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Abstract 
Both severe mental illness and atypical antipsychotics have been independently associated 
with insulin resistance and weight gain. Altered regulation of skeletal muscle DNA methylation 
may play a role. We aimed to evaluate DNA methylation modifications in human skeletal 
muscle samples to further understand its potential role in the metabolic burden observed in 
psychiatric patients and psychopharmacologic treatment. Subjects were included in our study 
if they had a bipolar diagnosis and were currently treated with a mood stabilizer or atypical 
antipsychotic. A healthy control group free of psychiatric or physical disease was also included 
for comparisons. Anthropometric, BMI and hemoglobin A1C (HbA1C%) were measured. Fasting 
skeletal muscle biopsies were obtained and methylation levels of 5-methycytosine (5-mC), 
5-hydroxymethylcytosine (5-hmC) and 5-formylcytosine (5-fC) were measured. Skeletal muscle 
global methylation of 5-mC and 5-fC were significantly higher in bipolar subjects compared 
to healthy controls. 5-mC was significantly higher in the AAP group compared to the mood 
stabilizer group. Significant correlations were observed between 5-fC methylation and HbA1C%. 
Our findings suggest that psychiatric disease and treatment may influence some methylation 
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measures in the skeletal muscle of patients with bipolar disorder, which may be further 
influenced by medication treatment. 
© 2019 Elsevier B.V. and ECNP. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Bipolar disorder is a severe mental illness characterized
by episodes of elevated and depressed mood that in-
terfere with a patient’s ability to function and thrive
( Grande et al., 2016 ). The treatment of bipolar disorder in-
cludes both non-pharmacologic and pharmacologic modal-
ities ( Yatham et al., 2018 ). Pharmacologic strategies con-
sist of acute treatment to resolve symptoms associated with
a manic or depressive episode followed by maintenance
treatment to prevent recurrence of future episodes. Main-
tenance treatment is generally achieved with a mood stabi-
lizer such as lithium, valproic acid or lamotrigine or with an
atypical antipsychotic (AAP) such as olanzapine, quetiapine
or risperidone ( Yatham et al., 2018 ). 

Bipolar disorder and its treatment carries many risks
that increase morbidity and mortality including suicide
and drug side effects. Unique to bipolar disorder, and
severe mental illness that includes schizophrenia, is an
increased rate of obesity, glucose dysregulation and insulin
resistance prior to drug treatment compared to healthy
controls ( Charles et al., 2016 ; Greenhalgh et al., 2017 ;
Pillinger et al., 2017 , 2018 ; Vancampfort et al., 2016 ).
This is in addition to the well-documented disturbances
in glucose metabolism and weight gain caused by drug
treatment (primarily AAP) for bipolar disorder ( Aly et al.,
2015 ; Correll et al., 2015 ; Zhang et al., 2017 ). These
drug effects have been observed in psychiatric disorders
and independent of psychiatric disorders suggesting a
direct effect of the drug that is not dependent on patho-
physiological or environmental (e.g., diet, lifestyle, etc.)
factors ( Burghardt et al., 2018b ). The metabolic burden
observed with psychiatric diseases and caused by treatment
is important as patients with severe mental illness have
10–20 year lower life expectancy compared to the general
population, which is mainly attributable to cardiovascular
disease ( Laursen et al., 2019 , 2013 ; Osby et al., 2016 ;
Weiner et al., 2011 ; Westman et al., 2013 ). Dietary and
lifestyle differences may account for some of this risk
however; the molecular mechanisms remain to be eluci-
dated. Some possible pathways that have been suggested
to be involved in the glucose and metabolic dysregulation
observed in psychiatric disease and treatment include the
leptin pathway, insulin signaling pathways, obesogenic
pathways and drug receptor-related pathways (e.g., his-
tamine and serotonin receptor antagonism) which has been
reviewed previously ( Ballon et al., 2014 ; Boyda et al., 2010 ;
Chen et al., 2017 ). A unified theory has not emerged which
could be due to a lack of work in metabolic tissues involved
in insulin resistance and metabolic disease. 

