) <0.001
Table 3 Association between dietary zinc intake and endometriosis
Variable OR (95%(Cl)

Dietary zinc intake total Model1 P_value Model2 P_value Model3 P_value
(mg/day)
<8 1864 1(Ref) 1(Ref) 1(Ref)

8-14 1652 1.08 (0.85~1.38) 0.537 1.1(0.86~141) 0.455 1.19(0.92~1.54) 0.189
>14 799 142 (1.02~1.98) 0.041 151(1.07~2.12) 0.019 16(1.12~2.27) 0.009

Trend test 0.053 0.025 0.008

Model 1 was a crude model. Model 2 was adjusted for age, race/ethnicity, education level, smoking status, dietary supplements taken. Model 3 was adjusted for
model 2 plus vigorous activity, moderate activity, marital status, family income and BMI

OR Odds ratio, C/ Confidence interval, Ref Reference, BMI Body Mass Index

significantly lower serum zinc levels in women with
endometriosis compared to controls (1,010 £ 59.24 pg/L
vs. 1,294 +62.22 pg/L). The authors suggested that zinc
deficiency may contribute to endometriosis by impair-
ing immune regulation and increasing oxidative stress.
This highlights zinc’s critical role in immune func-
tion and antioxidative defense in relation to the dis-
ease. Another cross-sectional study [28] involving 190
Asian women found an inverse association between
zinc blood levels and endometriosis, suggesting that
lower zinc concentrations may contribute to the dis-
ease’s pathophysiology. This aligns with prior research
indicating that zinc plays a crucial role in reducing

oxidative stress and regulating immune responses,
both of which are critical in endometriosis develop-
ment [27, 29]. Moreover, a study by Mier-Cabrera
et al. highlighted the role of antioxidants, including
zing, in improving oxidative stress markers in women
with endometriosis [29]. The positive impact of dietary
antioxidants in managing oxidative stress adds weight
to the hypothesis that zinc deficiency may exacerbate
endometriosis. The study by Messalli et al. [27] fur-
ther supports this by exploring zinc’s involvement in
modulating immune function and oxidative stress in
endometriosis. Furthermore, Singh et al. [30] found
that women with endometriosis had lower zinc levels in
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Subgroup Event (%) OR (95%Cl) P for interaction
Overall
Crude 3984 1.03 (1.01~1.05) -
Adjusted 1.04 (1.02~1.06) -

Age(year)
<40 2168 (94.3) 1.03 (0.99~1.06) — 0.193
40-50 1264 (90.1) 1.01 (0.99~1.04) ——
>50 552 (89.9) 1.08 (1.02~1.15) ——

BMI(Kg/m2)
<25 1423 (92.2) 1.03 (0.99~1.06) —— 0.765
25-30 1060 (91.9) 1.02 (0.98~1.06) ——
>30 1473 (92.7) 1.04 (1~1.08) ——

Family Income
Low 1071 (94.4) 1.04 (0.99~1.09) —— 0.508
Medium 1370 (92.9) 1.06 (1.01~1.1) —
High 1282 (89.5) 1.03 (1~1.06) ——

Race/Ethnicity
Mexican American 946 (97.2) 1.02 (0.95~1.09) it 0.94
Other Race 364 (95.5)  1.01(0.91~1.13)  +——tes
Non-Hispanic White 1776 (88.8) 1.03 (1.01~1.06) -
Non-Hispanic Black 898 (93.5) 1.03 (0.99~1.08) ——

Smoking status
Yes 1533 (90.2) 1.04 (1.01~1.07) —— 0.687
No 2448 (93.7) 1.02 (0.99~1.05) bt

Dietary supplements taken
Yes 1840 (90.6) 1.02 (1~1.05) — 0.573
No 2140 (93.8) 1.05 (1.01~1.09) ——

Marital Status
Living with a partner 2318 (91.6) 1.08 (1~1.05) - 0.646
Living alone 1560 (93.1) 1.03 (1~1.07) ——

Education Level(year)
<9 363 (98.4) 1.22 (0.92~1.61) 0.097
9-12 1517 (92.1) 1.05(1.02~1.09) ——
>12 2100 (91.5) 1.01 (0.99~1.04) —t

0.95 1.05 1.151.25
Effect(95%Cl)

Fig. 2 The relationship between dietary zinc intake and endometriosis according to basic features. Except for the stratification component itself,
each stratification factor was adjusted for all other variables (age, race/ethnicity, education level, smoking status, dietary supplements taken,

vigorous activity, moderate activity, marital status, family income and BM))

their follicular fluid compared to those with tubal infer-
tility, linking zinc deficiency to poorer oocyte quality.
Interestingly, after successful IVF, zinc levels increased
in the follicular fluid of endometriosis patients, sug-
gesting a potential role of zinc in embryo implantation.
Meanwhile, Pollack et al. [31] found no significant link
between urinary zinc levels and endometriosis, but
emphasized the need for further research on zinc’s role
in reproductive health.

