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Background: Phenomenology in anorexia nervosa (AN) appears to be subject to epigenetic regulation via DNA methylation. The micro-
nutrients B,, and betaine contribute directly to DNA methylation and have been shown to be abnormally elevated in blood samples from
people with AN. Methods: We measured plasma B,, and betaine levels, as well as leukocyte DNA methylation levels, among women
with active AN (AN-active group), those in 1-year remission from AN (AN-remitted group), and those who had never experienced an eat-
ing disorder (NED group). We compared the groups on micronutrient levels and on the strength of association between micronutrients
and methylation. Results: We included 64 women in the AN-active group, 49 in the AN-remitted group, and 49 in the NED group. Rela-
tive to those with NED (B,,: mean 339.6 [standard deviation (SD) 224.3] umol/L; betaine: mean 33.74 [SD 17.10] umol/L), participants
with active AN showed high B,, and betaine (B,,: mean 571.0 [SD 505.2] umol/L; betaine: mean 43.73 [SD 22.50] umol/L); AN-remitted
participants had elevated B,, alone (B,,: mean 588.2 [SD 379.9] umol/L; betaine: mean 33.50 [SD 19.20] umol/L). There were also
group-based differences in the strength of association between B,, and site-specific DNA methylation at genes regulating insulin func-
tion, glucose metabolism, cell regulation, and neurotransmitter function. These associations between B,, and methylation levels were
generally stronger among those without an ED than among those with either active or remitted AN. Limitations: The extent to which
plasma nutrient levels provide a meaningful proxy to cellular processes affecting DNA methylation is uncertain and the sample size limits
the stability of results. We included only biological females in this investigation. Conclusion: Elevated B,, levels in AN resemble eleva-
tions reported among people with autoimmune, neoplastic, or other disorders. Such elevations imply that plasma B,, levels may mis-
represent nutritional status among people with AN. Observed associations between levels of B,, and methylation at certain gene regions
have ambiguous importance, but may indicate an influence of nutritional status on epigenetic mechanisms or may be the coincidence of

separate processes that independently affect levels of micronutrients and DNA methylation.

Introduction

Epigenetic mechanisms result in site-specific molecular modi-
fications that alter gene expression and corresponding pheno-
typic variations.!® The best studied epigenetic mechanism,
DNA methylation, has been implicated in diverse medical
and psychiatric disorders, including eating disorders (EDs).*”
Epigenome-wide studies of anorexia nervosa (AN) have
documented altered methylation levels in blood-based DNA
samples at sites implicated in psychiatric, metabolic, and im-
mune functions.®'? Furthermore, results published by our
group have associated illness duration with more pronounced

methylation alterations, and remission of AN with normaliza-
tion, which suggests reversible effects corresponding to extent
and duration of illness exposure.®!!1?

The micronutrients B,, and betaine participate in the
methyl-transfer reactions upon which DNA methylation de-
pends.'* Predictably, levels of these micronutrients are often
reduced in nutritionally deprived individuals.” However,
some AN studies indicate counterintuitive elevations. One
study involving people with active AN reported elevated
plasma B,, and folate levels.’® Another indicated that, com-
pared with people without an ED, people with active or re-
mitted AN exhibited elevated levels of B,, and, less reliably,
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betaine.” A third study reported elevated B,, among people
with AN who were underweight or whose weight was partly
restored.’® The cause of such paradoxical elevations remains
uncertain but has been postulated to implicate factors ranging
from liver dysfunction (associated with malnutrition-induced
apoptosis),'® to physiologic compensations related to reduced
dietary precursors of betaine and B,,,"” to inflammation-linked
alterations in synthesis of binding proteins.**%

The only study of which we are aware that directly
examined the association between B,, and DNA methyla-
tion levels in blood from people with AN found no associa-
tion.”! We sought to examine associations between plasma
levels of B, or betaine, on the one hand, and global and
site-specific levels of DNA methylation, on the other, among
people with and without active AN. We anticipated that the
strength of association between plasma micronutrient and
DNA methylation levels would vary as a function of pres-
ence or absence of active AN.

Methods
Participants

Participants in the current study were members of a larger
cohort (n = 310) of women who provided blood samples for
assessment of DNA methylation. Of these, some had active
AN according to Diagnostic and Statistical Manual of Mental
Disorders Fifth Edition (DSM-5) criteria® (AN-active), some
had previously fulfilled DSM-5 criteria for AN but had main-
tained a self-reported BMI above 18.4 kg/m? for at least
12 months (AN-remitted), and some had never experienced
an ED (NED). We previously reported probe-wise methyla-
tion findings from this cohort at earlier stages of this investi-
gation.!"> The present report addresses a subsample of these
individuals from whom we also obtained plasma micro-
nutrient levels.

Diagnoses of AN were primarily based on interviews con-
ducted with the Eating Disorders Examination (EDE)® or,
when EDE results were not available, clinical interviews con-
ducted by experienced clinicians (e.g., psychiatrists, PhD
psychologists, other licensed psychotherapists on staff in a
specialized tertiary care eating disorders program), comple-
mented by team consensus and results from the EDE-
Questionnaire (EDE-Q).%

We refer to our participants as women, but acknowledge
that they may not all have identified as such.

