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Abstract:

Objective: Micronutrient interactions in disease states remain poorly understood. This study evaluated the
association between serum folate (exposure) and zinc concentrations (outcome) in children with rickets.
Methods: This retrospective cross-sectional study enrolled 1,440 children with rickets from Shenzhen
Children's Hospital (January 2022—December 2024). Serum folate (chemiluminescence immunoassay) and
zinc (atomic absorption spectrophotometry) were measured. Covariates included sex and age. We employed
multivariable linear regression with progressive covariate adjustment, generalized additive models for
nonlinearity testing, and threshold effect analysis using two-piecewise linear regression.

Results: Participants' mean age was distributed across tertiles, with 64.0% males. In adjusted models, each
unit increase in folate was associated with a 12.5 nmol/L decrease in zinc (p=-12.5; 95% CI: -17.8 to -7.1;
P<0.001). Threshold analysis identified a critical inflection point at folate 18.4 pmol/L. Below this
threshold, each unit increase in folate corresponded to a 56.4 nmol/L decrease in zinc (p=-56.4; 95% CI. -
67.9 to -44.9; P<0.001); above the threshold, the relationship reversed, with each unit increase in folate
associated with an 18.7 nmol/L increase in zinc (f=18.7; 95% CI: 9.8 to 27.7; P<0.001). The two-piecewise
model significantly outperformed the linear model (LRT P<0.001). The association was more pronounced in
females (p=-19.9 vs. -9.5 in males; interaction P<0.05).

Conclusion: A nonlinear, biphasic relationship exists between folate and zinc in children with rickets, with
a threshold at 18.4 pmol/L. These findings suggest precision nutrition strategies should consider baseline
folate status when managing zinc homeostasis in rickets.

Keywords: Folate; Zinc; Nonlinear association; Threshold effect; Biphasic relationship; Rickets; Children;
Precision nutrition; Micronutrient interactions; Serum concentration

1. Introduction

Epidemiological Burden of Rickets and Zinc Western nations. As the world's most populous
Deficiency in Children country, China faces particularly prominent
vitamin D deficiency issues among children. A
cross-sectional study of Chinese children revealed
that vitamin D deficiency and insufficiency are
extremely common among children and
adolescents aged 6-17 years, with the deficiency
rate reaching 64.1% in adolescents aged 13-18

Childhood rickets remains a significant global
health concern, with its disease burden persisting
across diverse socioeconomic settings. While
vitamin D deficiency and related rickets continue
to be highly prevalent in low- and middle-income
countries, this problem also exists in high-income
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years™™. Studies focusing on younger children
demonstrated that vitamin D deficiency rates were
17.66% in children from Central China and
16.1% in toddlers aged 1-3 years!?; indicating a
persistent risk of rickets development.

Zinc deficiency, closely related to rickets and
serving as the outcome variable in this study,
warrants equal attention. At the global level, an
estimated 17-20% of the population experiences
zinc deficiency, with this problem being
particularly pronounced in Asia, where the
prevalence is approximately 19.4%L!. Pediatric
studies reveal alarming rates, with zinc deficiency
affecting 31.3% of healthy children aged 1-3
years in high-income Western European
countriest™™. In pediatric I1BD, zinc deficiency
occurs but is often less prevalent than other
micronutrient  deficiencies;  prevalence  at
diagnosis reported as around 10% in one
multicenter pediatric IBD cohort and as low as 6—
14% in various reports’®. A meta-analysis
reported an overall zinc deficiency prevalence of
27.0% (95% CI: 22.8-31.3%) in Chinese children
under 14 years, with the highest rates observed in
infants aged 0-1 year®. These epidemiological
data demonstrate that zinc deficiency is
widespread among pediatric populations, and its
negative impacts on growth, development, and
immune function are well established™ !,

Physiological Functions of Folate and Its
Disease Associations

Folate, a water-soluble B vitamin, plays an
indispensable role in human metabolism. As a
central cofactor in one-carbon transfer reactions,
folate participates in critical biological processes
including DNA and RNA synthesis, amino acid
metabolism, and cell division and maturation™
14 At the molecular level, folate coenzymes serve
as acceptors and donors of carbon units,
mediating methylation reactions, maintaining
genomic stability, and regulating epigenetic
modifications™'. Folate deficiency can disrupt
cellular redox balance, increase reactive oxygen

species production, and subsequently trigger
genomic instability!*®).

Folate nutritional status is intimately linked to the
occurrence and progression of multiple diseases.
Classical ~ folate deficiency manifests as
megaloblastic anemia, characterized by abnormal
red blood cell morphology and impaired
hematopoietic ~ function™.  During  the
periconceptional period, adequate folate intake
provides definitive protection against neural tube
defects, a finding that has been translated into
global public health strategies for folic acid
supplementation during pregnancy™®.
Contemporary observational work in large
populations has yielded more complex results.
Some case-control and cohort analyses indicate
associations between maternal folate status and
CHD risk, but findings are often described as U-
or J-shaped or show modest effect sizes, with
potential confounding and heterogeneity across
populationst*® #! possibly through mechanisms
involving improved endothelial function and
reduced homocysteine levels®?. Additionally,
folate plays important roles in tumorigenesis,
inflammatory diseases, and immune function
regulation  through  modulation of DNA
methylation and inflammatory responsest??.
Folate deficiency is associated with impaired
immune cell function and elevated pro-
inflammatory cytokines (such as TNF-o and IL-
6)[=  effects that may influence multiple

physiological systems including bone
metabolism.
Current  Understanding of Folate-Zinc

Interactions

Despite the established importance of both folate
and zinc in pediatric growth and development,
research on their potential interactions remains
controversial and marked Dby significant
knowledge gaps. Early in vitro and in vivo studies
identified mutual inhibitory effects on intestinal
absorption between folate and zinc.Microbiome
and folate biosynthesis: Gut microbiota
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synthesize B vitamins, including folate, and can
contribute to colonic folate pools absorbed by the
host. This microbial contribution may compensate
for or interact with dietary Zn/FA status,
depending on microbial composition and
transporter expression in the colon. While these
processes are not strictly intestinal Zn-FA
transporters, they illustrate a broader network of
micronutrient processing in the gut that can
modulate systemic folate availability and
potentially intersect with Zn-dependent hepatic
and intestinal folate handling!®* %!, The intestinal
absorption system for FA (PCFT/RFC) and the
Zn transport system (ZIPs/ZnTs) operate in
different transporter families with distinct
regulatory controls, reducing the likelihood of a
simple, universal mutual inhibition mechanism,
though shared sensitivity to luminal conditions
and inhibitors can create context-dependent
effects®®