In contrast to these prior findings, our present study
drew a distinct conclusion, establishing a positive cor-
relation between dietary zinc intake and the occurrence
of endometriosis. Differences in the absorption and
metabolism of zinc between blood and urine may be the
cause of this discrepancy. A Type 2 statistical mistake
that may have resulted from small sample numbers in
earlier demographic cohorts is another reasonable expla-
nation. The present study, being a nationwide cohort in
the United States, offers a unique opportunity to assess
the dose-response relationship of dietary zinc intake
and endometriosis. The comprehensive adjustments for
numerous covariables, coupled with a range of subgroup
and sensitivity analyses, contribute to the strength and
reliability of our findings.

While the precise mechanisms underlying the inverse
association between zinc intake and endometriosis
remain subjects of ongoing investigation, our findings
are biologically plausible, supported by existing evidence.
Zinc, an abundant element in enzymes, plays a pivotal
role at every stage of the cell cycle. Zinc is essential for a
variety of processes, including replication and repair, as it
functions as a cofactor for enzymes including thymidine
kinase, reverse transcriptase, and DNA and RNA poly-
merase. Zinc also plays a key part in the apoptotic pro-
cess of programmed cell death because it is a cofactor for
the superoxide dismutase (SOD) enzyme, which is essen-
tial for regulating oxidative stress in cells. Additionally,
zinc contributes to maintaining the appropriate neuro-
degenerative equilibrium of the extracellular matrix, and
the functionality of matrix metalloproteinases (MMPs) is
dependent on it.

Increased proliferation, invasion, internal bleeding,
and fibrosis are symptomatic features of endometriosis,
a hormone-influenced disorder that impacts the stroma
and glands outside the uterus. The progression from
early to advanced stages involves intricate processes
such as estrogen regulation, matrix remodeling, inflam-
mation, and oxidative stress [32]. MMPs, particularly
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MMP-2 and MMP-9, are deemed crucial for the advance-
ment of invasion, and zinc, serving as an MMP inhibitor,
emerges as a significant factor in endometriosis. Stud-
ies have indicated that women diagnosed with endome-
triosis exhibit elevated levels of MMP-2 [33]and MMP-9
[34] compared to controls, pointing to heightened MMP
activity in this invasive condition. Investigations further
reveal increased MMP levels, notably MMP2 and MMP?9,
in ectopic tissue, peritoneal fluid, or sera of individuals
with endometriosis [35, 36]. A study by Borghese et al.
(2008) compared the gene expression profiles of eutopic
and ectopic endometrium, identifying overexpression
of extracellular matrix genes, including MMP23 and
MMP26, with notable expression variations [37]. Recent
evidence [38] underscores the essential role of MMPs
in the processes underlying the development and man-
agement of endometriosis. By breaking down the non-
extracellular matrix (ECM), MMPs contribute to the
release of several components, creating a vicious cycle
that accelerates endometriosis development. MMPs may
become integral components in these processes by alter-
ing immune cells or autoimmune factors, leading to an
imbalance in local microenvironmental immunity that
triggers endometriosis onset. Collectively, MMPs play a
pivotal role in the progression of endometriosis. While
no differences were observed between women with and
without endometriosis in a cross-sectional study, women
with stage III/IV endometriosis exhibited higher MMP2
expression in their sera than those with stage I/II endo-
metriosis [39], This finding could be attributed to the
small sample size (n=30) of the study. Additionally, Wu
et al. identified elevated MMP9 expression in individuals
with recurrent ovarian endometriosis [40]. These obser-
vations further emphasize the intricate and multifaceted
role of MMPs in the progression and severity of endo-
metriosis, warranting continued exploration in larger
cohorts for more conclusive insights.

In the context of endometriosis, fibroblastic cells
originating from the endometrium have been shown
to increase the production of MMPs in response to ele-
vated levels of pro-inflammatory cytokines [41]. Signifi-
cantly, these cytokines contribute to the modulation of
zinc metabolism [42]. Numerous studies have reported
heightened ion consumption in the presence of cytokines
such as IL-6 and TNF-a [43]. Consequently, the ions
become less predisposed to binding and inactivating
MMPs. This scenario leads to a substantial activation of
these enzymes, facilitating the progression of endome-
triotic lesions. MMPs play a crucial role by metabolizing
the extracellular matrix and facilitating the penetration of
endometrial cells [44]. Moreover, the impact of chronic
inflammation on the homeostasis of metallothionein,
a protein that binds zinc after dietary absorption, is
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noteworthy [45]. Metallothionein levels tend to increase
with age and in the presence of chronic inflammation,
leading to continuous zinc sequestration at the intracel-
lular level. This, in turn, results in a subsequent decrease
in the availability of zinc to fulfill its enzymatic functions,
where it serves as a cofactor [46, 47]. The intricate inter-
play between inflammatory cytokines, zinc metabolism,
and MMP activation underscores the multifaceted mech-
anisms involved in the progression of endometriosis.
These findings further support the biological plausibility
of our observed positive correlation between dietary zinc
intake and the occurrence of endometriosis.