The skeletal muscle is one of the major tissues respon-
sible for insulin-stimulated glucose uptake and storage
( DeFronzo et al., 1979 ; Thiebaud et al., 1982 ). Dys-
function in the skeletal muscle’s ability to complete
insulin-stimulated glucose uptake is thought to be the
primary defect in the development of insulin resistance
which is a major component in the development of diabetes
( DeFronzo and Tripathy, 2009 ). The skeletal muscle molec-
ular mechanisms underlying insulin resistance have been
extensively studied in general, obese and diabetic popula-
tions. Such dysregulations include aberrant protein abun-
dance and/or signaling as well as changes in DNA methy-
lation modifications ( Abdul-Ghani and DeFronzo, 2010 ;
Caruso et al., 2014 , 2015 ; Castellano-Castillo et al., 2019 ;
Yi et al., 2008 ). Despite the appreciated role of skeletal
muscle in insulin resistance, this tissue has not been studied
for its role in the elevated metabolic co-morbidity (i.e.,
obesity and glucose dysregulation) observed in severe
mental illness and with AAP treatment. 

Our work has previously suggested that changes in
peripheral blood DNA methylation may play a role in
AAP-induced insulin resistance and that other molecular
changes may be specific to diagnosis ( Burghardt et al.,
2015a , 2015b , 2016 ). DNA methylation modifications may
arise in several forms. The most commonly studied form
is 5-methylcytosine (5-mC) due to its established stability
and role in gene regulation ( Kumar et al., 2018 ). Although
knowledge of other modifications has long been known,
recent investigations into the “oxidized derivative” methy-
lation modifications including 5-hydroxymethylcytosine
(5-hmC), 5-formylcytosine (5-fC) and 5-carboxylcytosine
(5-caC) has increased due to their possible regulatory and
signaling functions beyond simply an intermediate in the
de-methylation pathway ( Shi et al., 2017 ; Song et al.,
2013 ; Spruijt et al., 2013 ; Wang et al., 2017 ). Previous
work into the epigenetic mechanisms in psychiatric disease
and treatment, including our own, has been limited by
its measurement of gene methylation in the blood, the
deficiency of assessing DNA methylation beyond 5-mC and
the lack of comparisons to a healthy control group. We
aimed to address some of these previous limitations by
evaluating an a priori hypothesis that, global levels of DNA
methylation modifications in a tissue with a known role in
insulin resistance (i.e., the skeletal muscle) are associated
with psychiatric disease and psychiatric treatment in a
group of patients with elevated metabolic burden. Thus,
we wanted to understand if psychiatric disease and/or
treatment is associated with the overall levels of various
methylation marks in DNA in a critical metabolic tissue, the
skeletal muscle. We chose to analyze global levels of these
methylation modifications since no previous work has been
performed in this patient population within the skeletal
muscle and this will allow for an unbiased assessment
of each methylation modification versus concentrating a
candidate gene or panel of genes. The identification of
tissue-specific changes in DNA methylation may provide
evidence regarding the molecular changes associated with
metabolic burden in psychiatric disease and treatment. This
work at a global methylation level may provide direction for
future experiments aimed at understanding the gene level
changes of the methylation modifications by concentrating
efforts on particular methylation modifications that are
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ltered globally (e.g., 5-mC and 5-fC) with a genome-wide 
r candidate pathway approach. Therefore, although our 
ypothesis was established a priori , the information here 
an still be used to generate further hypotheses on methy-
ation modification in psychiatric disease and treatment. 

