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BACKGROUND AND AIMS: Elevated hepatic homocysteine
(Hcy) contributes to hepatic inflammation and fibrogenesis in
metabolic dysfunction-associated steatotic liver disease
(MASLD). We aimed to evaluate the association between
serum Hcy levels and the risk of MASLD and hepatic fibrosis in
a large, diverse population, accounting for clinical confounders
and effect modifiers such as sex and reproductive status.
METHODS: We analyzed 1999-2006 National Health and
Nutrition Examination Survey data for 8253 adults (>18
years) without hepatitis B/C, excessive alcohol use, or preg-
nancy. MASLD was defined using the fatty liver index (>30),
and fibrosis risk was assessed using age-adjusted Fibrosis-4
and nonalcoholic fatty liver disease fibrosis score among
MASLD subjects (N = 5328). Associations between serum Hcy
and MASLD/fibrosis risk were evaluated using multivariable
linear regression adjusting for confounders, with stratification by
sex and menopausal status. RESULTS: Serum Hcy levels were
higher among those with MASLD (fatty liver index >30), though
the association was attenuated after covariate adjustment.
Among MASLD individuals, those at higher fibrosis risk (based on
Fibrosis-4 or nonalcoholic fatty liver disease fibrosis score) had
significantly elevated Hcy levels. This association remained sig-
nificant in men and postmenopausal women, but not in pre-
menopausal women. CONCLUSION: Elevated serum Hcy is
independently associated with hepatic fibrosis risk in MASLD,
particularly in men and postmenopausal women. These findings
underscore the importance of accounting for sex and menopausal
status in future Hcy-lowering interventions targeting MASLD.
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Background

etabolic dysfunction-associated steatotic liver
disease (MASLD), formerly known as nonalco-
holic fatty liver disease (NAFLD), is an increasingly

significant public health concern, affecting approximately
25% of the global adult population and 30% of the adult
population in the United States.' This burden is projected
to rise further due to the growing prevalence of obesity and
other metabolic risk factors. Currently, therapeutic options
remain limited, highlighting the urgent need for effective,
safe, and affordable treatments that can be widely applied
across diverse patient populations.

Homocysteine (Hcy) is an amino acid derived from
methionine, an essential sulfur-containing amino acid.
Elevated Hcy in the tissue contributes to cellular dysfunc-
tion by promoting oxidative stress, inflammation, and
endothelial damage, reducing nitric oxide availability, and
impairing vasodilation.”® Hcy is also converted into a
highly reactive compound, Hcy thiolactone, which modifies
proteins through homocysteinylation (ie, protein adducts).®
This process leads to protein misfolding, aggregation, and
loss of function, disrupting cellular homeostasis.” In
experimental models of diet-induced fatty liver, hepatic Hcy
accumulation in the liver promoted inflammation and
fibrosis by homocysteinylating key proteins, including
STX17, a regulator of autophagy and lysosomal function.”
In contrast, supplementation with vitamin B12 and folate
reduced hepatic homocysteinylated proteins (eg, STX17),

Abbreviations used in this paper: BMI, body mass index; FIB-4, Fibrosis-4;
FLI, fatty liver index; Hcy, homocysteine; IQR, interquartile range; MASLD,
metabolic dysfunction-associated steatotic liver disease; NAFLD,
nonalcoholic fatty liver disease; NFS, NAFLD fibrosis score; NHANES,
National Health and Nutrition Examination Survey; PPI, proton pump in-
hibitors; RBC, red blood cell; SD, standard deviation.
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restored autophagy, and improved liver inflammation and
fibrosis.® A recent population-based cohort study further
demonstrated a direct association between baseline serum
Hcy levels and the incidence of liver-related outcomes in
patients with NAFLD.” These findings provide strong evi-
dence supporting a mechanistic role for elevated tissue Hcy
and suggest the therapeutic potential of Hcy-lowering in-
terventions in MASLD.

However, whether elevated Hcy contributes to MASLD
progression across different sexes and reproductive statuses
remains unclear. One-carbon metabolism, the primary
pathway regulating tissue Hcy levels, is influenced by sex
hormones and exhibits sex-specific differences in enzyme
activity.'”"" Moreover, MASLD pathobiology is significantly
influenced by sex and sex hormones, as extensively
reviewed in the literature.'>'® Therefore, both serum and
tissue Hcy levels, as well as their impact on MASLD and liver
fibrosis, may differ by sex and menopausal status. To guide
future clinical trials targeting Hcy reduction in MASLD, it is
essential to understand these differences.

