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Abstract

Study Objective—Atypical antipsychotics cause insulin resistance that leads to an increased 

risk of diabetes mellitus and cardiovascular disease. Skeletal muscle is the primary tissue for 

uptake of glucose, and its dysfunction is considered one of the primary defects in the development 

of insulin resistance. Protein kinase B (AKT) plays an important role in overall skeletal muscle 

health and glucose uptake into the muscle. The objective of this study was to measure AKT 
isoform–specific gene methylation differences in the skeletal muscle of patients with bipolar 

disorder treated with atypical antipsychotic or mood stabilizer maintenance therapy.

Design—Cross-sectional, observational study.

Setting—Clinical research services center at an academic center.

Patients—Thirty patients with a confirmed diagnosis of bipolar disorder who were treated with 

either an atypical antipsychotic (16 patients) or mood stabilizer (14 patients) at a consistent dose 

for at least 3 months.

Interventions—A fasting skeletal muscle biopsy was performed in the vastus lateralis in each 

patient. Patients also underwent fasting blood sample collection and a standard, 75-g oral glucose 

tolerance test.

Measurements and Main Results—Skeletal muscle DNA methylation near the promoter 

region for three genes—AKT1, AKT2, and AKT3—was measured by methylation-sensitive high-

resolution melting. Gene methylation was analyzed based on atypical antipsychotic versus mood 

stabilizer maintenance therapy. Associations between gene methylation, insulin resistance, and 
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glucose tolerance were also analyzed. In patients treated with atypical antipsychotics, AKT1 and 

AKT2 methylation was increased compared with patients treated with mood stabilizers (p=0.03 

and p=0. 0.02, respectively). In addition, for patients receiving atypical antipsychotics, a positive 

trend for AKT2 hypermethylation with increasing insulin resistance was observed, whereas for 

patients receiving mood stabilizers, a trend for decreased AKT2 methylation with increasing 

insulin resistance was observed.

Conclusion—Overall, our findings suggest that the AKT gene is differentially methylated in the 

skeletal muscle of patients taking atypical antipsychotics or mood stabilizer maintenance therapy. 

These results may direct future approaches to reduce the harmful adverse effects of atypical 

antipsychotic treatment.
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Atypical antipsychotics (AAPs) are an effective treatment used for the management of 

symptoms in patients with psychiatric diseases such as schizophrenia and bipolar disorder. 

Their use is associated with an increased risk of cardiometabolic adverse effects including 

weight gain and insulin resistance (1). The insulin resistance observed in patients taking 

AAPs contributes to an increased risk of diabetes mellitus and metabolic syndrome (2, 3). It 

has been demonstrated that patients with severe mental illness (schizophrenia and bipolar 

disorder) have higher mortality rates compared to the general population due to 

cardiovascular disease that is partly related to AAP-induced insulin resistance and metabolic 

adverse effects (4–7). However, other factors may contribute to this increased risk such as 

lifestyle factors and dietary and hereditary factors.

Despite the epidemiologic evidence linking AAP-induced metabolic adverse effects such as 

insulin resistance to increased mortality, the mechanisms by which it occurs remain 

unknown. Previous work using blood from clinical populations has pointed to dysregulations 

in various molecular systems including genetic, epigenetic, and lipidomic (8–12). However, 

deriving mechanistic understandings of pharmacologic effects can be difficult when 

analyzing blood given its heterogeneous collection of cell types. Additionally, insulin 

resistance may be driven by dysfunction in tissues responsible for insulin-stimulated glucose 

uptake (13). Skeletal muscle is considered the primary insulin-responsive tissue, accounting 

for up to 80% of insulin-stimulated glucose uptake (14). Dysfunction in skeletal muscle 

glucose uptake is considered the primary defect in insulin resistance, thus serving as a 

primary candidate tissue for investigating the mechanisms of AAP-induced insulin 

resistance (15, 16).