. Experimental procedures 

.1. Inclusion/Exclusion criteria for patient and 

ealthy subject selection 

or the bipolar group, patients were recruited from the Metropoli-
an Detroit area with postings and flyers based on the following
nclusion criteria: (1) 21–60 years old, (2) diagnosis of bipolar I, II
r Not Otherwise Specified (NOS), (3) currently stable on an AAP
r mood stabilizer therapy (defined as no dose changes > 50% for at
east 3 months) and (4) able to give full, informed consent. Patients
ere excluded if they had or were: (1) a diagnosis of diabetes, (2)
 primary relative with diabetes, (3) a documented metabolic dis-
ase (e.g., obesity, dyslipidemia, etc.) prior to starting psychiatric 
rug therapy, (4) an allergy to lidocaine, (5) a bleeding disorder
r inability to refrain from anti-coagulants for biopsy, (6) an active
r past (1 year) diagnosis of substance abuse or dependence and
7) taking any medication (including herbal or over-the-counter) 
hat may affect insulin sensitivity. Psychiatric diagnoses were ini- 
ially asked during pre-screening and then confirmed by the Mini
nternational Neuropsychiatric Interview (M.I.N.I) by a trained re- 
earch assistant ( Sheehan et al., 1998 ). A group of healthy control
ubjects were recruited from the Wayne State University campus 
nd surrounding area via a separate protocol through web postings
nd flyers. Healthy control subjects were included if they were:
1) age 21–60 years, (2) had no current psychiatric or physical dis-
ase and (3) were able to give informed consent. Healthy control
ubjects were excluded if they: (1) had a primary relative with di-
betes, (2) had an allergy to lidocaine, (3) were unable to refrain
rom anti-coagulants during study or (4) were taking any medication
including herbal or over-the-counter) that may affect insulin sensi- 
ivity. We purposely recruited healthy controls without physical dis- 
ase as our interest was the metabolic burden that differentiates
sychiatric patients from the general population. All protocols and 
rocedures for the study were approved by the Wayne State Univer-
ity Institutional Review Board and carried out in accordance with
he Declaration of Helsinki. All subjects gave full informed consent
rior to undergoing any assessments or questionnaires in the study
hich included an explanation of the physical and all other risks as-
ociated with the study (including biopsy risks such as cramping or
ruising at the site). All subjects were informed that their partici-
ation was voluntary and that they would expect no direct benefit
rom this study other than the knowledge obtained from the collec-
ion of their samples. Subjects were compensated for the time in
he study. 

.2. Clinical assessments and skeletal muscle biopsy 

fter undergoing a phone pre-screening, eligible subjects were 
nvited to the Wayne State University Clinical Research Services 
enter (CRSC) to obtain informed consent and undergo: (1) com-
letion of a questionnaire that include demographic and medi- 
al/medication history, (2) anthropometric measurements and vital 
igns, (3) hemoglobin A1C% using the A1C Now + system (PTS diag-
ostics) and (4) evaluation of fasting glucose by a bedside YSI 2300
lucose Analyzer (Xylem, Yellow Springs, OH) ( Shanely et al., 2014 ).
hlorpromazine equivalents were calculated for patients on an AAP 
 Leucht et al., 2014 ). Biopsied muscle was immediately cleaned of
lood, fat and connective tissue and flash frozen until further pro-

essing. 

4  
.3. Extraction of DNA and methylation assessment 

pproximately 30 mg of biopsied muscle was homogenized with
 Minilys (Precellys, Atkinson, NH) homogenizer in RLS buffer.
NA was extracted from the homogenate using the AllPrep
NA/RNA/miRNA kit (Qiagen, Hilden, Germany) on an automated
iacube system (Qiagen). Extracted DNA was measured on a Qubit
luorometer (Thermo Fisher, Waltham, MA) with the applicable kit.
ethylation of 5-mC, 5-hmC and 5-fC was measured via two as-
ay types. Global levels of 5-mC was measured using a previously
alidated protocol of Linear Interspersed Nuclear Element 1 (LINE-
) that utilizes methylation sensitive high-resolution melting (MS- 
RM) on bisulfite-converted DNA along with a set of methylation
tandards (mixed ratios of methylated and unmethylated DNA) on a
oche LightCycler 480ii ( Tse et al., 2011 ). We used the same primers
s reported by Tse et al. along with Roche Lightcycler High Res-
lution Master Mix. Samples were ran in duplicate within a single
atch (e.g., plate) for the LINE-1 analysis with an average coeffi-
ient of variation of 5.52 ± 3.24%. Global levels of 5-hmC and 5-
C were measured using MethylFlash Epigentek ELISA kits accord-
ng to manufacturer instructions (5-hmC Kit#P-1032 and 5-fC Kit#P-
041) including the provided negative and positive ontrols. These
its allow for relative quantification of the methylation modifica-
ions from DNA by utilizing a standard curve of known methylation
long with the amount of sample input. For the 5-hmC and 5-fC
nalysis, only single samples were ran due to the limited amount
f available muscle tissues available from our biopsies on human
ubjects. 