This study aimed to assess the association of serum Hcy
levels with the risk of MASLD and MASLD-related fibrosis
in a large, diverse population, accounting for clinical con-
founders and potential effect modifiers such as sex and
reproductive status. The overarching goal was to inform
the selection of target populations and study designs for
future Hcy-lowering intervention in MASLD.

Methods
Data Source and Population

The analysis utilized data from the National Health and
Nutrition Examination Survey (NHANES) from 1999 to 2006,
during which serum Hcy levels were measured and data were
made available. A total of 41,474 respondents participated in
the survey during this period. The study included adults over
the age of 18 years who did not have hepatitis B or C infections
and who did not exhibit excessive alcohol consumption (ie,
fewer than 7 servings per week for women and fewer than 14
servings per week for men). Participants were excluded from
the study if female respondents were pregnant or if serum
Hcy levels or data necessary to calculate the fatty liver index
(FLI) were missing.'* The final study cohort included 8253
respondents, of whom 5328 had MASLD (see Figure). This
study utilized a publicly available, deidentified dataset. The
study protocol was reviewed by the Duke Institutional Re-
view Board, which determined that it qualified for exemption
under Category 4 (IRB Protocol #Pro00112702, January 30,
2023).

Study Design

We conducted a cross-sectional analysis to examine the
associations between serum Hcy levels and the presence of
MASLD and MASLD-related fibrosis, adjusting for age, sex,
race/ethnicity, and menopausal status among women. We also
explored potential effect modification to determine whether
these associations varied by age, sex, or menopausal status.
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Study Outcomes

The primary study outcome was serum Hcy level in
micromole/L. Serum Hcy was measured as part of the NHANES
study, which was assessed using a fluorescence polarization
immunoassay (https://wwwn.cdc.gov/nchs/data/nhanes/
public/2005/labmethods/hcy_d_met.pdf).

Study Predictors

The primary predictors are (1) the presence of MASLD in
the overall population and (2) hepatic fibrosis among those
with MASLD. We used 3 validated noninvasive indices, FLI,
Fibrosis-4 (FIB-4) index,'®'® and NAFLD fibrosis score
(NFS),"” to define these predictors. FLI estimates the likelihood
of MASLD based on 4 metabolic parameters: body mass index
(BMI), waist circumference, triglyceride, and gamma-glutamyl
transferase.'* It has been widely used as a surrogate marker
for fatty liver in epidemiological studies. The study population
was categorized into 3 MASLD categories based on the likeli-
hood of fatty liver (ie, FLI): low (<30), intermediate (>30 and
<60), and high (>60)."* For the purpose of analysis, those in
the intermediate and high FLI groups were considered as
having MASLD.

FIB-4 and NFS are noninvasive indices used to estimate the
degree of liver fibrosis.'°"'” Both equations include age as a
variable and are known to potentially overestimate hepatic
fibrosis in older individuals.'® To address this, we applied age-
adjusted cutoffs to define hepatic fibrosis among those with
MASLD. For FIB-4, we used a threshold of >1.3 for participants
under 65 years and >2.0 for those aged 65 or older.'® For NFS,
we used cutoffs of >-1.455 for individuals under 65 years and
>0.12 for those aged 65 or older.'®

Other Study Variables

Other variables were also obtained from the NHANES data-
base, including age, sex, race/ethnicity, comedications, pregnancy,
synthetic sex hormone use, and menopausal status. Menopausal
status was classified as either premenopausal or postmenopausal.
This classification was based on self-reported history of bilateral
oophorectomy or the age of menopause. When such information
was unavailable, an age cutoff of 51 was used as a proxy, as this
age represents the average age at menopause in the United
States.'? Serum cofactor levels (vitamin B12, vitamin B9/folate,
and vitamin B6/pyridoxal 5'-phosphate) were also extracted from
the database and included in the analysis to assess their associ-
ations with MASLD and hepatic fibrosis.

Proton pump inhibitors (PPIs) and metformin have been
associated with serum vitamin B12 deficiency,®*' raising
concerns about potential confounding effects. We also ob-
tained data on the use of these medications to account for
them in our analysis.

