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Abstract

Homocysteine (Hcy), a sulfur-containing amino acid, is produced in prodigious
quantities by the methionine cycle in the liver. Hcy is the major biomarker for
cardio-vascular disorders and is associated with many other diseases. In previous
work, we have explained why menstruating women have lower serum homocyste-
ine than men due to higher concentrations of estradiol. In this study, we first present
epidemiological evidence from NHANES data that synthetic estradiol supplementa-
tion lowers serum Hcy in post-menopausal women, but raises Hcy in pre-menopausal
women. Secondly, we give an explanation of this puzzling phenomenon using pre-
viously developed mathematical models of one-carbon and glutathione metabolism.
The simulation analysis demonstrated that the non-monotonic response of glutathi-
one to rising estradiol levels may account for the differing Hcy responses to estra-
diol supplementation in postmenopausal versus premenopausal women, through
activation of cystathionine -synthase, a key enzyme regulating tissue homocysteine
levels. Our findings further highlight the importance of considering menopausal status
and synthetic hormone use when evaluating the health effects of homocysteine.

Introduction

Homocysteine (Hcy) is a sulfur-containing amino acid produced via demethylating
methionine, an essential amino acid derived from dietary protein. Since the late
1960s, the adverse health effects of elevated homocysteine have been recognized
[1]. Elevated homocysteine contributes to cellular dysfunction and disease through
several mechanisms; it increases oxidative stress and inflammation, damages
endothelial cells, reduces nitric oxide availability, impairs vasodilation and enhances
the conversion of homocysteine into highly reactive homocysteine thiolactone, which
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promotes the homocysteinylation of cellular proteins resulting in protein misfolding,
aggregation, and loss of function, ultimately leading to cellular dyshomeostasis [2].

Elevated serum Hcy is associated with a wide range of disease conditions, includ-
ing cardiovascular disease, atherosclerosis, cognitive dysfunction, cancers, and
nonalcoholic fatty liver disease (NAFLD) [3—7]. Hcy is produced in the methionine
cycle, where it can be remethylated to methionine, converted to thiolactone, or sent
down the transsulfuration pathway toward glutathione by the enzyme cystathionine
beta-synthase (CBS). These reactions are influenced by key nutrients such as
vitamins B, B,,, B (folate), and betaine. Furthermore, the sex hormones influence
the activity of many enzymes in folate, methionine and glutathione metabolism. This
contributes to variations in serum Hcy levels within a population. For instance, serum
homocysteine levels are typically higher in men than in women, in older individuals,
and in postmenopausal than in premenopausal women [8,9]. Due to the many differ-
ent effects of sex hormones on these complicated pathways, it is difficult to infer what
the effects of supplemental estradiol will be.

This study has two parts. In the first part, we conduct an epidemiological anal-
ysis of synthetic hormone use on serum Hcy levels in pre-menopausal and post-
menopausal women using NHANES data. Our analysis reveals differential effects
of synthetic female sex hormones on serum Hcy levels in pre-menopausal versus
post-menopausal women. Postmenopausal women using synthetic hormones had
lower Hcy levels after use, while premenopausal women using synthetic hormones
had higher Hcy levels after use.

In the second part, we use established mathematical models to explain the mecha-
nistic reasons for these puzzling epidemiological results. Our mathematical models are
based on the underlying physiology of the relevant biochemical pathways, assuming
Michaelis-Menten kinetics with parameters determined from the literature. They have
been validated by comparison with a large amount of experimental and clinical data.

In previous work, we have explained why women have lower Hcy than men [10], the
effects of oral contraceptives and B-vitamins on Hcy levels [11], and why women have
higher glutathione than men [12]. In this study we use the mathematical model in Cruik-
shank et al. [12], with minor modifications to explain the epidemiological results above.

Because of the widespread use of synthetic estrogen, especially for women near and
after menopause, it is important to women’s health to understand the effects of synthetic
hormones on the underlying biochemical pathways in the body. In particular, under-
standing the impact of synthetic hormones on serum Hcy levels in women at different
stages of the reproductive lifecycle is crucial for safety assessments, particularly in
individuals with certain comorbidities. Our study contributes to the understanding of the
effects of synthetic estrogen use on Hcy. We suggest that the effects of estrogen supple-
mentation on other metabolites and pathways are an important field for future research.