.4. Statistical analysis 

emographic and clinical data were compared between the three
roups using chi-square, ANOVA or Kruskal–Wallis, where appropri- 
te. A p -value < 0.05 was considered significant for demographic
nd clinical comparisons. Methylation measurements were ana- 
yzed for normality using the Shapiro-Wilk Test. 5-mc measure-
ents were considered normal however 5-hmC and 5-fC data were
on-normal ( p < 0.05). Log transformation of these variables re-
ulted in normalized data by Shapiro-Wilk. Methylation variables 
ere compared between the psychiatric and healthy control groups
r between treatment groups using student t- tests (for treatment
roups) or linear regression (for healthy volunteer comparisons). 
ny comparison between the psychiatric or specific treatment
roup and healthy volunteer included age in the model to statisti-
ally control for a significant difference observed between the psy-
hiatric and healthy control groups. We did not control for these
henotypic factors in comparisons between the treatment groups
s they were not significantly different. Exploratory correlations 
etween methylation variables and HbA1C% were performed using
earson correlation. To correct for multiple testing the false dis-
over rate (FDR) method was applied and an FDR q-values < 0.05
ere considered statistically significant in this study ( Benjamini and
ochberg, 1995 ). Analyses were performed in JMP 14.0 (SAS, Cary,
C). 

. Results 

.1. Patient characteristics 

orty-one participants were included consisting of 28 bipo- 
ar patients (16 on AAPs and 12 on mood stabilizers) and
3 healthy controls. The bipolar patients were 75% bipo-
ar I, 18% bipolar II and 7% Bipolar NOS. The average
hlorpromazine equivalent dose for patients on AAPs was 
56.8 mg/day. The average dose for lithium was 630 mg/day,
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Table 1 Demographic and clinical variables of psychiatric and healthy control groups. 

Variable Bipolar ( n = 28) Healthy Control 
( n = 13) 

P -Value 

All ( n = 28) Atypical Antipsychotic 
Subgroup ( n = 16) 

Mood Stabilizer 
Subgroup ( n = 12) 

Comparisons between 
three groups 

Age 43.7 ± 13.9 44.4 ± 15.1 42.8 ± 12.6 25.3 ± 4.0 0.0002 
% Male 43 37.5 50 61 0.4 
Race (% Caucasian) a 61 56 67 39 0.4 
BMI (kg/m 

2 ) 31.6 ± 7.32 31.1 ± 8.2 32.4 ± 6.3 21.7 ± 2.3 0.0004 
WHR 1.0 ± 0.09 1.0 ± 0.1 1.0 ± 0.06 1.0 ± 0.1 0.9 
HbA1C% 5.6 ± 0.4 5.6 ± 0.5 5.6 ± 0.4 4.9 ± 0.3 0.0002 
Fasting Glucose 

(mg/dL) 
93.4 ± 9.5 94.1 ± 10.7 92.4 ± 7.9 83.7 ± 4.6 0.0033 

Antipsychotic or Mood 
Stabilizer (% name) 

NA 37.5% quetiapine; 
18.75% olanzapine; 
18.75% risperidone; 
12.5% asenapine; 
6.25% lurasidone; 
6.25% ziprasidone 

42% lamotrigine; 
42% lithium; 
16% valproic acid 

NA NA 

The table gives the demographic and clinical statistics for the healthy control group, the combined bipolar group and for the break down 
by psychopharmacologic treatment. The right column presents the comparisons between the three groups (atypical antipsychotics, mood 
stabilizers and healthy controls) using chi-square (sex, race), ANOVA (BMI, HbA1C%) or Kruskal-Wallis (age, WHR and fasting glucose) 
Values presented in mean ± s.d. or%. 
a The remaining self-categorized race were combined as “other” BMI = Body Mass Index; HbA1C% = glycated hemoglobin; WHR = Waist-to- 

Hip Ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for lamotrigine was 190 mg/day and for valproic acid was
750 mg/day. The groups differed in age, BMI, fasting glu-
cose and HbA1C% (all p < 0.001) which was mainly driven by
differences in the healthy control group. Of note, the psy-
chiatric groups tended to have worse glucose control (higher
HbA1C%) and fall within or near the cutoff of pre-diabetes
as defined by an HbA1C% of 5.70 – 6.49 ( American Diabetes
Association, 2019 ). No significant differences (all p > 0.05)
were observed between the AAP and mood stabilizer groups.
Table 1 presents the cohort’s characteristics based psychi-
atric diagnosis and by treatment group (AAP versus mood
stabilizer). 