Statistical Methods

Data are presented as mean =+ standard deviation or me-
dian with interquartile range for continuous variables and as
percentages for categorical or ordinal variables. Clinical char-
acteristics of the study population were compared across
MASLD categories and MASLD fibrosis categories using anal-
ysis of variance or t-tests for all the analyses, relying on the
central limit theorem. Tukey’s post hoc tests were used to
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| 41,474 respondents to the survey of 1999 to 2006 |

l—‘ 18,850 children and adolescents

| 22,624 respondents aged 18 years or older at the survey

l—’ 3,115 (14%) had no serum Hcy

| 19,509 respondents who had available serum Hcy |

—> Hepatitis B, Hepatitis C, and excess alcohol use
(>30g/day for men or >20g/day for women) (N=1,564)"

No available data for any of the FLI computation (N=9,692)*

MASLD (FLI >=30, N=5,328) vs. control (FLI <30 N=2,925)

Associations of serum Hey with MASLD

—— Controls (N=2925)
— No available data for any of the FIB-4/NFS computation (N=19)

Figure. Algorithm used to define the

MASLD with FIB-4 (N=5,309)

study cohort. See Methods for details.
*Numbers are not mutually exclusive.

Associations of serum Hcy with FIB-4/NFS

explore significant pairwise comparisons. Multiple linear
regression models were used to adjust for covariates and
assess interactions, with serum Hcy as the outcome variable.

As a post hoc analysis, we conducted a multiple linear
regression among men, including an interaction term between
age >50 years and MASLD fibrosis category in addition to the
covariates, with serum Hcy as the outcome.

All statistical analyses were conducted using JMP Pro
software (version 17.2.0, SAS Institute, Cary, NC).

Results
Clinical Characteristic by MASLD Categories

Clinical characteristics of the study cohort are summa-
rized in Table 1. A total of 8253 participants were included
in the analysis, with a mean age of 46 4+ 20 years; 53.1%
were female. Participants self-identified as 28.3% Hispanic,
20.4% non-Hispanic Black, 47.6% non-Hispanic White, and
3.7% multiracial or from other racial backgrounds.

Based on the FLI, 35.4% of the participants were catego-
rized as having low MASLD likelihood, 22.6% as intermediate
likelihood, and 41.9% as high likelihood. Higher FLI categories
were associated with older age, a greater proportion of men
and postmenopausal women, higher BMI and waist circum-
ference, and more frequent use of metformin and PP],
compared to the low FLI category (Table 1). Regarding co-
factors, serum vitamin B6, folate, and red blood cell (RBC)
folate were significantly associated with the FLI categories;
however, no clear linear trend was observed, except for RBC
folate, which was higher in the categories with higher FLI.

The Associations of Serum Hcy With MASLD
Categories and Potential Confounders

Median serum Hcy levels demonstrated an increasing
trend across MASLD categories (median [interquartile
range]: 7.1 [5.8-8.8] umol/L in the low-likelihood group,
7.8 [6.2-9.7] umol/L in the intermediate group, and 7.9

[6.4-9.8] umol/L in the high-likelihood group; P < .0001)
(Table 2).

Serum Hcy was also significantly associated with all
analyzed potential confounders, except for serum vitamin
B6 (Table 2). Of note, serum vitamin B6 data were sub-
stantially limited in this cohort, with missing values in
46.7% of the cohort, requiring cautious interpretation.
Median serum Hcy levels increased incrementally across
age quartiles (P < .0001 for all quartile comparisons,
Tukey’s post hoc test). This trend remained evident when
the analysis was stratified by sex (Table A1). Men exhibited
higher median serum Hcy levels than women (8.4
[7.0-10.2] pumol/L vs 6.8 [5.4-8.6] umol/L, P < .0001).
Postmenopausal women had levels comparable to males (8.3
[6.8-10.3] umol/L), whereas premenopausal women had
significantly lower levels (5.8 [4.7-7.1] umol/L). In terms of
race/ethnicity, Hispanic individuals had lower serum Hcy
levels compared to non-Hispanic White and non-Hispanic
Black individuals (P < .0001, Tukey’s post hoc test), while
individuals identifying as other/multiracial had lower levels
compared to non-Hispanic White individuals (P = .049,
Tukey’s post hoc test). Regarding blood cofactors, serum Hcy
was significantly associated with serum vitamin B12, folate,
and RBC folate (P < .0001, analysis of variance), with the
highest serum Hcy levels consistently observed in the lowest
quartiles of these cofactors.