Measures

To assess ED symptoms and confirm DSM-5 diagnoses of
AN, we used the EDE interview and the EDE-Q? Both are
well-validated, widely used measures.”® We calculated BMI
using anthropometric measures.

Assays for micronutrients and DNA methylation were
conducted using whole blood collected in tubes containing
ethylenediaminetetraacetic acid and centrifuged to isolate
plasma. As in other studies (e.g., Barron and colleagues®), we
used nonfasting blood levels to avoid compromising patient

recovery. For methylation analyses, DNA was extracted from
leukocytes using a Qiagen kit. A portion of plasma was fro-
zen at —80°C for nutrient analyses.

For practical reasons, we were required to assay micro-
nutrient levels at 2 distinct laboratories for each micro-
nutrient, with some samples assayed at McGill University
(laboratory A) and others assayed at the Université de Mont-
réal (laboratory B). Concentrations of B,, were measured at
laboratory A using AccuBind enzyme-linked immunosorbent
assay kits and at laboratory B using chemiluminescence
microparticle immunoassays from Abbott Diagnostics. At
laboratory A, betaine was analyzed in 1 aliquot by liquid
chromatography tandem mass spectrometry. At laboratory B,
it was assayed using high-performance liquid chromatog-
raphy coupled with an accurate-mass quadrupole time-of-
flight mass spectrometry. The first 120 samples were assayed
at laboratory A and the last 42 samples were assayed at lab-
oratory B. We took several measures to ensure that results
based on different assay techniques did not substantially dif-
fer. First, we examined interlaboratory correlations for B,,
(r=0.88, p < 0.001) and betaine (r = 0.89, p < 0.001). Next, we
examined within-group proportions of assays conducted in
laboratory A or B (AN-active: 36.7% v. 47.6%; AN-remitted:
33.3% v. 21.4%; NED: 30% v. 31%) and found no differences
(x* =241, df =1, p = 0.3). Finally, when testing for group dif-
ferences in mean nutrient levels, we controlled for laboratory
effects with a covariate. Because of technical difficulties, B,,
levels were missing for 6 participants (2 in AN-active group,
2 in AN-remitted group, and 2 in NED group).

We performed epigenome-wide methylation assays using
either the Infinium HumanMethylation450 BeadChip Kit or
the Infinium MethylationEPIC BeadChip Kit (Illumina Inc.).
Reliance on different kits was because of discontinued pro-
duction of the 450 BeadChip kit during the early phase of our
data collection. We note, however, that manufacturer infor-
mation, our previous research,'’!? and an independent
study? suggest that samples can be combined effectively
across the 450 BeadChip and EPIC kits. Only probes common
to both kits were entered into our analyses. Further technical
details are provided by Steiger and colleagues.!!

We obtained information on participants” use of vitamin
supplementation during a medication history interview, con-
ducted by research assistants, that had participants report
use of nonprescription medications, vitamins, or herbal or
homeopathic products. We supplemented the inquiry with a
question on nutritional supplements from a food frequency
questionnaire, which was completed by a subset of partici-
pants as part of a secondary investigation.

Evaluation of liver function was not an original consider-
ation in the design of this study. However, to provide a post
hoc evaluation of the extent to which any B,, or betaine
anomalies might be attributable to liver dysfunction, we
made efforts to obtain alanine aminotransferase (ALT) values
through chart review; ALT was often, but not systematically,
measured as part of routine medical evaluations of treated
patients. We limited our search to ALT values obtained
within 3 months of the blood draw used for DNA extraction
and nutrient assays.
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Statistical analysis

We compared groups on descriptive variables and micro-
nutrient levels using general linear models or y? statistics, as
appropriate. For group comparisons on micronutrient levels,
we included psychotropic medication use (yes v. no), smoking
(yes v. no), age, and laboratory (A v. B) as covariates. We
investigated significant group effects by pairwise group com-
parisons with Bonferroni corrections (p.,.. < 0.05).

We conducted analyses involving DNA methylation using
MATLAB 2021. Further details on data preprocessing are
provided by Steiger and colleagues'? and in Appendix 1,
available at www .jpn.ca/lookup/doi/10.1503/jpn.240155/
tab-related-content. The primary outcomes were B values
representing the proportion of methylated cells (scale 0-1) at
each probe. To test for group-based differences in the
strength of association between micronutrient and methyla-
tion levels, we used general linear mixed models. Analyses
included methylation 3 values as outcomes and group (AN-
active, AN-remitted, or NED), micronutrient level, and a
term representing the interaction of group by micronutrient
level as predictors. Estimated cell proportions, age, smoking,
and use of psychotropic medication were included as covari-
ates, and array (a control for effects of plating) was included
as a random factor. We applied a false discovery rate correc-
tion (g < 0.01) throughout. We used Cook’s distance (Cook’s
D) to test for the presence of outliers.