Conversely, while Zn2+ions exhibit immunomodu-
latory properties under normal circumstances [48, 49],
there exists a dichotomy where, in certain situations, they
can paradoxically promote the proliferation of pathogens.
Excessive zinc levels pose potential dangers due to their
immunosuppressive effects. In elevated concentrations,
zinc may exert immunosuppression by impeding lym-
phocyte function and interferon-gamma (IFN-y) produc-
tion [50-52]. Moreover, it is crucial to acknowledge that
the harmful effects of zinc in high doses may be accen-
tuated by the fact that endometriosis is an estrogen-
dependent disease. Compelling evidence, derived from
both animal and human studies, suggests that metal ions
can activate estrogen receptors. These metal ions, clas-
sified as a subgroup of xenoestrogens, are referred to as
metalloestrogens [53, 54]. The potential role of metal-
loestrogens as endocrine disruptors adds another layer
of complexity to the intricate relationship between zinc,
estrogen, and the pathogenesis of endometriosis. This
multifaceted interplay warrants further investigation to
elucidate the nuanced mechanisms at play in the context
of endometriosis development.

Recent studies have highlighted potential molecular
mechanisms that could mediate the relationship between
dietary zinc intake and endometriosis. One notable
pathway involves the kisspeptin system, which is cru-
cial in regulating the hypothalamic-pituitary—gonadal
(HPQG) axis and influencing inflammatory and metabolic
processes. Dysregulation of the kisspeptin system has
been linked to reproductive disorders like endometrio-
sis, where altered expression of KISS1 and its receptor
(KISS1R) has been observed in both eutopic and ectopic
endometrial tissues. Kisspeptin is believed to modu-
late inflammation and pain responses, key factors in the
pathophysiology of endometriosis [55]. Additionally, the
system’s involvement in immune responses and meta-
bolic regulation further underscores its potential role
as a mediator between zinc intake and endometriosis
development.

While our results suggest a positive correla-
tion between higher dietary zinc intake and lower
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endometriosis risk, some findings did not reach statisti-
cal significance. For instance, the association between
zinc intake and endometriosis risk in the middle intake
group (8-14 mg/day) was not significant (p=0.189).
This indicates that the protective effect of zinc may not
be consistent across all intake levels, suggesting the
need for further research on potential threshold effects.

Additionally, variables such as smoking status and
physical activity did not significantly interact with zinc
intake in influencing endometriosis risk. These non-sig-
nificant findings highlight the complexity of endome-
triosis etiology and suggest that zinc, while important,
may interact with other factors. Including these results
provides a more complete view of the study’s outcomes
and underscores the importance of investigating other
modifiable factors in future research.

Although our study offers insightful information,
there are a few important limitations to be aware of.
Firstly, we cannot conclusively demonstrate causa-
tion or directionality due to the cross-sectional design.
Despite meticulous adjustments in the logistic regres-
sion model for potential confounders, the presence of
unmeasured variables may still introduce confound-
ing factors. Notably, the inclusion of certain dietary
factors in our model aimed to mitigate potential con-
founding effects. Secondly, the challenge of accurately
measuring total body zinc status persists. Our reliance
on dietary interviews and 24-h recall for zinc intake
introduces inherent limitations. Self-reported dietary
data, susceptible to recall bias, may not offer precise
measurements of total zinc status. Future studies incor-
porating more sophisticated methodologies for evalu-
ating zinc status could enhance the accuracy of these
assessments. Thirdly, the study’s exclusive focus on US
residents necessitates caution when extrapolating find-
ings to other populations. The unique demographic
and lifestyle factors inherent to the US may limit the
generalizability of our results. Consequently, conduct-
ing well-designed multicenter controlled trials across
diverse populations is imperative to validate and extend
the implications of our findings. Finally, our study also
lacks data on the subtypes of endometriosis and any
associated comorbidities, which is a notable limitation.
Recent studies have shown that women with different
endometriosis subtypes and comorbid conditions may
have unique genetic susceptibilities that influence their
disease presentation and progression [56]. Understand-
ing these variations is crucial for future research. In
conclusion, while our study sheds light on the intricate
relationship between dietary zinc intake and endome-
triosis, the identified limitations underscore the need
for further research to deepen our understanding of
this association and its broader implications.
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Conclusions

In summary, our findings unveil a positive associa-
tion between dietary zinc intake and the prevalence of
endometriosis among adults in the United States. This
study highlights a potential association between dietary
zinc intake and endometriosis, but further research is
necessary to confirm whether dietary zinc plays a mod-
ifiable role in endometriosis prevalence. To elucidate
the underlying processes and explore potential rami-
fications for women’s health preventive measures and
therapies, further research is imperative.
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