Association Between Serum Hcy and MASLD
Categories With and Without Adjusting for Cova-
riates and Disparities by Sex/Menopause
Categories

Unadjusted and adjusted associations between serum
Hcy and MASLD categories are summarized in Table 3. In
the unadjusted analysis, higher FLI groups were associated
with significantly higher mean serum Hcy levels compared
to the low FLI group, with estimated mean differences of
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Table 1. Clinical Characteristics of the Study Population by MASLD Categories

Intermediate

Overall Low likelihood likelihood High likelihood
population (FLI< 30) (FLI >30, <60) (FLI >60) P value

N (%) 8253 (100%) 2925 (35.4%) 1867 (22.6%) 3461 (41.9%)
Age, y (mean + SD) 46.3 + 20. 39.5 + 20.2 50.0 + 20. 50.1 +18.3 <.0001
Female sex, N (%) 4379 (53.1%) 1745 (59.7%) 978 (52.4%) 1656 (47.9%) <.0001
Sex/menopausal categories <.0001

Premenopausal women, N (%) 2442 (29.6%) 1200 (41.0%) 483 (25.9%) 759 (21.9%)

Postmenopausal women, N (%) 1937 (23.5%) 545 (18.6%) 495 (26.5%) 897 (25.9%)

Men, N (%) 3874 (46.9%) 1180 (40.4%) 889 (47.6%) 1805 (52.2%)
Race/ethnicity <.0001

Hispanic, N (%) 2339 (28.3%) 737 (25.2%) 553 (29.6%) 1049 (30.3%)

Non-Hispanic Black, N (%) 1681 (20.4%) 640 (21.9%) 339 (18.2%) 702 (20.3%)

Non-Hispanic White, N (%) 3931 (47.6%) 1414 (48.3%) 904 (48.4%) 1613 (46.6%)

Other race/multiracial, N (%) 302 (3.7%) 134 (4.6%) 71 (3.8%) 97 (2.8%)
BMI, kg/m? (mean =+ SD) 283+ 6.4 229 + 2.7 271+ 2.7 33.5+ 5.9 <.0001
Waist circumference, cm (mean + SD) 96.7 £ 15.8 81.7 £ 7.7 95.1 £6.2 110.3 £ 12.0 <.0001
Serum B12, pg/ml (median [IQR]) 465 [351-615] 487 [367-646] 462 [351-606] 448 [337-592] .3812
Serum B6, nmol/L (median [IQRY]) 42.3 [23.9-75.5] 43.2 [24.4-74.8] 45.0 [25.0-82.3] 40.8 [22.9-72.3] .010
Serum folate, ng/ml (median [IQR]) 11.9 [8.5-16.9] 11.7 [8.5-16.6] 12.6 [8.9-17.8] 11.7 [8.4-16.7] <.0001
RBC folate, ng/ml (median [IQR]) 266 [206-352] 245 [192-326] 278 [213-361] 280 [214-465] <.0001
Metformin use, N (%) 304 (3.7%) 26 (0.9%) 55 (3.0%) 223 (6.4%) <.0001
PPl use, N (%) 519 (6.3%) 96 (3.3%) 117 (6.3%) 306 (8.8%) <.0001

Data are presented as mean + SD or median (25th, 75th percentile), depending on the data distribution. Missing values
include vitamin B12 (n = 55), vitamin B6 (n = 4322), serum folate (n = 20), RBC folate (n = 24). P values were obtained from

ANOVA.
IQR, interquartile range; SD, standard deviation.

0.75 £ 0.12 pmol/L for the intermediate group and 0.84 £+
0.10 umol/L for the high group. However, this association
was no longer evident after adjusting for covariates,
including age, sex, menopausal status, and race, with age
showing the most substantial confounding effect (Table 3).