Ethics approval
The study was approved by the Research Ethics Board of the
West Island Integrated University Health and Social Services

Centre (no. IUSMD-15-30). Written informed consent was
obtained from all participants.

Table 1: Participant characteristics and nutrient variables

Results

We included 64 women in the AN-active group, 49 in the AN-
remitted group and 49 in the NED group. Of those with active
AN, 39 (60.9%) had AN restricting type, and 25 (39.1%) had
AN binge-eating/purging type. Diagnosis of AN relied on
clinical interviews rather than the EDE for 6.2% of patients.

Descriptive data on all participants are shown in Table 1.
Groups were comparable in mean age but differed in expected
directions on mean BMI and EDE-Q scores, with significantly
lower BMI and higher EDE-Q scores in the AN-active group
than in the AN-remitted and NED groups (p < 0.001). The
mean EDE-Q score in the AN-remitted group fell below the
clinical cut-off but was still higher than that of the NED group
(Peo = 0.02). Groups did not differ significantly on self-reported
use of B,, or multivitamin supplements (Table 1).

Self-reported ancestry data were available for all 64 partici-
pants in the AN-active group, 40 (81.6%) participants in the
AN-remitted group, and 42 (85.7%) participants in the NED
group. Participants in each of the groups were mainly of
European descent. Specifically, 59 (92.2%) participants in the
AN-active group reported European ancestry, 2 (3.1%) re-
ported Hispanic or Latino ancestry, 1 (1.6%) reported Middle
Eastern ancestry, and 2 (3.1%) reported other ancestry. In the
remitted group, 35 (87.5%) participants reported European
ancestry, 2 (5%) reported Middle Eastern ancestry, 1 (2.5%)
reported Asian ancestry, and 2 (5%) reported other ancestry.
In the NED group, 26 (61.9%) participants reported European
ancestry, 5 (11.9%) reported Asian ancestry, 4 (9.5%) reported
Black or Caribbean ancestry, 4 (9.5%) reported Hispanic or
Latino ancestry, 1 (2.4%) reported Middle Eastern ancestry, 1
(2.4%) reported Indigenous ancestry, and 1 (2.4%) reported
other ancestry. There was, thus, a slight skew toward more
ancestral heterogeneity in the NED group.

No. (%) of participants*

AN-active AN-remitted NED

Variablet n==64 n=49 n=49 Statistic
Age, yr, mean = SD 2522 +7.8 27.18 £ 6.2 2484 +5.5 Fuse=1.77,p=0.2
BMI, mean + SD 15.08 £ 1.7 2197 +28 23.04 +2.9 Foi5 = 183.75, p < 0.001%
EDE-Q score, mean + SD 38714 1.11+£0.9 0.49+0.5 Fou = 146.69, p < 0.001§
Psychotropic medication 35 (54.7) 17 (34.7) 0 (0) X2 =38.30, p < 0.0019
Smokers 10 (15.6) 5(10.2) 7 (14.3) x?=072,p=0.7
Supplements

Multivitamin 4 (6.5) 7 (14.3) 4 (8.2) x?=210,p=0.4

B., 3(4.8) 3(6.1) 2(4.1) ¥?=0.22,p=0.9
B,., umol/L, mean + SD 571.0 + 505.2 588.2 + 379.9 339.6 +224.3 F,.s=7.64, p <0.0019
Betaine, umol/L, mean + SD 43.73 + 22.50 33.50 + 19.20 33.74 + 17.10 Faiss = 5.32, p = 0.006%

AN = anorexia nervosa; BMI = body mass index; EDE-Q = Eating Disorders Examination Questionnaire; NED = no eating disorder; SD = standard deviation.

*Unless indicated otherwise.

tData on EDE-Q were missing for 6 participants in AN-active group, in 8 in AC-remitted group, and 4 in NED group. Multivitamin supplement use was missing for 2 participants in AN-
active group; information on B,, supplement use was missing for 1 participant in the AN-active. Data on B,, levels were missing for 2 participants in AN-active group, 2 in AN-remitted

group, and 2 in NED group).

FAfter Bonferroni correction, AN-active group was significantly different (o < 0.05) from AN-remitted and NED groups.

§After Bonferroni correction, significant differences (p < 0.05) between all 3 groups.

YlAfter Bonferroni correction, AN-active and AN-remitted groups were significantly different (o < 0.05) from NED group.
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Plasma nutrient levels and ALT values

Table 1 shows mean plasma B,, and betaine levels in the different
groups. We observed a significant group effect (F,., = 7.64,
p <0.001, n,2 = 0.093), with Bonferroni-corrected group compari-
sons showing AN-active (p... < 0.001) and AN-remitted partici-
pants (p.,. = 0.005) to have higher B, levels than NED partici-
pants. Levels of B,, did not differ between AN-active and
AN-remitted groups (p > 0.99). Likewise, there was no difference
(p = 0.2) between AN-active participants with restrictive and
binge—purge subtypes. There was also a significant group effect
on betaine levels (F, = 5.32, p = 0.006, 1,2 = 0.064). Post hoc com-
parisons showed AN-active participants to have elevated betaine
levels, compared with those in either the AN-remitted (p = 0.01)
or NED groups (p = 0.02). Levels in the AN-remitted and NED
groups did not differ significantly (p > 0.99). Again, within the
AN-active group, there were no differences between participants
with restrictive or binge-purge AN subtypes (p = 0.6).