3.2. Comparisons of skeletal muscle 

5-methylcytosine, 5-hydroxymethycytosine and 

5-formylcytosine 

Our investigation of DNA methylation modifications within
the skeletal muscle of bipolar patients and healthy controls
identified several differences. First, significantly higher lev-
els of 5-mC and 5-fC methylation were observed in bipolar
patients compared to healthy controls when controlling for
age. When further stratifying the bipolar patients based
on maintenance psychiatric treatment (i.e., AAP or mood
stabilizer), significantly higher levels of 5-mC and 5-fC were
observed in the AAP group compared to healthy controls.
The AAP and mood stabilizer groups had significantly dif-
ferent 5-mC levels (AAP higher) and a possible trend for
a difference in 5-fC. Many of the differences between the
healthy control group were moderated by age but remained
significant. There were no statistically significant correla-
tions of treatment length on current AAP with methylation
measures except for a positive trend ( p = 0.09, r 2 = 0.19)
with 5-fC. Overall, no differences were observed for 5-hmC
methylation however there was a significant correlation be-
tween AAP dose (CPZE equivalents) and 5-hmC ( p = 0.0015,
r 2 = 0.52). Table 2 presents that comparisons of methylation
measures between the groups and depicts adjustment for
age in comparisons to the healthy control group and the
adjustment for multiple testing. 

3.3. Correlations of skeletal muscle methylation 

with HbA1C% 

Since the skeletal muscle is a primary tissue in insulin-
mediated glucose uptake and our sample were on long-term
AAP or mood stabilizer treatment, we analyzed correlations
between measured methylation variables with a measure of
long-term glucose management (i.e., HbA1C%) using Pear-
son correlations ( Table 3 ). A significant, moderate correla-
tion (correlation between 0.2 and 0.5) was observed for 5-
hmC and 5-fC with HbA1C%. No correlation was observed for
5-mC. 

4. Discussion 

4.1. Methylation changes in psychiatric disease 

and psychopharmacological treatment 

To date, our study is the first to demonstrate associa-
tions between psychiatric disease, treatment and methyla-
tion modifications of DNA in human skeletal muscle. Stud-
ies have investigated these effects in the peripheral blood
and post-mortem brain samples in psychiatric patients and
have shown variable changes in methylation levels depend-
ing on the psychiatric disease or treatment being evalu-
ated ( Backlund et al., 2015 ; Lockwood and Youssef, 2017 ;
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Table 2 Methylation comparisons between psychiatric, treatment and healthy control groups. 

Comparison Statistic Methylation Measure 

5-methylcytosine 
(5-mC) 

5-hydroxy-methycytosine 
(5-hmC) 

5-formylcytosine 
(5-fC) 

Psychiatric versus 
Healthy Control 

Raw Fold Change 1.10 1.01 3.13 
Unadjusted p -value 4.83 × 10 −5 0.49 0.0077 
Adjusted p -value 0.0011 0.38 0.0014 
FDR q -value 0.0056 ∗ 0.41 0.0056 ∗

Atypical 
Antipsychotic versus 
Healthy Control 

Raw Fold Change 1.12 1 3.91 
Unadjusted p -value 2.32 × 10 −5 0.90 0.0048 
Adjusted p -value 0.0004 0.79 0.0084 
FDR q -value 0.0048 ∗ 0.79 0.0252 ∗

Mood Stabilizer 
versus Healthy 
Control 

Raw Fold Change 1.07 1.03 2.09 
Unadjusted p -value 0.0067 0.30 8.7 × 10 −5 

Adjusted p -value 0.12 0.24 0.07 
FDR q -value 0.18 0.3 0.12 

Atypical 
Antipsychotic versus 
Mood Stabilizer 

Raw Fold Change 1.05 0.97 1.87 
p -value a 0.0156 0.25 0.06 
FDR q -value 0.037 ∗ 0.3 0.12 

Comparisons performed between (1) psychiatric and healthy control groups, (2) atypical antipsychotic and healthy control groups, (3) 
mood stabilizer and healthy control groups and (4) atypical antipsychotic and mood stabilizer groups. Fold change represents relative 
changes to healthy control group (or mood stabilizer group) using raw data. Comparison p -values estimated with normalized data for 
5-hmC and 5-fC. The table shows the p -values before and after adjustment for age in the comparisons to the healthy control group and 
the final FDR-adjusted q-value. 

∗ Indicates significance of FDR q < 0.05;. 
a Indicates no adjustment was made for age in comparison between the treatment groups. 