Results
Clinical characteristics of the study population

Characteristics of the study population are summarized in Table 1. The mean
age and BMI were 49 +20 years and 28.6 + 7.1 kg/m?, respectively. Half of the
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Table 1. The associations of population characteristics, serum homocysteine and serum cofactors with menopausal status.

Summary statistics Pre-menopausal Post-menopausal p-value#
(N=9,047) (N=4,505) (N=4,542)
Age, years 48.7+20.0 31.9+9.8 65.3 12.0 <0.0001
Race/ethnicity, % <0.0001
Non-Hispanic White 48.2% 40.6% 55.7%
Non-Hispanic Black 21.0% 23.9% 18.3%
Mexican American 22.7% 26.5% 19.0%
Other Hispanic 4.4% 5.0% 3.7%
Other races/multiracial 3.6% 4.0% 3.3%
BMI, kg/m2 28.6+7.1 28.1+7.4 29.1+6.7 <0.0001
Serum homocysteine, pmol/L* 7.3[6.0,9.3] 6.4[5.4,7.6] 8.6 [7.0, 10.8] <0.0001
Serum vitamin B12, pg/ml* 482 [359, 653] 463 [353, 611] 506 [364, 695] <0.0001
Serum vitamin B6, nmol/L* 37.8[21.1,70.2] 33.6[19.4, 56.9] 44.0[23.2, 88.9] <0.0001
Serum folate, ng/ml* 12.5[8.9, 17.9] 11.0 [8.0, 14.7] 14.9[10.2, 21.3] <0.0001
MASLD, %** 58.9% 46.3% 71.1% <0.0001
Post-menopausal women, % 50.2% - -
Synthetic hormone use, % 14.1% 10.2% 17.9% <0.0001
Estrogen alone 7.0% 1.4% 12.6%
Progesterone alone 0.7% 0.9% 0.5%
Combination 6.3% 7.9% 4.8%

#: p-values from student-t tests for numeric variables and chi-square tests for categorical variables. *: Due to their skewed data distributions, data are

presented as median [25™, 75"] and analyzed by Wilcoxon rank sum tests.

**: Metabolic dysfunction associated steatotic liver disease (MASLD) was defined by fatty liver index (FLI) of 30 or higher. Of note, 4,945 subjects
(54.8%) had missing data required to compute the FLI.

https://doi.org/10.1371/journal.pone.0338505.t001

female participants were postmenopausal at the time of the survey. Forty-eight percent were non-Hispanic White,
20% non-Hispanic Black, and 22.7% Mexican American. The mean serum homocysteine level was 8.3 +4.7 ymol/L.
Fourteen percent of the female participants reported synthetic hormone use in the month prior to the survey date.
There were significant differences in population characteristics, serum homocysteine levels, and serum cofactors
between premenopausal and postmenopausal women, aside from age (Table 1). Premenopausal women had a higher
prevalence of racial minorities, lower BMI, lower serum homocysteine levels, and lower serum cofactor levels compared to
postmenopausal women. Postmenopausal women reported higher use of synthetic hormones, primarily estrogen alone,
reflecting the common formula for hormone replacement therapy.
There were also missing data for serum vitamin measurements, including 123 for vitamin B12, 4,690 for vitamin B6,

and 93 for folate.

Approximately 55% of the population had missing data required to compute the FLI and were excluded from the modeling
analyses that adjusted for covariates. Comparisons of relevant characteristics between participants with and without FLI data
are provided in S1 Table. The two populations are similar in demographic data, BMI, the prevalence of postmenopausal women,
and the rate of synthetic hormone use; however, serum homocysteine and cofactor levels were statistically higher in the popula-
tion without FLI (i.e., population excluded from multivariable analyses), though the differences were clinically insignificant.