Interestingly, association between serum Hcy and
MASLD categories differed significantly by sex/menopause
status (Table 3). Among men and postmenopausal women,
unadjusted analysis showed elevated serum Hcy in higher
FLI groups vs the low FLI group. In contrast, among pre-
menopausal women, higher FLI groups were associated
with lower serum Hcy levels, demonstrating an opposite
trend. After adjusting for covariates, the association was no
longer present among men. However, among post-
menopausal women, the highest FLI group remained
significantly associated with elevated serum Hcy compared
to the low FLI group (mean difference: 0.55 £+ 0.27 umol/L,
P = .042). In premenopausal women, the inverse associa-
tion persisted, showing significantly lower Hcy levels
observed in the higher FLI groups (Table 3). A significant
interaction between FLI category and sex/menopause sta-
tus was observed, both with and without adjustment for
age and race/ethnicity (P < .0001).

Clinical Characteristics by MASLD Fibrosis Risk

Clinical characteristics of the MASLD cohort (ie, inter-
mediate and high likelihood of MASLD or FLI > 30),

stratified by hepatic fibrosis risk using FIB-4 are summa-
rized in Table 4. A total of 5309 participants were classified,
with 85.9% categorized as the low risk and 14.1% as the
intermediate or high risk for hepatic fibrosis. All the
analyzed characteristics, except waist circumference, serum
vitamin B12, and metformin use, differed significantly by the
fibrosis risk categories. Individuals categorized in the higher
fibrosis risk group were older; more likely to be men or
postmenopausal women; less likely to be Hispanic and more
likely non-Hispanic White; had slightly lower BMI; higher
serum Hcy levels; higher serum vitamin B6, folate, and RBC
folate; and were more likely to use PPL Using NFS, 70.3%
and 30% were classified as low and intermediate or high
risk, respectively (Table A2). Individuals in the higher
fibrosis risk group were older; more likely postmenopausal
women; less likely to be Hispanic and more likely non-
Hispanic White/Black; had higher BMI and waist circum-
ference; higher serum Hcy levels; higher serum folate, and
RBC folate; and were more likely to use metformin and PPI.

Association Between Serum Hcy and the MASLD
Fibrosis Risk Categories With and Without Co-
variate Adjustment, and Disparities by Sex/
Menopausal State Categories

As stated above, serum Hcy levels were consistently
higher in the intermediate- and high-risk groups compared
to the low-risk group across both fibrosis assessment tools.
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Table 2. Associations of Serum Hcy With MASLD Categories, Demographics, Menopausal Status, Comedications, and

Blood Cofactors

Number of participants

Serum homocysteine, umol/L P value

Age categories

Q1:18-28y 2035
Q2: 29-43 y 1990
Q3: 44-62 y 2096
Q4: 63 y or older 2132

<.0001
6.3 [5.1-7.6]
6.8 [5.5-8.2]
7.9 [6.7-9.5]
9.7 [8.0-11.7]

Sex/menopausal categories

Premenopausal women 2442
Postmenopausal women 1937
Men 3874

<.0001
5.8 [4.7-7.1]
8.3 [6.8-10.3]
8.4 [7.0-10.2]

Comedications

PPI no 7734
PPI yes 519
Metformin no 7949
Metformin yes 304

7.5 [6.1-9.4] <.0001
8.8 [7.1-10.8]
7.5 [6.1-9.4] .0004
8.3 [6.7-10.4]

Data are presented as median (25th, 75th percentile). Numeric variables were categorized into quartiles. Missing data
included serum vitamin B12 (n = 55), serum vitamin B6 (n = 4322), serum folate (n = 20), and RBC folate (n = 24). P values
were obtained from ANOVA.
Q, quartile.

Unadjusted and adjusted mean differences in serum Hcy by
FIB-4 fibrosis risk categories are summarized in Table 5. In
unadjusted analysis, individuals in the intermediate- or
high-fibrosis risk group had, on average, 2.4 umol/L higher
serum Hcy levels than those in the low-risk group (P <
.0001). This association remained significant even after
adjusting for age, sex, menopausal status, and race/

ethnicity, with an adjusted mean difference of 0.64 +
0.17 umol/L (P = .0002), suggesting an independent as-
sociation between serum Hcy and MASLD fibrosis risk.
Similar findings were observed when fibrosis risk was
categorized using the NFS; after adjustment for covariates,
the mean difference in serum Hcy was 0.34 £+ 0.13 umol/L
(P =.008) (Table A3).
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Table 3. Association Between Serum Hcy and the MASLD Categories, With and Without Covariate Adjustment, and

Stratified by Sex and Menopausal Status to Assess Effect Modification

Total population (N = 8253)

Premenopausal
women (N = 2442)