Table 3 Pearson correlations between HbA1C% and methy- 
lation measures. 

HbA1C% 

Correlation p -value FDR q -value 

5-mC Methylation 0.16 0.35 0.35 
5-hmC Methylation 0.34 0.037 0.056 ∗

5-fC Methylation 0.50 0.0018 0.0054 ∗

This table shows the Pearson correlation values between 
HbA1C%, 5-mC, 5-hmC and 5-fC methylation with their corre- 
sponding raw p -value and FDR-adjusted q -value. 

∗ indicates significance of FDR q < 0.1. 
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5  
ill et al., 2008 ; Ovenden et al., 2018 ; Swathy and Baner-
ee, 2017 ). Much of this previous work pertains to the ef-
ects of disease and/or treatment on 5-mC at the global and
ene-specific level. Furthermore, work in animal and cell 
odels has also demonstrated 5-mC methylation changes 
lobally and in genes such as Igf2/H19, CDKN p21 , and
DH within the brain and liver ( Goud Alladi et al., 2018 ;
elka et al., 2013 , 2014 ; Seo et al., 2018 ). Although variable
n their location of 5-mC assessments (some also provided 
pigenome-wide assessments identifying hundreds of differ- 
nces in specific genes), these studies consistently point to 
n effect of both disease and treatment on 5-mC levels pe-
ipherally and in tissues relevant to the disease (i.e., brain)
r treatment (e.g., brain, liver, etc.). It may be possible 
rug treatment changes brain DNA methylation in specific 
athways leading to efficacy while simultaneously leading 
o methylation dysregulation within tissues like the skeletal 
uscle that play a role in drug side effects and metabolic
isease. The findings demonstrated here add to this liter- 
ture by suggesting that psychiatric disease or treatment 
ay influence 5-fC in addition to 5-mC levels in insulin re-
ponsive tissues that are relevant to the baseline metabolic
urden and glucose dysregulation observed in severe mental 
llness as well as the side effects of psychiatric drugs that
ccur independent of psychiatric illness ( Burghardt et al.,
018b ; Greenhalgh et al., 2017 ; Pillinger et al., 2017 , 2018 ).
urthermore, our differences between the psychiatric and 
ealthy control groups appear to be mainly driven by dif-
erences observed between the AAP and healthy control 
roups. This may be particularly important as AAPs likely
ave a higher risk of metabolic side effects compared to
ood stabilizers. Therefore, these findings may point to 
ethylation differences underlying the metabolic side ef- 
ects of AAPs which will require further investigation. Func-
ionally and potentially clinically important changes in 5-mC 

ill likely occur in the promoter regions of genes given the
vidence of 5-mC changes in these regions being associated 
ith downstream gene expression ( Curradi et al., 2002 ). It
ill be important for future studies to address this question
n 5-mC changes in psychiatric disease and treatment by
ocusing on regions of methylation that are most likely as-
ociated with changes in gene expression such as promoter
egions. 
Investigations into alternative methylation modifications 

eyond 5-mC in psychiatric disease or treatment are less 
requent. However, changes in these alternative forms have 
een observed in blood and other tissues. Zong and col-
eagues demonstrated increased 5-mC and 5-hmC methy- 
ation levels of the GABRB2 gene in the peripheral blood
f schizophrenia patients compared to controls which fur- 
her was influenced by drug treatment ( Zong et al., 2017 ).
wathy and colleagues demonstrated effects from antipsy- 
hotics on global 5-mC, 5-hmC and 5-fC using the same
-hmC and 5-fC methodology we detail here in liver cells
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in vitro and further validated these findings in peripheral
blood from schizophrenia patients ( Swathy et al., 2018 ). Fi-
nally, work has also identified increased hydroxymethylation
of mRNA editing genes in the brains of psychotic patients
compared to depressed or control patients ( Dong et al.,
2012 ). Our study identified increased levels of 5-mC and 5-fC
global methylation in the skeletal muscle psychiatric sub-
jects treated with AAPs compared to controls, which par-
tially supports some of the findings described above. We
did not identify a significant change in 5-hmC methylation
between the groups. Reasons for these discrepant findings
could be (1) different tissues under investigation, (2) using
gene-specific versus global assessments of methylation, (3)
population specific differences, (4) lack of power to identify
an effect from limited sample sizes or (5) methodological
differences. Further work is needed to investigate DNA mod-
ifications outside of 5-mC as our understanding of their role
in psychiatric disease and/or psychiatric treatment within
various tissues remains incomplete. Additionally, as with 5-
mC above, it will be important to describe the genomic re-
gions of differential alternative methylation modifications
as these could be distinct from 5-mC and play alternative or
partnering roles in gene control. 