The associations between serum homocysteine and synthetic estrogens and progesterone use among adult

women

The bivariate associations between serum homocysteine levels and synthetic hormone use categories are summarized in
Table 2. In the overall population, there was a significant association between serum homocysteine levels and synthetic
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Table 2. The bivariate association between serum homocysteine levels and synthetic hormone use.

Overall Premenopausal women Postmenopausal women
N Serum Hcy N Serum Hcy N Serum Hcy
Synthetic hormone use P<0.0001 P=0.362 P<0.0001
None 7776 7.3[6.0,9.4] 4045 6.4 [5.4,7.6] 3731 8.9[7.2,11.2]
Estrogen alone 637 7.5[6.4,9.3] 64 6.7 [5.5, 8.0] 573 7.6 6.5, 9.4]
Progesterone alone 62 6.7 [5.5,9.0] 41 6.5[5.3,7.9] 21 7.415.8,9.8]
Combination 572 6.7 [5.7, 8.0] 355 6.3[5.4,7.3] 217 7.4[6.4,8.9]

https://doi.org/10.1371/journal.pone.0338505.t002

hormone use categories (p<0.0001). Interestingly, the observed associations differed between pre- and postmenopausal
women (p=0.362 and p<0.0001, respectively). Among postmenopausal women, those not using synthetic hormones had
the highest serum homocysteine levels, whereas, in premenopausal women, those not using synthetic hormones had
lower serum homocysteine levels compared to women using estrogen alone.

To further characterize the associations and potential effect modification by menopausal status, we performed
multiple linear regression models adjusting for potential confounders. The results of the multiple linear regression
models, both with and without adjustment for confounders, are summarized in Table 3. Due to significant missing FLI
data, all modeling analyses were performed on the subpopulation with available FLI data (N=4,093). After adjusting
for age, race/ethnicity, and MASLD status (i.e., FLI category), synthetic estrogen use was differentially associated
with serum homocysteine levels in pre- and postmenopausal women. Among premenopausal women, those using
estrogen alone had higher serum homocysteine levels, whereas postmenopausal women using estrogen alone had
lower serum homocysteine levels compared to those not using synthetic hormones. Specifically, premenopausal
women using estrogen alone had a higher serum homocysteine by an average of 1.15+0.53 ymol/L compared to
serum homocysteine in those not using synthetic hormones, while postmenopausal women using estrogen had a
lower serum homocysteine by an average of -0.86 +0.33 pmol/L. Progesterone alone appears to have no significant

Table 3. The association between serum homocysteine levels and synthetic hormone use with and without adjusting for other confounders in
multiple linear regression models.

N Unadjusted Adjusted
B*SE P-value BxSE P-value

Premenopausal women
Synthetic hormone use

None 1808 - -

Estrogen alone 30 0.59+0.44 0.176 1.15+£0.53 0.028

Progesterone alone 17 0.06+0.54 0.909 0.27+0.69 0.698

Combination 161 -0.41+0.19 0.031 -0.35+0.24 0.147
Postmenopausal women
Synthetic hormone use

None 1673 - -

Estrogen alone 276 -1.49+0.23 <0.0001 -0.86+0.33 0.0096

Progesterone alone 15 -1.62+1.14 0.155 -0.35+1.31 0.787

Combination 113 -2.06+0.36 <0.0001 -1.33+£0.50 0.0076
*: the multiple linear regression models were adjusted for age, race/ethnicity, and FLI categories (MASLD yes vs. no).
https://doi.org/10.1371/journal.pone.0338505.t003
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effect on serum homocysteine levels, regardless of menopausal status. However, postmenopausal women using
combined hormones showed a much lower serum homocysteine (-1.33£0.50 pmol/L) compared to those not using
synthetic hormones, a difference larger than that observed for estrogen alone (-0.86 +0.33 ymol/L), suggesting a
potential synergistic effect.