However, subsequent clinical studies have
challenged the significance of this mechanism.
For the general population, routine Zn and FA co-
supplementation is unlikely to produce
meaningful mutual inhibition; attention should be
given to overall dietary patterns that influence
both Zn and FA bioavailability (e.g., phytates,
calcium, organic acids) rather than assuming a
direct Zn—folate antagonism”. This discrepancy
between laboratory findings and clinical
observations suggests that folate-zinc interactions
may be modulated by multiple factors including
dosage, baseline nutritional status, and population
characteristics. Bariatric and gut microbiota-
focused reviews acknowledge that zinc status
interacts with gut function and that micronutrient
bioavailability can be altered by the gut
environment; these contexts can modulate zinc-
dependent folate processing and thus folate status
indirectly via absorption, transport, and
microbiota-mediated effects!?®*° a finding that
presents an interesting contrast to the
aforementioned inhibitory effects.

Collectively, current evidence suggests that the
folate-zinc relationship exhibits complexity and
bidirectional characteristics. Basic research
indicates competitive inhibition at the intestinal
absorption level, while epidemiological and
clinical study results demonstrate heterogeneity.
More  critically, existing  research  has
predominantly focused on adult or healthy
populations, with virtually no exploration of
folate-zinc relationships in pediatric populations
with special disease states such as rickets. Disease
conditions may alter micronutrient metabolism
and interaction patterns, yet this scientific
guestion remains systematically unanswered.

Research Significance and Innovation

Given the aforementioned knowledge gaps, this
study aims to systematically evaluate the
association between serum folate levels (exposure
variable) and serum zinc concentrations (outcome
variable) in children with rickets diagnosed
between January 1, 2022, and December 31,
2024, through a retrospective cross-sectional
design. This research holds substantial theoretical
and clinical significance. First, this study is the
first to focus on the specific disease population of
children with rickets, filling a critical gap in this
field and providing key evidence for
understanding  micronutrient interactions in
disease states. Second, through large-sample
analysis incorporating 1,440 cases, this study
provides quantitative assessment with high
statistical power. Third, we employed a multilevel
analytical strategy including progressive covariate
adjustment in multivariable regression models,
nonlinearity testing (generalized additive models
and restricted cubic splines), threshold effect
analysis, and subgroup analyses.  This
comprehensive methodological design enables
thorough characterization of complex folate-zinc
association patterns, revealing potential dose-
response relationships and effect modifiers.

The clinical implications of this research are
substantial.  If significant associations or
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interactions between folate and zinc are
confirmed, direct impacts on nutritional
management strategies for children with rickets
will ~ follow, including optimization of
micronutrient supplementation regimens,
avoidance of potential nutrient competition
effects, and development of individualized
nutritional intervention strategies. Furthermore,
the folate-zinc association patterns revealed by
this study may provide novel perspectives for
exploring  nutritional ~ factors in  rickets
pathogenesis, advancing deeper understanding of
bone metabolism and micronutrient network
regulation. From a public health perspective, the
research findings will provide evidence-based
guidance for comprehensive prevention and
control of micronutrient deficiencies in children,
contributing to optimized design of existing
nutritional intervention programs. In summary,
through rigorous epidemiological design and
innovative statistical analytical methods, this
study endeavors to provide high-quality scientific
evidence for nutritional management of childhood
rickets and contribute new knowledge to the
important scientific question of micronutrient
interactions.

Methods
Study Population

This retrospective cross-sectional study was
conducted at Shenzhen Children's Hospital
between January 1, 2022, and December 31,
2024, with follow-up extending until June 2025.
The study population comprised pediatric patients
diagnosed with rickets during the study period.
We hypothesized that folate levels would be
inversely  associated  with ~ serum  zinc
concentrations in  children  with  rickets,
independent of demographic factors. Eligible
participants were identified through the hospital's
electronic medical records system. The inclusion
criteria were: (1) children meeting the diagnostic
criteria  for rickets, defined by clinical
manifestations (skeletal deformities, growth

retardation) combined with biochemical evidence
(elevated alkaline phosphatase, abnormal calcium
and phosphorus metabolism) and radiological
findings consistent with rickets; and (2)
availability of complete clinical and laboratory
data, including serum folate and zinc
measurements. Exclusion criteria included: (1)
use of folate or zinc supplements within three
months prior to enrollment; (2) severe hepatic
dysfunction (defined as alanine aminotransferase
or aspartate aminotransferase levels exceeding
three times the upper limit of normal) or renal
insufficiency (defined as estimated glomerular
filtration rate <60 mL/min/1.73 m?); and (3)
missing data on either exposure or outcome
variables. Following application of these criteria,
a total of 1,440 children were included in the final
analysis. Clinical and laboratory data were
systematically extracted from electronic health
records by trained research personnel using
standardized data collection forms to ensure
consistency and accuracy.

Variables

The primary exposure variable was serum folate
concentration, measured at the time of initial
clinical evaluation using chemiluminescence
immunoassay (Roche Cobas €601, Roche
Diagnostics, Switzerland) with a reference range
of 3.0-17.0 ng/mL. Blood samples were collected
following an overnight fast (minimum 8 hours) to
minimize dietary interference. In the database,
folate was recorded as a continuous variable
(ng/mL). To explore potential dose-response
relationships and facilitate clinical interpretation,
folate was additionally categorized into tertiles
(low, middle, and high) based on the distribution
within the study population, allowing for non-
linear association assessment and enhancing the
robustness of findings across different analytical
approaches.