Values of ALT were available for 46 (71.9%) of 64 partici-
pants with active AN. Values were not available for AN-
remitted or NED participants, since they were not under ac-
tive care in our clinic. Values exceeded the normal range in 7
(15.2%) of 46 AN-active participants for whom ALT values
were available.

Associations between plasma micronutrient and DNA
methylation levels

Methylation data were available for 62 of 64 of AN-active
participants, 48 of 49 AN-remitted participants, and 48 of
49 NED participants, for a total sample size of 158 people. We

performed epigenome-wide methylation assays using the 450
BeadChip Kit for our first 47 samples and the EPIC BeadChip
Kit for 111 samples. Given missing data for B,, the analyses
on the association between methylation and B,, levels in-
cluded 153 participants (60 AN-active, 47 AN-remitted, and
46 NED).

Overall associations between global methylation and B,, or
betaine were nonsignificant (7 = 0.20 and 0.70, respectively).
Likewise, global methylation was not associated with B,, or
betaine in any of the 3 groups (g > 0.08).

At a probe-wise level, we tested overall associations be-
tween nutrient and methylation levels, within each group,
and between groups (Table 2).

B12

Thirty-six sites showed overall effects (irrespective of group)
associating plasma B,, levels with DNA methylation. Tests
for group-based differences in the strength of association be-
tween methylation and nutrient levels (i.e., group x nutrient-
methylation) indicated significant associations with
48 probes. However, most of these effects were driven by sta-
tistical outliers (Cook’s D > 1). After exclusion of probes for
which Cook’s D exceeded 1, group differences for the
methylation-B,, association (reflected by group x association
interactions at g < 0.01) remained for 16 probes. Ten of these
probes mapped onto distinct genes (Table 2). Generally, there
were significant associations between B,, and DNA methyla-
tion levels in the NED group (at 4 < 0.01 or, in 1 case,
g < 0.02), whereas in the AN-active and AN-remitted groups,
associations tended to be absent. Findings in the NED group

Table 2: Associations between plasma B, levels and site-specific DNA methylation

CG site Gene Gene involvement* F AN-active  AN-remitted NED Interaction
cg10344477 B3GNTL1 Glycosylation 2.53 -3.31 -1.99 4911 AN-active v. NED: —4.911
cg07515565 GMDS Fucosylation; cell regulation 3.40 3.89 2.51 -5.35% AN-active v. NED: 5.461
€g08292959 MGAT5B Glycosylation; colitis; irritable bowel 14.09t 3.44 2.83 -5.701 AN-active v. NED: 5.43
AN-remitted v. NED: 5.04t1

cg16033053 MKX Cell adhesion; tendon development 9.85 -3.84 -1.29 4.60% AN-active v. NED: —4.851
€g09689342 NAGPA Stuttering and articulation disorder 10.40 3.33 2.36 -5.231 AN-active v. NED: 5.09t
cg07743764 NXF1 Cell regulation; RNA export 5.94 -3.23 —2.24 4.73t1 AN-active v. NED: —4.73t
cg09714852 PTPRN2 Insulin secretion; diabetes; BMI; waist-to-hip 12.46 3.64 1.85 -5.18t1 AN-active v. NED: 5.12t

ratio; accumulation of secretory vesicles in

hippocampus (monoamines), pituitary

(hormones), and pancreatic islets (insulin)
cg10336025 PXYLP1 Ehlers—Danlos syndrome 10.94 2.77 2.93 —4.85t% AN-active v. NED: 4.54
925313204 SLC22A3 Extraneuronal monoamine transport; elimination 10.24 -3.12 —2.69 5.301 AN-active v. NED: —5.03t

of organic cations; diabetes type 1

cg09197075 SNN Apoptosis; response to neurotoxicity 18.541 2.25 -5.67* 1.36 AN-active v. AN-

remitted: 5.41%

AN = anorexia nervosa; BMI = body mass index; NED = no eating disorder.

*Gene functions and associated phenotypes were obtained using the National Center for Biotechnology Information database (https://www.ncbi.nim.nih.gov/gene), the Genecards

database (https://www.genecards.org), and additional scientific literature (cited in Discussion).

g <0.01.
g =0.02.
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associated higher B,, levels with lower methylation at probes
corresponding to GMDS, MGA5TB, NAGPA, PTPRN2, and
PXYLP1, and with higher methylation levels at probes
linked to B3GNTL1, NXF1, and SLC22A3 (g < 0.01). We also
noted a statistical trend toward an association between
higher B,, levels and higher MKX gene methylation in the
NED group (g = 0.02). Exceptionally, 1 probe located in SNN
showed an association between lower methylation and
higher B,, levels in the AN-remitted group, with an absence
of association in the other 2 groups. Overall, significant dif-
ferential effects across groups indicated associations between
B,, and methylation levels to be stronger in the NED group
than in either the AN-active or AN-remitted groups. In the
AN groups, B,,—methylation associations tended to be weak
or fully absent (Table 2). Where differential group effects
were observed, they were apparent in genes implicated in
metabolism, cell regulation, connective tissue development
and neurotransmitter function (Table 2).