Simulation analyses: investigating the dichotomy observed in the association between serum homocysteine
levels and synthetic hormone use in pre- and post-menopausal women

Using our mathematical model, we explain why estrogen supplementation increases homocysteine levels in premeno-
pausal women but decreases them in postmenopausal women as seen in the data analysis above. Fig 1 shows a
simplified regulatory diagram of the methionine cycle and the glutathione pathway. It should be noted that the other
outputs of the methionine cycle including the polyamine pathway, and various other substrates/enzymes that are
included in our mathematical model are not shown here. Only the elements that are relevant to the explanation of our
results are shown in Fig 1. Importantly, progesterone inhibits, and estradiol stimulates GPX activity and estradiol also
stimulates GCL and CBS. In addition, GSH stimulates CBS activity and inhibits its own production by decreasing the
activity of GS and GCL. Despite these complications, the mathematical model allows us to understand the effects of
estrogen supplementation.

The changes in Hcy and GSH concentrations after estradiol supplementation in premenopausal and postmenopausal
women are shown in Fig 2. Notice that the GSH curve in panels C and D does not monotonically increase with estradiol.
Instead, GSH increases until it reaches a maximum and then decreases. To understand this non-monotone behavior of

Methionine
Input

Enzyme color
\ 4

Met — SAM

A

E2 Increases Activity

P4 Decreases and
E2 Increases Activity

Hey +—— SAH

CBS

A 4

Cystathionine

"CTGL Bl GS L_§
Cys ———>Glut-Cys —> GSH ___ GSSG
GR

Fig 1. Regulatory reaction diagram for glutathione and one-carbon metabolism. Substrates are indicated by bold lettering. Each black arrow rep-
resents a biochemical reaction and next to some are the acronyms of the enzymes that catalyze the reactions. The yellow highlighted names indicate the
enzymes that are upregulated by estradiol and the blue highlighted name indicates that GPX is upregulated by estradiol and downregulated by proges-
terone. The green arrow from GSH signifies that GSH stimulates CBS. The red arrows from GSH signify that GSH inhibits GCL and GS. Many reactions
and mechanisms that are present in the mathematical model are not shown in this simplified diagram. Substrate abbreviations: Met, methionine; SAM,
S-adenosylmethionine; SAH, S-adenosylhomocysteine; Hcy, homocysteine; Cys, Cysteine; Glut-cys, glutamyl-cysteine; GSH, glutathione; GSSG, gluta-
thione disulfide; E2, estradiol; P4, progesterone. Enzyme Abbreviations: CBS, cystathionine -synthase; CTGL, y-cystathionase; GCL, y-glutamylcysteine
synthetase; GS, glutathione synthetase; GPX, glutathione peroxidase; GR, glutathione reductase.

https://doi.org/10.1371/journal.pone.0338505.9001
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Fig 2. Hcy and GSH with estradiol supplementation in premenopausal and postmenopausal women. Model predictions of Hcy variation as
estradiol increases in premenopausal and postmenopausal women are plotted in panels A and B, respectively. Model predictions of GSH variation as
estradiol increases in premenopausal and postmenopausal women are plotted in panels C and D, respectively. Estrogen supplementation is indicated by
the colored arrows in each figure. See the Methods for a discussion of the values for estradiol chosen to represent estradiol supplementation. The black
GSH curve in panels C and D comes from [12].

https://doi.org/10.1371/journal.pone.0338505.9002

GSH, it is crucial to consider that there are two incoming fluxes to GSH, GS and GR, and two outgoing fluxes, GPX and
a large flux out into the blood (not shown in Fig 1). At steady state, the incoming fluxes must balance the outgoing fluxes.
When estradiol is low, the GS flux rises more rapidly than the GPX flux as estradiol increases, pushing GSH up. Then,