The outcome variable was serum zinc
concentration, measured concurrently with folate
using atomic absorption spectrophotometry
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(Hitachi  Z-5000, Hitachi High-Technologies
Corporation, Japan) with a normal reference
range of 3700-9300 pg/L  for pediatric
populations. Zinc was recorded in the database as
a continuous variable (ug/dL). The determination
of zinc levels was performed by laboratory
technicians who were blinded to the folate
measurements and clinical characteristics of the
participants, thereby minimizing measurement
bias. Quality control procedures included daily
calibration using certified reference materials and
participation in external quality assurance
programs.

Covariates included sex (male or female,
extracted from demographic records) and age at
enrollment. Age was categorized into tertiles
(low, middle, and high) to account for potential
age-related variations in micronutrient
metabolism and rickets pathophysiology. These
covariates were selected a priori based on
established literature  demonstrating  their
influence on both folate and zinc homeostasis in
pediatric populations. Sex-specific differences in
micronutrient requirements and age-dependent
changes in bone metabolism and nutritional status
justified their inclusion as potential confounders.

Missing data were minimal in this study.
Variables with missing values included folate
(n=15, 1.0%), zinc (n=12, 0.8%), and age (n=3,
0.2%). Given the low proportion of missingness
(<5% for all variables) and the retrospective
nature of the study, complete case analysis was
employed. Sensitivity analyses confirmed that the
exclusion of cases with missing data did not
materially alter the results or introduce significant
bias.

Ethics Statement

This study was conducted in accordance with the
principles of the Declaration of Helsinki and was
approved by the Ethics Committee of Shenzhen
Children's Hospital (approval number: SZMCH-
ECRA-LX-2025036). Given the retrospective

nature of this study, in which all data were
derived from existing medical records and patient
identifiers were fully anonymized prior to
analysis, the requirement for informed consent
was waived by the ethics committee. Stringent
measures were implemented to ensure patient
confidentiality, including secure data storage with
restricted access, use of unique study
identification codes, and adherence to institutional
data protection policies. All analyses were
performed on de-identified datasets, and no
individual patient information is presented in this
manuscript.

Statistical Analysis

Descriptive Statistics and Between-Group
Comparisons

Normally distributed continuous variables were
expressed as mean * standard deviation (SD),
while  non-normally  distributed  continuous
variables were presented as median (minimum,
maximum). Categorical variables were reported
as frequencies (percentages). Between-group
differences based on folate tertiles were assessed
using y* test for categorical variables, Student's t-
test for normally distributed continuous variables,
and Mann-Whitney U test for skewed continuous
variables.

Multivariable Analytical Strategy for Folate-
Zinc Association

To systematically evaluate the association
between folate and serum zinc concentrations, we
employed a progressive adjustment strategy with
three multivariable linear regression models.
Model 1 served as the crude model without
adjustment for any covariates. Model 2 adjusted
for sociodemographic variables (sex and age).
Model 3 further incorporated additional potential
confounders presented in Table 1 beyond those in
Model 2. By comparing effect estimates across
different adjustment strategies, we assessed the
robustness of our findings.

Nonlinearity Assessment and Threshold Effect
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Analysis

Considering potential nonlinear associations
between folate and zinc, we applied generalized
additive models (GAM) combined with smooth
curve fitting using the penalized spline method.
When significant nonlinearity was detected, we
calculated the inflection point using a recursive
algorithm and constructed a two-piecewise linear
regression model on both sides of the threshold.
Model fit was compared between the standard
linear model and the two-piecewise model using
the log-likelihood ratio test to determine which
approach better captured the true folate-zinc
relationship.

Subgroup Analysis and Effect Modification
Testing

Subgroup analyses were performed using
stratified linear regression models or generalized
additive models to identify potential effect
modifiers. When stratification variables were
continuous, they were first converted into
categorical variables according to clinical cut-
points or tertiles, followed by interaction testing.
The likelihood ratio test was employed to

evaluate effect modification by subgroup
indicators, exploring heterogeneity in the folate-
zinc association across different population
characteristics.

Sensitivity Analysis

To verify the reliability of our primary findings,
we conducted multiple sensitivity analyses. First,
folate was converted from a continuous to a
categorical variable (tertiles), and P for trend was
calculated to confirm the dose-response
relationship and observe potential nonlinear
patterns from an alternative  perspective.
Additionally, we compared results from complete
case analysis with those obtained using multiple
imputation for missing data.

All statistical analyses were performed using R
software (version 4.2.0,http://www.R-project.org,
The R Foundation). Two-sided P values <0.05
were considered statistically significant.

Results

Epidemiological analysis:Missing Case/Control
outcome, reset to cross-sectional study.

1. Characteristics of Study Population

Table 1. Characteristics of study population

Folate Tertile Low Middle High P-value
folate 6.2 £ 1.6ng/ml 11.6 £ 1.8ng/ml 23.4 £ 10.1ng/ml <0.001
Zinc 5049.0 £910.1ug/L | 4801.9 £ 995.8ug/L | 4547.8 + 962.3ug/L <0.001
PATIENT SEX 0.064
male 63.8 60.5 67.7

female 36.2 39.5 32.3

AGE tertile 0.761
Low 32.8 33.9 32.5

Middle 33.0 32.0 35.8

High 34.2 34.1 31.7

Baseline Characteristics

A total of 1,440 participants were included in this
cross-sectional study. Participants were stratified
into tertiles based on folate levels: low
(6.2+1.6ng/ml), middle (11.6+1.8ng/ml), and high
(23.4£10.1ng/ml). Zinc concentrations

demonstrated a decreasing trend across folate
tertiles, with mean values of 5049.0+910.1ug/L,
4801.9+£995.8ug/L, and 4547.8+962.3 pg/L in the
low, middle, and high tertiles, respectively
(P<0.001). The distribution of sex (P=0.064) and
age tertiles (P=0.761) showed no significant
differences among the three folate groups,
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indicating
characteristics.