4.2. Methylation and de-methylation markers 
present in the skeletal muscle of psychiatric 

patients 

The observed increased 5-mC methylation and 5-fC methy-
lation compared to healthy controls may suggest that there
are processes that are causing increased methylation (5-mC)
and pathways of increased de-methylation (5-fC). The rea-
sons for this are unknown. However, an increase in active or
passive de-methylation may be present as suggested by the
increased presence of 5-fC. This may be further supported
by the previous work identifying significance increases
in global and gene-specific 5-hmC in psychiatric patients
discussed above ( Swathy et al., 2018 ; Zong et al., 2017 ).
Whether or not this is a compensatory molecular mechanism
or merely a correlation due to higher 5-mC levels requires
further work. Additionally, 5-fC may serve a role beyond just
an intermediate to de-methylation through signaling or al-
ternative regulation, however, these alternative roles are
still being debated ( Breiling and Lyko, 2015 ; Song et al.,
2013 ). Future studies will need to assess the consequences
of methylation and de-methylation (e.g., changes in pro-
tein abundance/activation, gene expression, etc.) to better
understand the dynamic interplay between 5-mC and its ox-
idized modifications (5-hmC, 5-fc and 5-carboxylcytosine). 

4.3. DNA methylation within the skeletal muscle 

as a mechanism of glucose dysregulation observed 

in psychiatric disease or with psychiatric drug 

treatment 

With the skeletal muscle being the primary tissue involved
in insulin-stimulated glucose uptake, dysregulation of the
molecular pathways that facilitate this process could pos-
sibly be involved in the metabolic dysregulation observed
with psychiatric disease (prior to drug treatment) or caused
directly by AAPs ( Burghardt et al., 2018b ; Greenhalgh et al.,
2017 ; Pillinger et al., 2017 , 2018 ). Our findings demonstrate
increased 5-mC and 5-fC methylation of DNA at a global
level in psychiatric patients. Although these psychiatric pa-
tients had higher metabolic burdens (increased BMI, higher
HbA1C% and fasting glucose) compared to controls our cor-
relation analysis only observed a statistically significant ef-
fect for 5-hmC and 5-fC. Future work will need to under-
stand if these associations of psychiatric disease or treat-
ment have any correlation with the metabolic burden and
side effects observed in psychiatric populations. 

Although our study is in human skeletal muscle, pre-
clinical work has established molecular effects of psychi-
atric treatment, specifically AAPs, in metabolic tissues such
as adipose and muscle in pathways that are critical to glu-
cose homeostasis and insulin resistance. Engl and colleagues
demonstrated the effect of olanzapine on protein kinase b
(AKT) activation in the skeletal muscle of rats during hyper-
insulinemia suggesting that olanzapine exerts some of its
glucose dysregulation through effects on this muscle path-
way ( Engl et al., 2005 ). This work was extended by Rimessi
and colleagues with their work on identifying new treat-
ments that could prevent AAP-induced weight gain in rats
( Rimessi et al., 2017 ). Specifically, they provided evidence
of dysregulation in RNA transcripts and proteins in the
adipose and skeletal muscle following AAP treatment that
was corrected with a protein kinase C inhibitor. Our own
work has suggested that AAPs may influence gene-specific
methylation of protein kinase b isoforms ( Burghardt et al.,
2018a ). Differential methylation beyond 5-mC (such as
5-fC, suggested by the global differences in our study)
could be localized to pathways involved in glucose uptake
(such as AKT/protein kinase b described above) meaning
reduced expression of the genes and activation of this
pathway. Future work should specifically focus on analyzing
additional methylation marks of these candidate genes. It
is also possible that alternative methylation modification
(e.g., 5-fC) may occur in these pivotal pathways of glucose
uptake offering additional insight into the methylation
changes that underlie psychiatric and treatment-associated
insulin resistance. Future work will be needed to replicate
and expand on these findings by analyzing gene-specific
methylation modifications with functional gene or protein
expression analyses while co-analyzing the expression and
protein abundance/regulation of the DNA de-methylation
pathway (e.g., ten-eleven translocation enzymes). Func-
tional validation would provide further critical mechanistic
information by informing whether the methylation changes
observed actually cause downstream differences in gene
expression, protein abundance or metabolite levels within
pathways of interest. 