as GSH starts to inhibit its own synthesis, GS flux increases more slowly while the GPX flux continues to increase at
roughly in proportion to estradiol, so the GSH curve starts to level off and eventually reaches a peak. Then, as estradiol
levels increase even further, the increased GPX flux dominates as the GS flux increases ever more slowly and eventually
declines. This behavior of the GS flux is caused by the competition between the higher inhibition of GS and GCL by GSH
and the higher stimulation of GCL by estradiol. The Hcy level depends on the level of GSH since GSH activates CBS
(see Fig 1). Now, at steady state the flux into the methionine cycle must approximately equal the flux out via CBS, since
the polyamine pathway and other outputs drain little mass from the cycle relative to CBS. So, when GSH increases and
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stimulates CBS, Hcy decreases, which allows the CBS flux to remain unchanged. Similarly, when GSH decreases and the
stimulation of CBS decreases, Hcy increases to keep the CBS flux unchanged. This relationship explains the shape of the
GSH and Hcy curves as estradiol levels rise. The average estradiol concentration is 0.4368 nM in premenopausal women
and the GSH level is near the maximum of the GSH curve. Thus, estradiol supplementation causes GSH to decrease and
Hcy to increase in premenopausal women. Conversely, since the average estradiol concentration is 0.09nM in postmeno-
pausal women, the GSH level is very low (see panel D in Fig 2). Thus, estradiol supplementation causes GSH to increase
and therefore Hcy to decrease in postmenopausal women as discussed in the previous section and shown in Tables 2 and 3.

Fig 3 shows the relative Hcy and GSH levels, computed with the mathematical model, in premenopausal and post-
menopausal women without any hormone therapy, and with estradiol and/or progesterone supplementation. In premeno-
pausal women, estradiol or estradiol + progesterone supplementation leads to an increase in Hcy and a decrease in GSH.
In postmenopausal women, the same supplementation causes a decrease in Hcy and an increase in GSH. Following the
above reasoning, this can be attributed to the fact that GSH levels do not increase monotonically with estradiol; instead,
GSH rises to a peak and then declines as estradiol continues to increase. Since GSH stimulates CBS, as we explained
above, this results in an opposite effect on Hcy. Additionally, since progesterone does not significantly alter GPX activity,
we see the same results in estradiol + progesterone supplementation as with estradiol supplementation only. It's important
to note that progesterone supplementation alone does not significantly affect GSH or Hcy levels in either group, as pro-
gesterone does not substantially influence GPX activity. This is consistent with the statistical data on the effects of proges-
terone supplementation reported above in the previous section (see Tables 2 and 3).

This analysis draws on two key concepts discussed in previous papers [10—14]. First, the flux out of the methionine
cycle via CBS is approximately equal to the input of methionine from the blood. This is because the other outputs of
the methionine cycle, e.g., the polyamine pathway, extract relatively little mass compared to CBS. Therefore, if CBS is
activated (e.g., by GSH), at steady state the homocysteine concentration will drop so that the flux through CBS remains
approximately the same. Conversely, if CBS is inhibited then, at steady state, the homocysteine concentration will rise so
that the CBS flux remains approximately the same. The second key concept, demonstrated in [12], is that an increase in
estrogen from typical low male levels to average female levels causes an increase in the level of glutathione. However,
above a certain threshold, increasing estradiol actually decreases glutathione levels because of the feedback inhibition
on its own synthesis. Both concepts are crucial for understanding why estrogen supplementation raises Hcy for premeno-
pausal women and lowers Hcy for postmenopausal women.

Discussion

Using data from a large general population survey, we demonstrated that synthetic hormone use was significantly asso-
ciated with serum homocysteine levels in a menopausal-state-specific manner. Specifically, premenopausal women
using synthetic estrogen alone had higher serum homocysteine levels compared to those not using synthetic hormones,
whereas postmenopausal women using synthetic estrogen alone had lower levels. This suggests that the effect of estro-
gen on serum homocysteine levels varies depending on menopausal status. Progesterone alone had no significant effect
on serum homocysteine levels, regardless of menopausal status.