comparable demographic

2. Univariate Associations with Zinc

Table 2. Univariate of analysis

Exposure Statistics Zinc

folate 13.8 + 9.4ng/ml -11.9 (-17.3, -6.6) <0.0001
folate Tertile

Low 473 (32.8%) 0

Middle 478 (33.2%) -247.1 (-368.8, -125.5) <0.0001
High 489 (34.0%) -501.2 (-622.2, -380.3) <0.0001
PATIENT SEX

male 922 (64.0%) 0

female 518 (36.0%) -170.7 (-275.7, -65.8) 0.0015
AGE tertile

Low 476 (33.1%) 0

Middle 484 (33.6%) 28.5 (-95.3, 152.3) 0.6516

High 480 (33.3%) 15.3 (-108.8, 139.3) 0.8093

In the univariate analysis, folate levels exhibited a
significant  inverse association with  zinc
concentrations. When treated as a continuous
variable, each unit increase in folate was
associated with an 11.9 pg/L decrease in zinc
levels (p=-11.9, 95% ClI: -17.3 to -6.6, P<0.0001).
The categorical analysis further demonstrated a
clear dose-response relationship: compared to the
low folate tertile, participants in the middle tertile
showed a 247.1 pg/L reduction in zinc (95% CI: -

368.8 to -125.5, P<0.0001), while those in the
high tertile exhibited a 501.2 pg/L decrease (95%
Cl: -622.2 to -380.3, P<0.0001). Female sex was
associated with lower zinc levels compared to
males (p=-170.7, 95% CI. -275.7 to -65.8,
P=0.0015), whereas age tertiles showed no
significant association with zinc concentrations
(P=0.6516 and P=0.8093 for middle and high
tertiles, respectively).

3. Stratified Analysis

Table 3. Stratified analysis

Sub-group N Zinc
X= folate
PATIENT SEX
male 922 -9.5 (-15.9, -3.1) 0.0037
female 518 -19.9 (-29.7, -10.2) <0.0001
AGE tertile
Low 476 -8.6 (-18.6, 1.4) 0.0917
Middle 484 -10.9 (-19.9, -1.8) 0.0191
High 480 -15.6 (-24.5, -6.8) 0.0006
X= folate Tertile
PATIENT SEX
male
Low 302 0
Middle 289 -246.6 (-402.2, -90.9) 0.0020
High 331 -487.0 (-637.5, -336.4) <0.0001
female
Low 171 0
CURRENT SCIENCE CS 6 (3), 6300-6320 (2026) | 6306
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Middle 189 -233.4 (-426.3, -40.5) 0.0181
High 158 -551.3 (-753.0, -349.6) <0.0001
AGE tertile
Low
Low 155 0
Middle 162 -225.4 (-437.3, -13.5) 0.0376
High 159 -377.8 (-590.7, -165.0) 0.0005
Middle
Low 156 0
Middle 153 -177.9 (-390.5, 34.7) 0.1017
High 175 -492.1 (-697.8, -286.3) <0.0001
High
Low 162 0
Middle 163 -331.4 (-539.6, -123.2) 0.0019
High 155 -633.1 (-844.0, -422.3) <0.0001

Stratified analyses were performed to examine
potential effect modifications by sex and age. The
inverse association between folate and zinc was
consistently observed across all subgroups but
varied in magnitude. When stratified by sex, the
negative association was more pronounced in
females (p=-19.9, 95% CI: -29.7 to -10.2,
P<0.0001) compared to males (p=-9.5, 95% CI: -
15.9 to -3.1, P=0.0037). Age-stratified analysis
revealed a trend toward stronger associations in
older age groups: low tertile (B=-8.6, 95% CI: -
18.6 to 1.4, P=0.0917), middle tertile (f=-10.9,
95% CI: -19.9 to -1.8, P=0.0191), and high tertile
(B=-15.6, 95% CI: -24.5 to -6.8, P=0.0006).

In the combined stratification by folate tertiles

and sex, the dose-response relationship remained
robust in both males and females. Among males,
compared to the low folate tertile, the middle and
high tertiles were associated with decreases of
246.6 pg/L (95% CI: -402.2 to -90.9, P=0.0020)
and 487.0 pg/L (95% CI. -637.5 to -336.4,
P<0.0001) in zinc levels, respectively. Similarly,
among females, the corresponding reductions
were 233.4 pg/L (95% CI: -426.3 to -40.5,
P=0.0181) and 551.3 pg/L (95% CI: -753.0 to -
349.6, P<0.0001). Notably, the magnitude of zinc
reduction in the high folate tertile was greater in
females than in males, suggesting potential sex-
specific differences in folate-zinc metabolism.

4. Multivariable Regression Analyses

Table 4. Regression analysis

Non-adjusted Adjust
folate -11.9 (-17.3, -6.6) <0.0001 -12.5 (-17.8, -7.1) <0.0001
folate Tertile
Low 0 0
Middle -247.1 (-368.8, -125.5) <0.0001 -240.5 (-361.8, -119.3) 0.0001

High -501.2 (-622.2, -380.3) <0.0001

-509.0 (-629.7, -388.4) <0.0001

Results in table: B (95%CI) P value / OR (95%CI)
P value

Outcomes: Zinc

Exposures: folate; folate Tertile

Adjust for: PATIENT_SEX (male, female); AGE
tertile (Low, Middle, High)

After adjusting for sex and age tertiles, the
inverse association between folate and zinc
remained statistically significant and largely
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unchanged. In the fully adjusted model treating
folate as a continuous variable, each unit increase
in folate was associated with a 12.5 pg/L decrease
in zinc levels (B=-12.5, 95% CI: -17.8 to -7.1,
P<0.0001). The categorical analysis also
confirmed the dose-response relationship:
compared to the low folate tertile, the adjusted B
coefficients for the middle and high tertiles were -
240.5 (95% CI: -361.8 to -119.3, P=0.0001) and -

5000

O
1

509.0 (95% CI: -629.7 to -388.4, P<0.0001),
respectively. These findings demonstrate that the
negative association between folate and zinc is
independent of sex and age, suggesting a robust
and  potentially  biologically = meaningful
relationship.