Postmenopausal

women (N = 1937)  Men (N = 3874)

Unadjusted Adjusted Adjusted Adjusted Adjusted
FLI categories
Low likelihood - - - - -
Intermediate likelihood 0.75 + 0.12 —0.16 £+ 0.11 —0.60 £+ 0.13 0.38 + 0.31 —0.07 £ 0.17
P < .0001 P =.151 P < .0001 P =.216 P = .699
High likelihood 0.84 + 0.10 —0.17 £ 0.10 —0.63 £ 0.11 0.55 + 0.27 —0.11 £ 0.15
P < .0001 P = .081 P < .0001 P = .042 P = .437

Beta coefficients (SE) from linear regression estimate differences in serum Hcy levels for the “intermediate” and “high”
likelihood groups vs “low likelihood” groups, with and without adjustment for age, sex/menopausal status, and race/

ethnicity. P values are based on Wald tests. For the stratified analysis, only adjusted models for age and race/ethnicity are
presented for simplicity. A significant interaction between FLI category and sex/menopause category was observed (P <
.0001), both with and without covariate adjustment.

Table 5 summarizes the association between serum Hcy
and the FIB-4 fibrosis risk categories by sex and meno-
pausal status. Among men and postmenopausal women, the
intermediate- or high-risk group had significantly higher
serum Hcy levels compared to those in the low-risk group,
with mean difference in serum Hcy of 1.78 £+ 0.21 umol/L
(P < .0001) and 1.22 £ 0.38 umol/L (P = .0014), respec-
tively. After adjusting for covariates, this association was
attenuated in both groups but remained significant among

men (0.67 £ 0.22 umol/L, P = .002), while it was no longer
significant among postmenopausal women (0.67 =+
0.38 umol/L, P = .073). No significant association was
observed among premenopausal women.

Conversely, when the fibrosis risk was categorized us-
ing the NFS, the association varied significantly by sex and
menopause (Table A3). Specifically, higher serum Hcy
levels were associated with increased fibrosis risk among
men and postmenopausal women, regardless of covariate

Table 4. Clinical Characteristics of Subjects With MASLD With and Without Hepatic Fibrosis, Categorized by Age-Modified

FIB-4 Score Cutoffs

Low risk Intermediate to high risk P value

N (%) 4562 (85.9%) 747 (14.1%)
Age, y (mean + SD) 47.5 + 18. 65.4 £ 12.9 <.0001
Female sex, N (%) 2348 (51.5%) 279 (37.4%) <.0001
Sex/menopausal categories <.0001

Men, N (%) 2214 (48.5%) 468 (62.7%)

Postmenopausal women, N (%) 1122 (24.6%) 265 (35.5%)

Premenopausal women, N (%) 1226 (26.9%) 14 (1.9%)
Race/ethnicity <.0001

Hispanic, N (%) 1417 (31.1%) 182 (24.4%)

Non-Hispanic Black, N (%) 892 (19.6%) 148 (19.8%)

Non-Hispanic White, N (%) 2101 (46.1%) 402 (53.8%)

Other race/multiracial, N (%) 152 (3.3%) 15 (2.0%)
BMI, kg/m2 (mean + SD) 31.4 +5.9 30.2 +£ 5.3 <.0001
Waist circumference, cm (mean + SD) 105.0 + 12.8 104.7 £ 12.0 .551
Serum homocysteine, umol/L (median [IQR]) 7.6 [6.1-9.5] 9.5 [7.8-11.6] <.0001
Serum B12, pg/ml (median [IQR]) 448 [341-586] 481 [351-654] .949
Serum B6, nmol/L (median [IQR]) 40.8 [22.7-71.4] 56.8 [28.3-93.1] <.0001
Serum folate, ng/ml (median [IQRY]) 11.7 [8.4-16.7] 13.7 [9.9-19.2] <.0001
RBC folate, ng/ml (median [IQR]) 274 [211-360] 309 [239-397] <.0001
Metformin use, N (%) 227 (5.0%) 48 (6.4%) 110
PPl use, N (%) 325 (7.1%) 96 (12.9%) <.0001

Nineteen subjects were excluded due to missing data for FIB-4 calculation (N = 5309). Missing values were serum B12 (n =

42), B6 (n = 2713), and folate (n = 15), as well as RBC folate (n = 14). P values are based on ANOVA.