Our mathematical model reveals the mechanism behind the differences in Hcy levels in pre- and post-menopausal
women following estrogen supplementation. Specifically, we find that variations in GSH levels drive the differences in the
responses of Hcy to estradiol supplementation in these groups. As estrogen levels rise, GSH increases to a peak and
then declines. This pattern is significant because GSH activates CBS, the enzyme that sends Hcy down the transsulfura-
tion pathway. Since CBS flux is approximately constant, its activation must lower Hcy levels, and CBS inhibition must raise
Hcy levels. In pre-menopausal women, where baseline estrogen is higher, additional estrogen reduces GSH and raises
Hcy levels. Conversely, in post-menopausal women with lower baseline estrogen, supplementation raises GSH levels,
leading to a decrease in Hcy.
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in premenopausal and postmenopausal women are plotted in panel B. See the Methods for a discussion of the values for estradiol and progesterone
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Estrogens exert a wide range of effects in humans. Notably, synthetic estrogens have been linked to vitamin B6 metab-
olism and altered tryptophan metabolism, which relies on vitamin B6 [15]. Existing epidemiological data suggest that
current low-dose oral contraceptives (Ocs) may negatively affect vitamin B6 status [16]. Additionally, a previous clinical
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study [17] showed that oral estradiol reduced both plasma homocysteine and vitamin B6 levels in postmenopausal
women. In our extended analysis using NHANES data, the inclusion of serum vitamin B, in the model changed the effect
size of synthetic estrogens on serum homocysteine levels—reducing the effect in premenopausal women and increasing
it in postmenopausal women by approximately 15%. This indicates that about 15% of the estrogen-induced rise in serum
homocysteine in premenopausal women may be explained by the interaction between estrogen and vitamin B,. Similarly,
around 15% of the estrogen-driven reduction in homocysteine in postmenopausal women may be influenced by this inter-
play. Further studies are needed to confirm this hypothesis.

Despite the elevated serum homocysteine levels among premenopausal women, the clinical significance of this
elevation remains uncertain. Notably, serum homocysteine levels were significantly higher in postmenopausal than in pre-
menopausal women, regardless of estrogen use (data not shown). Previous analyses demonstrated that higher serum
homocysteine was associated with increased hepatic fibrosis risk among MASLD patients, but only in men and postmeno-
pausal women, not premenopausal women [18]. Our extended NHANES analysis showed that a history of cardiovascular
disease was more common among postmenopausal women, with a lower prevalence among those using estrogens, whereas
no association between estrogen use and cardiovascular disease history was observed among premenopausal women (data
not shown). These findings suggest that the health impact of elevated homocysteine and synthetic estrogen use may differ by
age, sex, menopausal status, or target organ, and further studies incorporating these factors are warranted.

Our study has several limitations that warrant cautious interpretation of the data. First, our epidemiological analysis
was cross-sectional, based on existing US general population data from NHANES. As such, it addresses associa-
tions between outcomes and predictors at the time of the survey but does not establish causality. While the observed
effect of estrogens on serum homocysteine levels in postmenopausal women has been validated in a clinical trial [17],
this has not been investigated among premenopausal women. Based on our simulation analysis, further studies are
warranted to investigate the effects of estrogens on serum homocysteine in premenopausal women, accounting for
different doses and interactions with serum vitamin B,. Additionally, to adjust for the potential contribution of MASLD to
serum homocysteine levels, we included a variable created using the FLI, an established measure incorporating BMI,
waist circumference, serum triglycerides, and serum GGT [19]. However, no direct assessment of hepatic fat accu-
mulation or diagnosis was available in our analysis, which may have introduced misclassification. Our mathematical
model is based on the underlying physiology, but no model can encompass the entirety of biological complexity. The
parameters and kinetic constants in our model come from experimental data in the literature when present. Even so,
the mathematical model incorporates simplifications. The amount of estradiol produced during the menstrual cycle
varies a lot in different women. In our statistical analysis and mathematical model, we assume a fixed estrogen level
for simplicity as estrogen status is unknown in the NHANES study.

Despite the above limitations, this study has several important clinical and scientific implications. First, although hor-
mone replacement therapy is linked to lower serum homocysteine levels in postmenopausal women, our NHANES data
analysis is the first to show that synthetic estrogens may raise serum (and possibly tissue) homocysteine levels in pre-
menopausal women, suggesting potential negative effects for women with elevated homocysteine conditions. Second,
using a mathematical model for GSH metabolism, we showed that the effects of supplemental estrogen on pre- and
post-menopausal women could be explained by the activation of CBS by GSH and the nonmonotonic behavior of the
GSH curve as a function of estrogen. For the full model, see Cruikshank et al. [12] and the methods of this paper. Such
interdisciplinary efforts may facilitate scientific discovery and aid in establishing individualized patient care by addressing
key puzzling biological observations. Lastly, our findings underscore the importance of considering reproductive status
in biomedical research. The need to account for sex differences and variations in physiological hormone levels due to
reproductive status, genetic variants, and pathological conditions has become increasingly recognized. Given the strong
regulation of one-carbon metabolism by sex hormones, future research on homocysteine metabolism should be designed
with these factors in mind.
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Methods
Epidemiological analysis