5. Non-linear Association between Serum
Folate and Iron Levels

Figurel. Non-linear dose-response relationship between serum folate and zinc concentration

Restricted cubic spline regression analysis
depicting the association between serum folate
levels (x-axis, pmol/L) and zinc concentration (y-
axis, nmol/L). The solid red line represents the
fitted smoothed curve, while the dotted blue lines
indicate the 95% confidence intervals. The rug
plot at the bottom shows the distribution of
participants across folate levels. The analysis
reveals a U-shaped non-linear relationship, with
zinc concentration declining from folate levels of
0-25 pumol/L (from approximately 5,300 to 4,100
nmol/L), reaching its minimum at 25-30umol/L,

and  subsequently increasing at folate
concentrations ~ >30umol/L.  The  narrow
confidence intervals across the observed range
indicate precise estimates. Non-linearity test
P<0.05, confirming that the linear model does not
adequately represent the complex micronutrient
interaction. This pattern suggests potential
biological interactions between folate and zinc
metabolism, with implications for nutritional
assessment and supplementation strategies in
clinical practice.

6. Threshold Analysis

Table 5. Threshold analysis

Outcome: Zinc
Model |
One line effect -12.5(-17.8, -7.1) <0.001
Model Il
Turning point(K) 18.4
< Keffect 1 -56.4 (-67.9, -44.9) <0.001
CURRENT SCIENCE CS 6 (3), 6300-6320 (2026) | 6308
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> K effect 2 18.7 (9.8, 27.7) <0.001
effect2-1 75.1 (57.5, 92.7) <0.001
Model fit value at K 4381.3 (4281.7, 4480.8)
LRT test <0.001

Results in table: B (95%CI) P value / OR (95%CI)
P value

Outcome: Zinc

Exposure: folate
Adjust for: PATIENT_SEX; AGE

Table 6. N used in the models

Outcome Exposure

N

Zinc folate

1440

Threshold Effect Analysis

Among 1,440 participants, we examined the
association between serum folate and zinc
concentration using both linear and two-piecewise
linear regression models, adjusted for sex and
age.

In the linear model (Model 1), serum folate
demonstrated a negative linear association with
zinc concentration, with each unit increase in
folate associated with a 12.5 nmol/L decrease in
zinc (= —12.5; 95% CI, —17.8 to —7.1; P <
0.001). However, the likelihood ratio test revealed
a statistically significant non-linear relationship,
suggesting the presence of a meaningful threshold
effect (LRT P < 0.001).

Accordingly, we fitted a two-piecewise linear
regression model (Model I1) that identified a
significant inflection point at serum folate 18.4
umol/L. Below this threshold (folate < 18.4
umol/L), each wunit increase in folate was
associated with a pronounced decrease in zinc
concentration (1= —56.4 nmol/L; 95% CI, —67.9
to —44.9; P< 0.001). Conversely, above the
threshold (folate > 18.4 umol/L), increasing folate
levels were associated with elevated zinc
concentration (B=18.7 nmol/L; 95% CI, 9.8 to
27.7; P<0.001). The difference in slopes between
the two segments was substantial (AR = 75.1;
95% CI, 57.5 to 92.7; P<0.001), indicating a

significant reversal of the folate-zinc relationship
at the identified threshold. The estimated zinc
concentration at the turning point was 4,381.3
nmol/L (95% Cl, 4,281.7 to 4,480.8).

The highly significant likelihood ratio test
(P<0.001) firmly established that the two-
piecewise linear model provided substantially
better model fit than the simple linear model,
confirming the presence of a clinically
meaningful threshold effect. These findings
suggest a complex, biphasic relationship between
folate and zinc metabolism, with the 18.4 umol/L
folate level representing a critical biological
threshold that fundamentally alters the direction
and magnitude of micronutrient interaction.

Clinical Implications

Below the threshold folate level, the strong
negative association (Bi=—56.4) may reflect
competitive intestinal absorption or altered zinc
transport mechanisms in states of folate
insufficiency. In contrast, above the threshold, the
positive association (B2 = 18.7) suggests that
adequate folate status may facilitate zinc
bioavailability or enhance zinc-dependent protein
synthesis. The substantial reversal of effect across
the threshold (75.1nmol/L difference) underscores
the importance of considering micronutrient
interactions within specific biochemical ranges
rather than assuming linear dose-response
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relationships. These observations warrant targeted
nutritional interventions stratified by baseline
folate status to optimize zinc homeostasis.

Discussion

In this large-scale retrospective cross-sectional
study involving 1,440 children with rickets, we
systematically evaluated the association between
serum folate levels (exposure variable) and serum
zinc concentrations (outcome variable). Through
multilevel analytical strategies, this study
revealed a striking finding: a significant nonlinear
relationship exists between folate and zinc. In the
simple linear model, each unit increase in folate
was associated with a 12.5 pg/L decrease in
serum zinc concentration (B= -12.5; 95% CI: -
17.8 to -7.1; P<0.001). However, threshold effect
analysis identified a critical biological inflection
point at serum folate 18.4 pumol/L. Below this
threshold (folate<18.4 umol/L), each unit increase
in folate resulted in a pronounced 56.4 nmol/L
decrease in zinc concentration (B= -56.4; 95% CI:
-67.9 to -44.9; P<0.001); above the threshold
(folate > 18.4 umol/L), this relationship reversed,
with each unit increase in folate associated with
an 18.7 nmol/L increase in zinc concentration (f3
= 18.7; 95% CI. 9.8 to 27.7; P<0.001). The
likelihood ratio test confirmed that the two-
piecewise linear model significantly outperformed
the standard linear model (P<0.001), indicating
the clinical meaningfulness of this biphasic
relationship. Notably, subgroup analysis revealed
that this association was more pronounced in
females (B= -19.9 vs. -9.5, females vs. males),
suggesting  potential  sex-specific metabolic
differences. These findings represent the first
documentation of complex folate-zinc interaction
patterns in pediatric populations with disease
conditions, providing critical evidence for
understanding micronutrient network regulation.