We obtained group by B,,—methylation association inter-
actions (g < 0.01) on 6 additional probes (cg01047586,
cg19608003, cg08118140, cgl18647259, cgl3175120,
cg06899226). However, these probes were not associated with
specific genes.

Betaine

We found 4 probes to be differentially associated with be-
taine in the AN-active group, compared with associations ob-
served in the AN-remitted and NED groups. However, no
overall, main, or interaction effects were retained after exclu-
sion of effects influenced by outliers (Cook’s D > 1).

Discussion

We compared plasma B,, and betaine levels among women
who were actively ill with AN, who had once had AN but
were nutritionally restored, or who had never had an ED. We
also compared the strength of relationships between micro-
nutrient and DNA methylation levels across the 3 groups. In
keeping with previous findings,'*'® we observed apparently
paradoxical elevations in micronutrients in AN groups, rela-
tive to levels seen in the NED group. Specifically, compared
with the NED group, AN-active participants showed in-
creased B,, and betaine, whereas AN-remitted participants
showed elevated B,, alone. This pattern of results was also
documented in a previous report by our group,"” which in-
volved a substantial subset (116 of 162, 71.6%) of the same
participants. Similar elevations of B,, among people with AN
(whether underweight or weight-restored) were documented
by Tam and colleagues.'®

To rule out effects of dietary supplements on B,, and betaine
levels, we collected data on participants’ use of supplements
containing B,,. These data indicated nearly identical rates of
supplement use across the 3 groups, suggesting that dietary
supplementation was unlikely to be a confounding factor.

Alternatively, elevated plasma B,, among patients with AN
has been attributed to malnutrition-induced liver dysfunc-
tion.'*!® Not having ALT values for our NED or AN-remitted

participants, we were unable to fully exclude liver dysfunc-
tion as an explanation. However, abnormal ALT values were
relatively uncommon among AN-active participants (found
in only 7 [15.2%] of 46 cases) and were unlikely to have been
present at all among AN-remitted patients. Therefore, we
considered other explanations for elevations, namely reports
of elevated B,, values in populations with autoimmune dis-
eases (lupus, rheumatoid arthritis, Still disease), cancers, alco-
holism, and kidney and bronchopulmonary diseases.'** Such
elevations have been thought to reflect abnormalities of tis-
sue transport and uptake of B,, involving the binding pro-
teins transcobalamin-2 and haptocorrin.” Transcobalamin-2,
a protein synthesized in most tissues, delivers B,, from blood
to cells in bodily tissues. Notably, its levels are altered in in-
flammatory disorders. Haptocorrin, a glycoprotein secreted
by the salivary glands, protects B,, from stomach acid and
also binds circulating B,, to block uptake by cells. Insufficient
B,, clearance through cellular uptake could account for exces-
sive B,, accumulation in blood, even in the presence of defi-
cient dietary B,,."**® Given that AN has pervasive metabolic
effects, as well as known association with autoimmune and
inflammatory diseases,” we speculate that elevated B,,,
seen here among people with active and remitted AN, may
represent problems of B,, clearance of this type, rather than a
direct consequence of liver dysfunction. Regardless, the
phenomenon is noteworthy, given that elevated plasma B,
levels among people with AN may not only mask what is an
actual B,, deficiency, but may also indicate an underlying
pathology that needs to be better characterized. We therefore
advocate for further investigations into the precise causes and
clinical implications of elevated B,, among people with AN.
Our findings on DNA methylation showed no significant
relationships between levels of plasma micronutrients and
global DNA methylation in any of our 3 groups. This echoes a
similar result indicating an absence of relationship between
plasma B,, levels and global DNA methylation in AN,*" and
raises doubt about the pertinence of global methylation meas-
ures in studies of epigenetic effects in AN. In contrast, exam-
ination of the association between nutrient levels and probe-
wise methylation levels revealed that a handful of probes
showed differential B,,-to-methylation relationships across
groups. Given that very few probes were implicated, we inter-
pret these findings cautiously. Nonetheless, where such ef-
fects were observed, they tended to indicate B,, and methyla-
tion levels to be linked in the NED group but disconnected in
both AN groups (active or remitted). We speculate that the
relative absence of association between B,, and methylation
among participants with AN could imply a breakdown in a
link that, according to results in the NED group, is normative.
We consider that the preceding could result through the ac-
tion of independent processes (e.g., a metabolic effect among
participants with AN that had no impact on methylation, but
that substantially increased plasma B,, levels), or a physio-
logic mechanism — with possible epigenetic relevance — that
disrupted the normal contribution of B,, to DNA methylation
among participants with AN. In support of the latter possibil-
ity, we note that observed differential effects across groups
mapped onto genes with credible disorder-relevant functions,
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namely MGATS5B (involved in glycosylation, colitis, and inflam-
matory bowel disease),”” GMDS (acting in fucosylation, insulin
secretion, and diabetes),® PTRN2 (involved in insulin depend-
ence, obesity, type 2 diabetes, and monoamine accumulation in
the brain),* SLC22A3 (linked to monoamine uptake and dia-
betes),®> B3GNTLI (acting in glycosylation),*® MKX (associated
with tendon development),” and PXYLPI (associated with the
connective tissue disorder, Ehlers-Danlos).* Disorders implicat-
ing connective tissues have been associated with AN.%