Data source and study design. We utilized data from the National Health and Nutrition Examination Survey
(NHANES) for the years 1999-2006, during which serum homocysteine measurements were available for participants.
We conducted a cross-sectional analysis to examine the association between serum homocysteine levels and self-
reported use of synthetic female sex hormones (e.g., estrogen and progesterone) at the time of the survey. Female
respondents were classified into premenopausal and postmenopausal for this analysis.

Study population. Among a total of 41,474 respondents to the survey conducted between 1999 and 2006, we
selected 11,858 female subjects aged 18 or older, of whom 10,186 had available serum homocysteine data. Female
participants who were pregnant at the time of the survey were excluded. The final study cohort included 9,047 female
participants, who comprised our study population (Fig 4).

Serum homocysteine data were available from survey records between 1999 and 2006, which defined the source of the
study population. After excluding children, adolescents, adult males, participants without available serum homocysteine
levels, and women who were pregnant at the time of the survey, we identified 9,047 adult female participants as our study
population.

Classification of menopausal status and synthetic hormone use

The study cohort was further divided into premenopausal and postmenopausal women based on self-reported reproduc-
tive information or a history of bilateral oophorectomy. In cases where no menopausal information was available, the age
51 years, an average age at menopause in the United States [20], were used as the cutoff between pre-and postmeno-
pausal women. Synthetic hormone users were identified using medication tables, which contains all the medications taken

41,474 respondents to the survey of
1999 to 2006

— 18,850 Children and adolescents

— 10,766 male adults (age at screening of 18 years or older)

A

11,858 female respondents aged 18
years or older at the survey

— 1,672 (14%) had no serum homocysteine

4

10,186 adult female had available
serum homocysteine data

—> 1,139 (1.6%) were pregnant at the time of survey

[ Study population (N=9,047)]

Fig 4. The algorithm to define the study population.

https://doi.org/10.1371/journal.pone.0338505.9004
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during a one-month prior to the survey date. Participants were classified into four categories: estrogen alone, progester-
one alone, estrogen/progesterone combination, and no hormone use for the analysis.

Other study variables

Demographic data, BMI, serum homocysteine, serum vitamin B,,, B, and folates were retrieved from the NHANES
database for our analysis. Serum homocysteine levels have been associated with metabolic dysfunction-associated
steatotic liver disease (MASLD), previously known as nonalcoholic fatty liver disease (NAFLD)v[6]. Given that
approximately one-third of the adult population in the U.S. is affected by this condition [21,22], we computed a

fatty liver index (FLI) [19] and classified the population as either MASLD-negative (defined as probability <30%)

or MASLD-positive or indeterminate (probability of>=30%) using a cut-off value of 30, which was considered as a
covariate in the analysis.

Statistical analyses

Data are presented as mean + SD for continuous variables and percentage for categorical/ranked variables. The primary
study outcome was serum homocysteine, and synthetic hormone use was the primary predictor in the analysis. The asso-
ciations between serum homocysteine levels and synthetic hormone use (estrogen alone, progesterone alone, estrogen/
progesterone combination, and no hormone use) were analyzed in the overall population and in the subgroups by meno-
pausal status, using ANOVA and multiple linear regression models, adjusting for relevant covariates. All the statistical
analyses were performed using JMP® Pro (version 17.2.0, SAS, Cary, NC).

Human Subjects
The DUHS IRB Board declared this study exempt from IRB review.

Simulation analysis

Mathematical model. To evaluate the impact of synthetic hormones on serum homocysteine levels among pre- and
post-menopausal women, we used mathematical models simulating the complex regulation of one-carbon metabolism
and its peripheral pathways, developed by Michael Reed, H. Frederik Nijhout, and Allison Cruikshank [10—12]. For this
particular study, we use the mathematical model in Cruikshank et al. [12] so that we can calculate Hcy concentrations in
response to various levels of estrogen and progesterone.