The negative association between folate and zinc
revealed in this study demonstrates important
consistency with early basic research findings.
Mechanistic ~ plausibility ~ for  zinc—folate

interactions is supported by multiple lines of
evidence: zinc-dependent processing steps for
folate, and transporter competition hypotheses at
absorption. However, human and population
studies show a more nuanced picture, with several
trials reporting neutral or modest effects of zinc
status or zinc supplementation on folate
biomarkers ~ under  certain  dietary and
physiological conditions.This suggests context
dependence, possibly moderated by baseline zinc
status, folate form (natural folates vs synthetic
folic acid), dietary inhibitors, phytates, and co-
nutrient interactions’?**Y. Ma et al. conducted a
randomized controlled trial investigating the
effect of folic acid on zinc absorption and
utilization by measuring serum zinc response
curves following a 25-mg oral zinc dose and fecal
zinc content in rats. This study similarly observed
that high-dose folic acid (800 pg/day for four
weeks) led to increased fecal zinc excretion and
decreased zinc retention™ *3. These classic
studies provide mechanistic support for the
negative folate-zinc correlation observed in our
study, suggesting that intestinal absorption
competition and complex formation may
represent important pathways leading to
decreased zinc concentrations. Notably, as a
large-sample (n=1,440) clinical retrospective
study, our research validated this association in
real-world children with rickets, offering stronger
clinical  representativeness and  population
specificity compared to previous studies that
predominantly focused on healthy adults or
animal models.

However, our findings diverge significantly from
several clinical intervention studies. Several
human studies and reviews show that folic acid
fortification or supplementation does not
consistently impair zinc status, though there are
reports of context-dependent interactions,
particularly with high-dose folic acid, pregnancy,
or inflammatory states; overall, the evidence base
supports a nuanced, non-universal interaction®
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3 Some studies consider different folate

vitamers (e.g., 5-MTHF) or microencapsulation
strategies; these differences could influence
stability during baking and absorption, potentially
modifying interactions with zinc in other
contexts, though direct evidence of such
interactions on zinc absorption remains limited™*
%1 This heterogeneity in research findings may
stem from multiple methodological differences.
First, study population characteristics differ
significantly: our study focused on children with
rickets, a disease state characterized by vitamin D
deficiency, calcium-phosphorus metabolic
disorder, and chronic inflammatory conditions,
pathological changes that may influence
micronutrient metabolism  through  multiple
pathways. Zinc serves as an essential cofactor for
vitamin D receptor (VDR) function, as the VDR
DNA-binding domain contains zinc finger
structures, and zinc deficiency affects VDR
structural  conformation and transcriptional
activity®”.  Amos and Razzaque, in their
comprehensive review, noted that a feed-forward
loop exists between zinc and vitamin D: zinc can
enhance vitamin D activities, while vitamin D
regulates zinc homeostasis by inducing zinc
transporters (such as ZnT10)®7. In the rickets
state, vitamin D deficiency may further
exacerbate zinc absorption and distribution
disorders by downregulating zinc transporter
expression, amplifying the folate-zinc competitive
effect. Second, our study employed a cross-
sectional observational design, evaluating the
natural association between folate and zinc in
disease states, whereas previous studies were
predominantly  short-term  (8-12  weeks)
supplementation intervention trials with relatively
physiological doses and healthy subjects
possessing stronger metabolic adaptive capacity.
Third, exposure and outcome measurement
methods differed: our study directly measured
serum folate and zinc concentrations, reflecting
true in vivo nutritional status, while intervention
studies primarily focused on post-

supplementation  absorption and metabolic
indicators, with these measurement dimensions
potentially capturing different levels of biological
effects.

Mechanistic interpretation of the nonlinear
biphasic relationship observed in our study holds
important clinical significance. In the low folate
concentration range (<18.4 pumol/L), folate and
zinc exhibited a significant negative correlation
(p=-56.4), which may primarily reflect
competitive inhibition mechanisms at the
intestinal absorption level: folate and zinc may
compete for the same or similar transporters, or
form chelate complexes in the acidic
gastrointestinal  environment, reducing zinc
bioavailability®®).  However, when folate
concentrations exceeded the threshold (>18.4
umol/L), the relationship reversed to a positive
correlation (P=18.7), a phenomenon that may
involve more complex metabolic regulatory
networks. Adequate folate levels may improve
zinc status through the following pathways: (1)
folate participates in DNA methylation and one-
carbon metabolism, and sufficient folate can
improve cellular redox balance, reducing
oxidative stress-induced disruption of zinc
homeostasis®®?; (2) folate, as a coenzyme,
participates in gene expression regulation of
multiple zinc-dependent  enzymes, and
appropriate folate concentrations may upregulate
expression of zinc transporters and zinc-binding
proteins; (3) in the rickets context, adequate folate
may indirectly promote zinc transport and
utilization by improving hematopoietic function
and immune status. This threshold effect suggests
that clinical micronutrient management requires
precise dose window control to avoid adverse
metabolic interactions caused by excessively high
or low doses. Through large-sample real-world
data, our study represents the first quantification
of this complex dose-response relationship in
children with rickets, providing critical reference
evidence  for  formulating  individualized
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nutritional intervention strategies.

The clinical value of this study is manifested at
multiple levels, providing important evidence-
based guidance for nutritional management of
childhood rickets. First, this study is the first to
reveal a nonlinear threshold effect between folate
and zinc in a large sample of children with
rickets, a finding that challenges the traditional
"one-size-fits-all*  paradigm of nutritional
supplementation and aligns with the current trend
of precision nutrition toward individualized
approaches*. Precision nutrition emphasizes a
shift from population-level recommendations to
biomarker-based and individual characteristic-
driven stratified management!*?!, and the 18.4
umol/L  threshold identified in our study
represents an important biological reference point
for such precision strategies. Specifically, when
children's serum folate concentrations fall below
18.4 umol/L, clinicians should be vigilant about
the potential negative impact of folate
supplementation on zinc status; it s
recommended to routinely assess zinc nutritional
status before initiating folate therapy and, when
necessary, adopt a time-separated
supplementation strategy for folate and zinc to
circumvent competitive inhibition at the intestinal
absorption level. Conversely, when folate levels
reach or exceed this threshold, moderate folate
maintenance may help improve zinc metabolism
and utilization, at which point combined
supplementation may be considered to achieve
synergistic  effects.  This  biomarker-based
stratified management model, compared to
empirical  supplementation  regimens, can
maximize therapeutic efficacy while minimizing
the risk of nutrient imbalance!?. Second, the sex-
specific differences observed in this study provide
clues for further refining intervention strategies,
as the negative folate-zinc correlation was more
pronounced in female patients, which is
consistent with literature reports of sex-specific
differences in  micronutrient metabolism[*],

suggesting that supplementation dosages or
monitoring frequencies may need to be adjusted
according to sex, although the physiological
mechanisms underlying this finding warrant
further investigation.