IQR, interquartile range; SD, standard deviation.
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Table 5. Association Between Serum Hcy and the MASLD Fibrosis Risk Categories by Age-Adjusted FIB-4 Score, With and

Without Covariate Adjustment, and Stratified by Sex and Menopausal Status to Assess Effect Modification

Premenopausal
women (N = 1240)

Postmenopausal

Total population (N = 5309) women (N = 1387) Men (N = 2682)

Unadjusted Adjusted Adjusted Adjusted Adjusted
Fibrosis risk categories
Low risk - - - - -
Intermediate to high risk 2.37 £ 0.18 0.64 + 0.17 0.39 + 0.61 0.67 + 0.37 0.67 + 0.22
P < .0001 P = .0002 P = .524 P =.073 P =.002

Beta coefficients (SE) from linear regression estimate differences in serum homocysteine for “intermediate to high-risk” vs
“low risk,” with and without adjustment for age, sex/menopausal status, and race/ethnicity. P values are based on Wald

tests. For the stratified analysis, only adjusted models for age and race/ethnicity are presented for simplicity. No significant

interaction was observed between fibrosis category and sex/menopausal status.

adjustment. In contrast, premenopausal women showed a
significant inverse association in the adjusted model. There
was a significant interaction between the NFS fibrosis risk
category and the sex/menopause category, both with (P =
.002) and without (P = .003) adjustment for age and race/
ethnicity (Table A3).

To further investigate whether the observed disparity in
the association between serum Hcy and MASLD fibrosis
risk among women before and after menopause was sex-
specific, we conducted a post hoc analysis in men strati-
fied by age (<50 vs >50 years), adjusting for age and race/
ethnicity. Adjudged means difference in serum Hcy be-
tween participants at intermediate/high-risk vs low-risk
for MASLD fibrosis was 0.77 + 0.39 umol/L (P = .05) in
men <50 years and 0.68 + 0.28 umol/L (P = .018) in men
>50 years, with no significant interaction by age (P =.580).

Discussions

Analyzing a large, diverse general population in the
United States, we found that serum Hcy levels were
elevated among individuals with MASLD risk, as defined by
the FLI, compared to controls. However, this association
was attenuated after adjusting for covariates. Among in-
dividuals with MASLD, those at higher fibrosis risk, defined
by either FIB-4 or the NFS, had significantly higher serum
Hcy levels compared to those at low risk. This association
remained significant after adjusting for covariates. Further
details, including disparities by sex and menopausal status,
are discussed below.

Elevated serum Hcy has previously been linked to
NAFLD in epidemiological studies; however, findings across
the literature have been inconsistent.”>** Our analysis
suggests that this inconsistency is partly attributable to
unbalanced distributions of confounders—such as age, sex,
menopausal status, and potentially race/ethnicity—
between the case and control groups. In the overall cohort,
the association observed between MASLD and serum Hcy
was eliminated after adjusting for these covariates, sug-
gesting that MASLD itself may not be independently asso-
ciated with elevated Hcy. Notably, we observed a significant

interaction between sex/menopausal status and MASLD
risk in relation to serum Hcy. After covariate adjustment,
no significant association was observed among men.
However, postmenopausal women with high MASLD risk
had significantly elevated Hcy levels compared to those at
low risk, whereas premenopausal women with high MASLD
risk had lower Hcy levels compared to their low-risk
counterparts. This inverse association in premenopausal
women was present both before and after covariate
adjustment. These findings may suggest that the relation-
ship between serum Hcy and MASLD risk is influenced by
sex and menopausal status. Our simulation analysis using a
mathematical model of one-carbon metabolism demon-
strated that Hcy metabolism is tightly regulated by physi-
ological estrogen levels in a complex manner (manuscript
under review). The mechanism underlying the opposite
direction of association in premenopausal vs post-
menopausal women remains unclear. Future prospective
studies incorporating sex hormone assays are warranted to
further investigate these associations. Notably, a prior
epidemiological study found that higher serum Hcy levels
were associated with increased NAFLD prevalence in men,
but not in women.”” The lack of considering menopausal
status may have masked associations among women.