Progesterone and estradiol levels. In our model, the estradiol concentration is 0.4368 nM for premenopausal
women and 0.09nM for postmenopausal females [23]. The progesterone levels during a 28 day menstrual cycle are
taken from [24]. To obtain the average progesterone level, we first used Matlab’s spline function to obtain a time
dependent progesterone curve and then calculated the average value of that curve. The progesterone concentration
for the average woman is 12.5257 nM. For postmenopausal women, we take the average progesterone concentration
to be 0.318nM [25].

Progesterone and Estradiol Effect on GPX. Fig 1 shows a simplified diagram of the full model. Multiple studies
have shown that progesterone decreases GPX activity or GPX enzyme concentrations in vitro [26—28]. In [26], rat hepatic
stellate cells were treated with estradiol (E2) or progesterone (P4) for 24 hours in vitro, and found that progesterone had
a smaller effect on GPX activity than estradiol. For example, a 100 nM dose of estradiol increased GPX activity by 140%
and a 100nM dose of progesterone deceased the activity of GPX by 25%. Thus, in our model the strength of estradiol
activation on GPX is larger than the progesterone inhibition on GPX. In [12], we used a linear increasing function of
estradiol for the effect of estradiol on GPX. To make this model more biologically realistic, we here use a Michaelis-Menten
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function that saturates at high estradiol levels. Taken from the experimental literature, the parameter values were fitted to
represent an 80% increase in activity between males and females.

. o _ 27(E2-0.09) .
E2 activation of GPX (multiplies Vmax) : 1 + 1 + (E2-0.09) (E2 is in nM)
P4 inhibition of GPX (multiplies Vmax) : 1 0.3(P4-0.318) (P4 is in nM)

70 + (P4-.318)

E2 Effect on GCL. In [12], we used a linear increasing function of estradiol for the effect of estradiol on GCL. To make
this model more physiological, we have changed this function to be a Michaelis-Menten function such that it saturates
at high estradiol levels. We chose the parameter values that represent an 80% increase in activity between males and
females as is the consensus in the literature.

25.77(E2-0.09)
10.8 + (E2-0.09)

E2 activation of GCL (multiplies Vmax) : 1 + (E2 is in nM)

GSH Effect on CBS. The authors in [29] found that glutathionylation of CBS increases its activity. Thus, we added the
activation of glutathione via CBS. It takes a Michaelis-Menten function form:

Vimax * CgShH

Kmil, + cgsht’

GSH forcing on CBS (multiplies Vmax) : 1+

where V__ =.4,K =6000, H=10.

Estrogen and Progesterone Supplementation. Estrogen and progesterone supplementation is assumed to
increase estradiol and progesterone levels by a factor 1.5. There are numerous papers that measure serum hormone
levels after different kinds of hormone therapy in premenopausal and postmenopausal women [30-33]. Since we did
not know the dose or the method of hormone therapy in the women in those studies, we chose a 150% increase that
represents an average of the data in the literature for supplementation. Thus, for postmenopausal females, the baseline
estradiol concentration is 0.09nM and estradiol supplementation increases these levels 1.5-fold to 0.2250nM. The
baseline progesterone concentration is 0.318nM and progesterone supplementation increases this concentration 1.5-
fold to 0.7950nM. Similarly, for premenopausal females, the baseline estradiol concentration is 0.4368 nM and estradiol
supplementation increases this concentration 1.5-fold to 1.0920 nM. The baseline progesterone concentration is
12.5257 nM and progesterone supplementation increases this concentration 1.5-fold to 31.3143 nM.

Supporting information

S$1 Table. Supplemental Table. There were missing data: Vitamin B6 (N=4690), vitamin B12 (N=123), and serum folate
(N=93). Serum vitamin B6 was only available from the survey 2003-2004.
(DOCX)

S2 Code. Model Code.
(PDF)

S3 Data. NHANES Data.
(XLSX)
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