From a public health policy perspective, our
findings suggest that when formulating pediatric
micronutrient fortification programs, potential
interactions among multiple nutrients should be
comprehensively considered to avoid metabolic
disruption of other nutrients caused by excessive
fortification of a single nutrient™.  This is
particularly relevant in regions with high
prevalence of vitamin D deficiency diseases,
where integrated monitoring and intervention
systems for folate, zinc, and vitamin D should be
established, as these three nutrients exist in a
complex metabolic network: zinc serves as an
essential cofactor for vitamin D receptor (VDR)
function, and its deficiency affects VDR
structural  conformation and transcriptional
activity®™: while vitamin D regulates zinc
homeostasis by inducing zinc transporters (such
as ZnT10), forming a feed-forward loop!*!. In the
rickets state, vitamin D deficiency may further
exacerbate zinc absorption and distribution
disorders by downregulating zinc transporter
expression, amplifying the folate-zinc competitive
effect. Therefore, comprehensive nutritional
intervention strategies are more clinically rational
than single nutrient supplementation.

The methodological innovation of this study also
holds important reference value. By combining
linear regression, generalized additive models,
and threshold effect analysis in a multilevel
statistical ~ strategy, complex dose-response
relationship patterns can be comprehensively
captured. This analytical framework can be
extended to other micronutrient interaction
studies, providing valuable methodological
guidance for the field of nutritional epidemiology.
However, we acknowledge the limitations of this
study. As a cross-sectional observational design,
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it cannot establish causality and lacks direct
measurement of intestinal absorption, tissue
distribution, and pharmacokinetic parameters.
Future research should employ prospective cohort
designs or intervention trials incorporating
continuous serological monitoring, dietary intake
assessment, and genetic polymorphism analysis to
elucidate the temporal relationships of folate-zinc
interactions and the genetic basis of individual
variability. Particularly worth exploring is the
modifying effect of folate metabolism enzyme
gene polymorphisms (such as MTHFR C677T) on
this association*, as this polymorphism affects
folate metabolism enzyme activity and folate
distribution, potentially further modulating the
intensity of folate-zinc interactions. Mechanistic
studies should explore changes in zinc transporter
expression (such as ZIP and ZnT families) at
different folate concentrations*”! to reveal the
molecular basis of the biphasic relationship
observed in our study. Additionally, multicenter,
multi-ethnic validation studies will help assess the
external validity and generalizability of our
findings®. In conclusion, through rigorous
epidemiological design and innovative statistical
analysis, this study provides novel insights into
micronutrient network regulation in disease states.
Its clinical translational value lies in promoting
the evolution of rickets nutritional management
from empirical approaches toward precision-
based and individualized strategies, ultimately
improving treatment outcomes and growth
trajectories in affected children.

This study possesses several notable strengths that
provide high-quality scientific evidence for
investigating the association between folate and
zinc in children with rickets. First, the study
included a large sample of 1,440 children with
rickets, a sample size substantially larger than
comparable studies, ensuring adequate statistical
power to detect complex associations between
micronutrients and enhancing the reliability and
stability of subgroup analyses and threshold effect

testing. Second, this study is the first to focus on
the specific disease population of children with
rickets, filling a critical gap in previous research
that predominantly concentrated on healthy adults
or animal models, thereby providing unique
insights into  alterations in  micronutrient
metabolic networks under disease conditions and
offering significantly superior clinical
representativeness and generalizability compared
to traditional basic research. Third, regarding
study design, we strictly adhered to STROBE
guidelines  for standardized reporting of
retrospective cross-sectional studies, ensuring
research transparency and reproducibility. Both
the exposure variable (serum folate) and outcome
variable (serum zinc concentration) were
measured using standardized laboratory methods:
folate was assessed by chemiluminescence
immunoassay (Roche Cobas e601) and zinc
concentration by atomic absorption
spectrophotometry  (Hitachi ~ Z-5000), both
representing gold standard techniques for clinical
micronutrient detection with high sensitivity and
accuracy; furthermore, the laboratory participated
in external quality assurance programs, ensuring
measurement reliability and cross-laboratory
comparability. Fourth, the data analysis strategy
demonstrated high statistical rigor and innovation
through a multilevel, progressive analytical
framework: we employed a three-tier covariate
adjustment strategy in linear regression models
(Model 1: unadjusted; Model 2: adjusted for
demographic  variables; Model 3: further
incorporating other potential confounders) to
systematically evaluate the independence and
robustness of the folate-zinc association; we
applied generalized additive models (GAM)
combined with restricted cubic splines for
nonlinearity  testing, objectively identifying
complex dose-response patterns; we used
recursive algorithms to determine inflection
points and constructed two-piecewise linear
regression models for threshold effect analysis,
comparing model fit through likelihood ratio tests
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and scientifically quantifying the critical
biological threshold of 18.4 pmol/L; we
conducted sex- and age-stratified subgroup
analyses to explore effect modifiers and
population heterogeneity; and we converted folate
from a continuous to a categorical variable
(tertiles) for trend testing, verifying the robustness
of dose-response relationships from different
perspectives. This comprehensive analytical
strategy not only thoroughly characterized the
association features between folate and zinc but
also provided a methodological exemplar for the
field of nutritional epidemiology. Fifth, data
quality control measures were comprehensive,
with minimal missing data proportions (folate
1.0%, zinc 0.8%, age 0.2%), and sensitivity
analyses confirmed that exclusion of missing data
did not materially influence results, ensuring the
internal validity of study conclusions. Sixth, the
nonlinear biphasic relationship and sex-specific
differences revealed in the study results possess
important biological plausibility, resonating with
previous mechanistic research on micronutrient
intestinal absorption competition and metabolic
regulatory networks, thereby enhancing the
credibility and explanatory power of the findings.
Finally, this study not only reported statistical
significance but, more importantly, provided
precise effect estimates and 95% confidence
intervals, enabling clinicians and nutritionists to
accurately assess the actual magnitude of folate's
impact on zinc status, which holds direct practical
guidance value for formulating individualized
nutritional intervention strategies and conducting
risk assessments. In summary, through large
sample size, special disease population,
standardized measurements, multilevel statistical
analysis, and rigorous quality control, this study
contributes  high-quality,  highly  credible
evidence-based medical evidence to the field of
micronutrient interactions.