4.4. Limitations and future directions 

To our knowledge, this is the first report of methylation
modifications beyond 5-mC in the skeletal muscle from
psychiatric patients. Nevertheless, some limitations should
be considered when interpreting these findings. First, the
cross-sectional design also does not rule out the effect of
confounding or bias due to patient-specific factors that were
clearly different with the healthy control group. However,
we did statistically control for age in our comparisons to the
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ealthy control group while allowing the intended metabolic 
ifferences to remain. Nevertheless, these differences in 
roups do limit the conclusions that can be drawn when 
onsidering the comparisons to the healthy control group 
nd future work should match groups more closely. Addi- 
ionally, we excluded patients with a family history of di-
betes to enable us to concentrate on the metabolic side 
ffects of psychopharmacologic treatment. This could re- 
uce our ability to observe the links between bipolar disor-
er and diabetes and future work should consider including 
hese patients. The sample size was limited so results and 
onclusions should be considered preliminary and require 
urther replication and follow-up in other psychiatric popu- 
ations on pharmacological treatment. The measure of glu- 
ose management is clinically useful however, gold-standard 
easurements of whole body insulin sensitivity such as the 
yperinsulinemic euglycemic clamp should be used in fu- 
ure studies. The methylation measures were in the skele- 
al muscle and can only be interpreted as potentially im-
ortant to the metabolic burden observed in severe men- 
al illness and its treatment. Future work would need to
ssess brain tissues in various models to make conclusions 
n the mechanisms of psychiatric disease development or 
reatment efficacy. We had only limited skeletal muscle 
or DNA methylation analysis allowing for single analyses of 
he 5-hmC and 5-fC kits however this is the first report of
hese measurements in skeletal muscle of psychiatric pa- 
ients. Future work must be performed to replicate these 
easurements and assess their validity. Additionally, func- 
ional validation of the methylation changes are required to 
nderstand their significance (i.e., determining if methyla- 
ion has a functional effect on gene regulation by measuring 
hanges in gene expression or protein abundance). A correc- 
ion for multiple testing was performed using the false dis- 
overy method but given the limited sample size and pre-
iminary nature of the study, some findings may not have 
ad sufficient power to reach statistical significance. The 
ost-hoc power for the 5-mC, 5-hmC and 5-fC were 0.9. 0.3
nd 0.9, respectively. This suggests that the 5-hmC analysis 
as potentially underpowered and future studies required 
arger sample sizes to know if there is really no difference
etween the groups studied here. For example some find- 
ngs above an FDR of 0.1 may be in an acceptable range
ased on other studies (FDR of 0.1 to 0.25) ( Geetha et al.,
011 ; Rahimov et al., 2012 ; Steele et al., 2015 ; Zheng et al.,
010 ). Our study is not able to separate out disease versus
rug effects on skeletal muscle DNA methylation modifica- 
ions. Prospective studies identifying methylation changes 
ollowing treatment are required to establish cause and ef- 
ect. The use of peripheral DNA samples from studies of pa-
ients not yet treated with AAPs may provide insight from a
linically-accessible source. Finally, the analyses performed 
nly assess a snapshot of genomic methylation status and 
rovide no information on gene- or region-specific methyla- 
ion changes. Future work is required to understand these 
ene-level changes in order to identify potential pathways 
r mechanisms of interest. 

. Conclusions 

he findings here suggest that DNA methylation may be 
nfluenced by psychiatric disease and psychopharmaco- 
ogic treatment. Although correlational analyses were per- 
ormed, future work will need to specifically account for
etabolic effects versus medication/psychiatric effects on 
-mC, 5-hmC and 5-fC in the muscle through the use of al-
ernative inclusion criteria and statistical modeling. With 
uture work, this could aid in understanding the elevated
ates of metabolic disease in psychiatric populations which 
re thought to cause the increased rates of cardiovascu-
ar mortality in this vulnerable population. Identification of 
hese factors and mechanisms may one day allow for inter-
entions that reduce morbidity and mortality observed in 
sychiatric patients. 
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