Although their relevance to AN is unclear, altered B,,—
methylation relationships were also observed among AN-
active participants at sites affecting SNN (related to the
body’s response to toxins),* NXF1 (coding for RNA exports
from cell nuclei),*! and NAGPA (associated with articulation
and developmental stuttering).** In addition, we note that
comparisons between AN-active and AN-remitted partici-
pants indicated significantly different relationships between
B,, levels and SNN methylation levels, and comparisons be-
tween AN-remitted and NED participants showed altered as-
sociations between B,, and MGAT5B methylation.

Limitations

We assessed the association between plasma micronutrient
levels and site-specific DNA methylation among people with
AN. Aspects related to micronutrient levels were quite well con-
trolled, given attention to liver function and dietary supplement
use, although the absence of information ascertaining quantities
or frequency of supplement use is a limitation. Given multiple
intervening factors in the pathway linking nutrient intake to
methylation of genes, it remains uncertain to what extent
plasma nutrient levels provide a meaningful proxy to cellular
processes that affect DNA methylation. As well, we did not ad-
dress other factors (e.g., childhood abuse, other developmental
stressors) that have known impact on DNA methylation levels.*®
Similarly, as with all DNA methylation studies involving per-
ipheral tissues, implications for brain function remain uncer-
tain.** Although it was by design (to accommodate the relatively
low frequency of males with anorexia nervosa), we included
only biological females in our investigation, which limits the
generalizability of findings. Finally, there was a small tendency
toward more heterogeneous ancestry in our NED group.

Conclusion

This study corroborates previous results indicating elevated
plasma B,, levels among people who are actively ill with AN,
or who have recovered substantially from it."”!® These find-
ings have potentially important clinical implications, since
they imply that B,, levels obtained in routine clinical assess-
ment may not accurately reflect B,, status among people
with AN. Rather, elevations may serve as a marker of a
more complex metabolic disturbance. We also observed iso-
lated, site-specific effects, which imply differential associa-
tions between B,, and methylation levels in different
groups, pointing to genes involved in glucose metabolism,
insulin function, and neurotransmitter function. Given that
these differential associations were observed in only a small

proportion of assessed sites and, more importantly, that they
implicate elevated B,, levels that have an uncertain physio-
logic implication, we offer speculations on our findings cau-
tiously. Ultimately, observed associations between levels of
B,, and methylation could indicate a direct influence of nutri-
ent status on epigenetic mechanisms, but they could also re-
sult from a coincidence of processes that independently
affect micronutrient levels and methylation. Either way, ele-
vated B,, and betaine levels among people who are actively
ill with AN may have clinical ramifications, epigenetic and
otherwise, that warrant further clarification.

Acknowledgements: The authors gratefully acknowledge the gener-
osity of all of the people who, in participating in this study, contrib-
uted their time and energies to the completion of this work.

Affiliations: From the Eating Disorders Continuum, Douglas Institute,
Montréal, Que. (Steiger, Casey, Harvison, Meyerfreund, Nemoda,
Thaler, St-Hilaire, Israel, Paquin-Hodge, Booij); the Douglas Institute Re-
search Centre, Montréal, Que. (Steiger, Casey, Harvison, Nemoda,
Thaler, St-Hilaire, Israel, Paquin-Hodge, Booij); the Department of
Psychiatry, McGill University, Montréal, Que. (Steiger, Harvison,
Thaler, St-Hilaire, Israel, Paquin-Hodge, Booij); the Department of Psy-
chology, Toronto Metropolitan University, Toronto, Ont. (Burdo); the
Research Centre, Sainte-Justine University Hospital Centre (Marcil,
Bélanger, Booij) Montréal, Que.; Department of Nutrition, Université de
Montréal, Montréal, Que. (Marcil, Bélanger); the Department of Basic
Sciences, Université du Québec a Chicoutimi, Chicoutimi, Que. (Breton);
the School of Human Nutrition, McGill University, Montréal, Que.
(Agellon).

Competing interests: None declared.