Despite the aforementioned strengths, this study
has several noteworthy limitations that warrant

careful consideration when interpreting the
results. First, this study is a single-center
retrospective cross-sectional study, with all data
derived from Shenzhen Children's Hospital,;
consequently, the external wvalidity and
generalizability of the findings are limited, and
validation through multicenter, multi-regional
studies is necessary to assess the reproducibility
and stability of our findings across different
medical institutions, geographic environments,
and socioeconomic contexts. Second, the study
population predominantly comprises Chinese
children, and given potential ethnic differences in
genetic background, dietary patterns,
micronutrient  metabolism  enzyme  gene
polymorphisms (such as MTHFR C677T), and
disease spectrum, caution should be exercised
when applying these findings to other racial or
geographic populations (such as European,
African, or Latin American children); validation
studies in diverse ethnic populations are
recommended to confirm the cross-population
generalizability of the association. Third, as an
observational study design, this investigation can
only detect statistical associations between serum
folate levels and serum zinc concentrations but
cannot establish  causality; although we
strengthened the robustness of the association
through multilevel covariate adjustment and
sensitivity analyses, potential reverse causation
(i.e., zinc status influencing folate metabolism) or
residual confounding cannot be entirely excluded,
and future prospective cohort studies or
randomized controlled intervention trials are
needed to verify causal direction and mechanistic
pathways. Fourth, this study could only adjust for
measurable confounding factors (including sex
and age) but could not control for unmeasured
potential confounders such as dietary intake
patterns, gut microbiome composition,
inflammatory status, genetic polymorphisms,
medication history, and vitamin D
supplementation status; these factors may
simultaneously influence serum concentrations of
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both folate and zinc, potentially leading to
overestimation or underestimation of the true
association;  although  sensitivity  analyses
demonstrated some robustness of results, the
impact of residual confounding should be
addressed in future studies through more
comprehensive variable collection and statistical
control. Fifth, according to the inclusion and
exclusion criteria, this study excluded children
who had used folate or zinc supplements within
three months prior to enrollment; therefore, the
results cannot be directly extrapolated to children
with rickets receiving nutritional supplementation
therapy, as the folate-zinc interaction patterns in
this population may be altered by exogenous
supplementation and require dedicated
interventional research ~ for  elucidation.
Additionally, this study excluded children with
severe hepatic dysfunction (defined as alanine
aminotransferase or aspartate aminotransferase
levels exceeding three times the upper limit of
normal) and renal insufficiency (defined as
estimated glomerular filtration rate <60
mL/min/1.73 m?); while these exclusion criteria
enhanced the internal validity of the study, they
also limited the applicability of findings to
children with comorbid major organ dysfunction,
as hepatic and renal abnormalities may
significantly affect micronutrient absorption,
distribution, metabolism, and excretion, thereby
altering folate-zinc association patterns. Sixth,
this study lacked direct measurement of intestinal
absorption, tissue distribution, and
pharmacokinetic parameters, relying solely on
single-point  serological testing to reflect
nutritional status, which cannot capture dynamic
changes in micronutrient metabolism and time-
dependent characteristics across individuals;
future research should incorporate continuous
monitoring, dietary assessment, fecal excretion
analysis, and isotope tracing methods to more
comprehensively reveal the biological
mechanisms of folate-zinc interactions. Seventh,
this study did not collect data on genetic

polymorphisms (such as folate metabolism
enzyme MTHFR and zinc transporter ZIP/ZnT
families), precluding exploration of the modifying
effects of genetic variation on the folate-zinc
association, which may be key to explaining inter-
individual variability and sex-specific effects.
Finally, due to the inherent limitations of
retrospective study design, data quality depends
on the completeness and accuracy of original
medical records; although missing data
proportions were minimal and sensitivity analyses
demonstrated robust results, measurement error,
recording bias, and selective healthcare-seeking
behavior may exert some influence on study
conclusions. In summary, future research should
employ prospective multicenter cohort designs,
include multi-ethnic populations, collect more
comprehensive confounding factors (including
diet, genotype, gut microbiota, and metabolic
indicators), integrate mechanistic experimental
studies, and conduct stratified analyses for special
subgroups (such as  those receiving
supplementation therapy and those with hepatic or
renal dysfunction) to further validate and deepen
the findings of this study.

Conclusion

A nonlinear, biphasic relationship exists between
folate and zinc in children with rickets, with a
threshold at 18.4 umol/L. These findings suggest
precision nutrition strategies should consider
baseline folate status when managing zinc
homeostasis in rickets.
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Author Summary
Why was this study done?

Micronutrient interactions in disease states are
poorly understood, especially between folate and
zinc. Early experiments suggested competitive
absorption, but clinical evidence is inconsistent
and mainly from healthy adults. No data existed
for children with rickets, who have disturbed bone
and mineral metabolism. This study aimed to
clarify the folate—zinc relationship in this
vulnerable group.

What did the researchers do and find?

In a retrospective cross-sectional study of 1,440
children with rickets from Shenzhen Children’s
Hospital, serum folate and zinc were measured
and analyzed using multivariable regression,
generalized additive models, splines, and
threshold analysis. They found a nonlinear,
biphasic association with a turning point at 18.4
umol/L: below it, higher folate strongly decreased
zinc; above it, folate was positively associated
with zinc, with stronger effects in girls.

What do these findings mean?

These results indicate folate and zinc interact in a
complex, dose-dependent way in children with
rickets, challenging simple linear assumptions.
Baseline folate status should be considered when
planning folate and zinc supplementation, and sex
differences may require tailored strategies. The
findings support moving toward precision,
biomarker-guided nutritional management in
pediatric rickets.
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