In contrast, among individuals with MASLD, elevated
serum Hcy was significantly associated with higher hepatic
fibrosis risk in MASLD. The association remained robust
after covariate adjustment in the overall cohort. Similar to
the analysis of MASLD risk, the observed association be-
tween serum Hcy and MASLD fibrosis risk varied by sex/
menopausal status, with notable differences observed
across the fibrosis assessment tools in premenopausal
women. Using FIB-4, the association between elevated
serum Hcy and MASLD fibrosis risk was evident in men and
postmenopausal women, but not in premenopausal women.
Interestingly, when using NFS, lower serum Hcy levels were
observed among premenopausal women with fibrosis risk.
The choice of fibrosis risk classification (NFS vs FIB-4),
however, did not affect the associations observed in men
and postmenopausal women. Since both NFS and FIB-4
scores are surrogate markers, rather than direct
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measures, of hepatic fibrosis, interpretation remains
limited pending studies with histologic or elastography-
based assessments.

Regardless, the observed disparity by sex and meno-
pausal status has important implications for future Hcy-
lowering interventions in MASLD patients at risk for
fibrosis. Our overall findings are consistent with our recent
experimental study in male mice, which showed that
elevated serum Hcy contributed to steatosis, steatohepati-
tis, and fibrogenesis through increased hepatic homo-
cysteinylated proteins and disrupted hepatocyte
homeostasis.® Vitamin B12 and folate supplementation
reduced serum Hcy and hepatic homocysteinylated pro-
teins and improved liver pathology.” These results,
together with our current findings, suggested that lowering
Hcy may be particularly beneficial for males and post-
menopausal females. A prior simulation study also sug-
gested that combining B12, B6, folate, and betaine
maximizes Hcy-lowering effects across sexes.”® A feasibility
trial (NCT05720702) has recently been completed to guide
future clinical trials. Of note, folic acid fortification became
mandatory in the United States in 1998, just prior to our
study cohort we used (1999-2006). In this cohort, folate
deficiency was observed in fewer than 0.05% of partici-
pants based on their serum level and in approximately 3%
based on RBC folate levels (data not shown), suggesting
that nearly all participants had adequate folate intake at the
time of the survey. However, RBC folate, which reflects
longer-term status, indicates that a small proportion still
had deficiency. Nonetheless, our prior computer simulation
analysis®® and a recently completed feasibility trial (un-
published data) suggest that serum Hcy can be further
lowered even when cofactor levels are within reference
ranges. Therefore, despite mandatory folate fortification,
the potential benefits of Hcy-lowering supplements,
including folates, on both serum Hcy and liver outcomes
warrant evaluation in a future trial.

Our study has several limitations. Although MASLD and
MASLD fibrosis were defined using validated surrogate
markers, direct assessments of hepatic steatosis, liver
stiffness, or fibrosis stage were not available for analysis.
We applied age-adjusted cutoffs for population character-
ization; however, this adjustment may not fully account for
the age-related bias inherent to these noninvasive surro-
gate markers. Additionally, NHANES oversamples racial
and ethnic minorities, and a substantial number of re-
spondents lacked sufficient data to calculate the FLI
(Figure). Therefore, the observed prevalence of MASLD and
MASLD fibrosis should be interpreted within this context.
We did not include current smoking in the main analysis to
avoid further reducing the sample size. Additional analysis
in the subset with smoking data showed no confounding
effect, and our findings remained consistent when current
smoking was included as a covariate (data not shown). In
this large general population, the prevalence of metformin
and PPI use was relatively low, which limited our ability to
evaluate their effects on serum Hcy levels. Additionally, a
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substantial proportion of serum vitamin B6 data (47%)
was missing during the study period, preventing a
comprehensive assessment of relevant cofactors. Lastly, the
cross-sectional design of the study limits our ability to infer
causality. While the observed associations are consistent
with findings from our recent experimental study, a causal
relationship between elevated Hcy and the progression of
metabolic  dysfunction-associated steatohepatitis and
fibrosis in human MASLD has not been established.

In summary, our analysis characterized the relationship
between serum Hcy and the risks of MASLD and MASLD-
related fibrosis, with notable disparities by sex and
menopausal status. Building on prior studies, our findings
support the need for Hcy-lowering interventions tailored to
these factors in patients at risk for MASLD-related fibrosis.
If successful, such interventions could offer a cost-effective
strategy to curb disease progression and address this
growing global health concern.

Supplementary Materials

Material associated with this article can be found in the
online version at https://doi.org/10.1016/j.gastha.2025.
100800.
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