Contributors: Howard Steiger and Linda Booij conceived and designed
the study. Jessica Burdo, Maegan Harvison, Juliana Meyerfreund,
Lea Thaler, Annie St-Hilaire, and Chloe Paquin-Hodge contributed
to data acquisition. Howard Steiger, Kevin Casey, Valerie Marcil,
Edith Breton, Zsofia Nemoda, Mimi Israel, Luis Agellon, Véronique
Bélanger, and Linda Booij contributed to data analysis and interpret-
ation. Howard Steiger and Linda Booij drafted the manuscript. All of
the authors revised it critically for important intellectual content,
gave final approval of the version to be published, and agreed to be
accountable for all aspects of the work.

Funding: This work was supported by the Canadian Institutes of
Health Research, awarded to Howard Steiger and Linda Booij (nos.
MOP-142717 and FRN-156050).

Content licence: This is an Open Access article distributed in accord-
ance with the terms of the Creative Commons Attribution (CC BY-NC-
ND 4.0) licence, which permits use, distribution and reproduction in
any medium, provided that the original publication is properly cited,
the use is noncommercial (i.e., research or educational use), and no
modifications or adaptations are made. See: https:/ /creativecommons.
org/licenses/by-nc-nd/4.0/

Data sharing: Data upon which this study were based are available
on request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.

References

1. Alameda L, Trotta G, Quigley H, et al. Can epigenetics shine a
light on the biological pathways underlying major mental dis-
orders? Psychol Med 2022;52:1645-65.

2. LiY. Modern epigenetics methods in biological research. Methods
2021;187:104-13.

3. Szyf M. Prospects for the development of epigenetic drugs for
CNS conditions. Nat Rev Drug Discov 2015;14:461-74.

E90 J Psychiatry Neurosci 2025;50(2)



Elevated plasma B12 and betaine in women with anorexia nervosa

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Booij L, Steiger H. Applying epigenetic science to the understand-
ing of eating disorders: a promising paradigm for research and
practice. Curr Opin Psychiatry 2020;33:515-20.

Hubel C, Marzi S], Breen G, et al. Epigenetics in eating disorders: a
systematic review. Mol Psychiatry 2019;24:901-15.

Kaver L, Hinney A, Rajcsanyi LS, et al. Epigenetic alterations in pa-
tients with anorexia nervosa-a systematic review. Mol Psychiatry
2024;29:3900-14.

Steiger H, Booij L. Eating disorders, heredity and environmental activa-
tion: getting epigenetic concepts into practice. ] Clin Med 2020;9:1332.
Booij L, Casey KF, Antunes JM, et al. DNA methylation in individ-
uals with anorexia nervosa and in matched normal-eater controls:
a genome-wide study. Int | Eat Disord 2015;48:874-82.

Iranzo-Tatay C, Hervas-Marin D, Rojo-Bofill LM, et al. Genome-
wide DNA methylation profiling in anorexia nervosa discordant
identical twins. Transl Psychiatry 2022;12:15.

Kesselmeier M, Putter C, Volckmar AL, et al. High-throughput
DNA methylation analysis in anorexia nervosa confirms TNXB
hypermethylation. World | Biol Psychiatry 2018;19:187-99.

Steiger H, Booij L, Kahan E, et al. A longitudinal, epigenome-wide
study of DNA methylation in anorexia nervosa: results in actively
ill, partially weight-restored, long-term remitted and non-eating-
disordered women. | Psychiatry Neurosci 2019;44:205-13.

Steiger H, Booij L, Thaler L, et al. DNA methylation in people with an-
orexia nervosa: epigenome-wide patterns in actively ill, long-term re-
mitted, and healthy-eater women. World | Biol Psychiatry 2023;24:254-9.
Amenyah SD, Hughes CF, Ward M, et al. Influence of nutrients in-
volved in one-carbon metabolism on DNA methylation in adults—
a systematic review and meta-analysis. Nutr Rev 2020;78:647-66.
Anderson OS, Sant KE, Dolinoy DC. Nutrition and epigenetics: an
interplay of dietary methyl donors, one-carbon metabolism and
DNA methylation. | Nutr Biochem 2012;23:853-9.

ElGendy K, Malcomson FC, Lara JG, et al. Effects of dietary inter-
ventions on DNA methylation in adult humans: systematic review
and meta-analysis. Br ] Nutr 2018;120:961-76.

Corbetta F, Tremolizzo L, Conti E, et al. Paradoxical increase of
plasma vitamin B12 and folates with disease severity in anorexia
nervosa. Int | Eat Disord 2015;48:317-22.

Burdo J, Booij L, Kahan E, et al. Plasma levels of one-carbon
metabolism nutrients in women with anorexia nervosa. Int | Eat
Disord 2020,53:1534-8.

Tam FI, Chocholi I, Hellerhoff I, et al. Liver and vitamin B(12)
parameters in patients with anorexia nervosa before and after
short-term weight restoration. Psychiatry Res 2022;314:114673.
Allen LH, Miller JW, de Groot L, et al. Biomarkers of nutrition for
development (BOND): vitamin B-12 review. | Nutr 2018;148(Suppl4):
19955-2027S.

Andres E, Serraj K, Zhu J, et al. The pathophysiology of elevated
vitamin B12 in clinical practice. Q/M 2013;106:505-15.

Tremolizzo L, Conti E, Bomba M, et al. Decreased whole-blood
global DNA methylation is related to serum hormones in anorexia
nervosa adolescents. World | Biol Psychiatry 2014;15:327-33.

Feeding and eating disorders. In: American Psychiatric Association. Diag-
nostic and statistical manual of mental disorders. Fifth edition. Arlington
(VA): American Psychiatric Association Publishing; 2013:329-54.
Fairburn CG. Cognitive-behavior therapy for eating disorders.
New York: Guilford Press; 2008.

Fairburn CG, Beglin SJ. Eating disorder examination questionnaire
(EDE-Q 6.0). In: Fairburn CG, editor. Cognitive behavior therapy and
eating disorders. New York: Guilford Press; 2008:309-13.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Berg KC, Peterson CB, Frazier P, et al. Psychometric evaluation of
the eating disorder examination and eating disorder examination-
questionnaire: a systematic review of the literature. Int | Eat Disord
2012;45:428-38.

Barron L], Barron RF, Johnson JCS, et al. A retrospective analysis
of biochemical and haematological parameters in patients with
eating disorders. | Eat Disord 2017;5:32.

Moran S, Arribas C, Esteller M. Validation of a DNA methylation
microarray for 850,000 CpG sites of the human genome enriched
in enhancer sequences. Epigenomics 2016;8:389-99.

Arendt JF, Nexo E. Unexpected high plasma cobalamin: proposal
for a diagnostic strategy. Clin Chem Lab Med 2013;51:489-96.
Duncan L, Yilmaz Z, Gaspar H, et al. Significant locus and meta-
bolic genetic correlations revealed in genome-wide association
study of anorexia nervosa. Am | Psychiatry 2017;174:850-8.

Hedman A, Breithaupt L, Hubel C, et al. Bidirectional relationship
between eating disorders and autoimmune diseases. | Child Psychol
Psychiatry 2019;60:803-12.

Zerwas S, Larsen JT, Petersen L, et al. Eating disorders, auto-
immune, and autoinflammatory disease. Pediatrics 2017;140:
€20162089.

Brazil JC, Parkos CA. Finding the sweet spot: glycosylation medi-
ated regulation of intestinal inflammation. Mucosal Immunol
2022;15:211-22.

Rudman N, Gornik O, Lauc G. Altered N-glycosylation profiles as
potential biomarkers and drug targets in diabetes. FEBS Lett
2019;593:1598-615.

Dragic D, Ennour-Idrissi K, Michaud A, et al. Association between
BMI and DNA methylation in blood or normal adult breast tissue:
a systematic review. Anticancer Res 2020;40:1797-808.

Li Z, Yuan X, Liu X, et al. The influence of SLC22A3 genetic poly-
morphisms on susceptibility to type 2 diabetes mellitus in Chinese
population. Diabetes Metab Syndr Obes 2023;16:1775-81.

Wu IW, Tsai TH, Lo CJ, et al. Discovering a trans-omics biomarker
signature that predisposes high risk diabetic patients to diabetic
kidney disease. NP] Digit Med 2022;5:166.

Liu W, Watson SS, Lan Y, et al. The atypical homeodomain tran-
scription factor Mohawk controls tendon morphogenesis. Mol Cell
Biol 2010;30:4797-807.

Syx D, Delbaere S, Bui C, et al. Alterations in glycosaminoglycan
biosynthesis associated with the Ehlers-Danlos syndromes. Am |
Physiol Cell Physiol 2022;323:C1843-59.

Baeza-Velasco C, Lorente S, Tasa-Vinyals E, et al. Gastrointestinal
and eating problems in women with Ehlers-Danlos syndromes. Eat
Weight Disord 2021;26:2645-56.

Billingsley ML, Yun J, Reese BE, et al. Functional and structural
properties of stannin: roles in cellular growth, selective toxicity, and
mitochondrial responses to injury. ] Cell Biochem 2006;98:243-50.
Braun IC, Herold A, Rode M, et al. Nuclear export of mRNA by
TAP/NXF1 requires two nucleoporin-binding sites but not p15.
Mol Cell Biol 2002;22:5405-18.

Kazemi N, Estiar MA, Fazilaty H, et al. Variants in GNPTAB,
GNPTG and NAGPA genes are associated with stutterers. Gene
2018;647:93-100.

Parade SH, Huffhines L, Daniels TE, et al. A systematic review of
childhood maltreatment and DNA methylation: candidate gene
and epigenome-wide approaches. Transl Psychiatry 2021;11:134.
Walton E, Baltramonaityte V, Calhoun V, et al. A systematic re-
view of neuroimaging epigenetic research: calling for an increased
focus on development. Mol Psychiatry 2023;28:2839-47.

J Psychiatry Neurosci 2025;50(2) E91