Protein kinase B (AKT) is a serine/threonine kinase with a critical role in several biological 

processes throughout the body including cell migration, apoptosis, and glucose metabolism 

and transport (17). This wide range of function is dictated by three isoforms—protein kinase 

B α, β, and γ—that are encoded by three separate genes—AKT1, AKT2, and AKT3, 

respectively. Dysfunction in AKT and its pathways has been implicated in several disease 

states such as cancer and insulin resistance (18). Additionally, AKT has a hypothesized role 

in the pathogenesis of mental illness including both schizophrenia and bipolar disorder (19–
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22). It is hypothesized that AAPs and other antipsychotics may exert some of their treatment 

effects by influencing the levels and/or function of AKT. Studies in PC12 cell lines, rodent 

central nervous system, human blood, and postmortem brain have demonstrated an effect of 

AAPs on AKT levels and/or activity (23–28). Other studies have suggested that AKT effects 

in the central nervous system may be due to hyperinsulinemia caused by AAPs peripherally 

(29). We hypothesized that AAPs may influence AKT in a tissue-dependent and isoform-

specific manner. It may be that AAPs influence AKT, such that therapeutic effects are 

observed in one tissue (i.e., brain), but adverse effects occur in others (e.g., metabolic 

tissues). In support of this hypothesis, a study by England colleagues showed that AKT 

activity was disrupted with AAP treatment of L6 rat skeletal muscle cells, a commonly used 

cell model for human skeletal muscle (30). Despite this work implicating AAP effects on 

AKT in the skeletal muscle, to our knowledge, this has not been translated to humans.

The purpose of this study was to measure gene-specific methylation differences of AKT1, 

AKT2, and AKT3 in an insulin target tissue (skeletal muscle) based on maintenance drug 

treatment in a sample of patients with bipolar disorder. This work may provide evidence for 

the effects of AAPs on AKT specifically in skeletal muscle, which can be used to direct 

future investigations into reducing AAP-induced adverse effects, morbidity, and mortality.

Methods

Clinical Population

Potential study patients were recruited from the greater Detroit, Michigan, area through 

public postings and invited to the Wayne State University Clinical Research Services Center 

(CRSC; Detroit, MI) to undergo full informed consent, screening, and associated study 

procedures. Patients were included if they had a diagnosis of bipolar disorder (I, II, or not 

otherwise specified [NOS]), verified by the Mini International Neuropsychiatric Interview 

(MINI) and performed by a trained research assistant (31). Patients also must have been 

treated with either an atypical antipsychotic or mood stabilizer at a consistent dose for at 

least 3 months. Patients were excluded if they had a known metabolic disturbance prior to 

starting their drug therapy, had diabetes, had an active substance abuse or dependence 

diagnosis (by history and urine dipstick), had an allergy to lidocaine, had a history of 

bleeding, or had a primary relative with diabetes, or if peripheral intravenous access could 

not be obtained. We defined maintenance therapy as the main psychiatric medication (i.e., 

AAP or mood stabilizer) used to manage psychiatric symptoms; therefore, patients were 

excluded if they were currently being treated with more than one antipsychotic and/or mood 

stabilizer in combination. All protocols and procedures were approved by the Wayne State 

University Institutional Review Board and were in accordance with the Declaration of 

Helsinki.

Clinical Assessments

Patients meeting inclusion criteria underwent several assessments including a medication 

history questionnaire. Medications were verified by pharmacy records, and patients were 

asked about their psychiatric history and current symptoms. Anthropometrics were measured 

including vital signs, height, weight, hip and waist circumferences, and percentage of body 
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fat by bioelectric impedance. Patients underwent fasting blood sample collection and a 

standard, 75-g oral glucose tolerance test (OGTT) for analysis of insulin sensitivity. Glucose 

level was measured by a bedside YSI 2300 Stat Plus glucose analyzer (YSI Inc., Yellow 

Springs, OH), and fasting insulin level was measured through the Detroit Medical Center 

Hospital Laboratory. An index of insulin resistance was calculated by the homeostatic model 

assessment of insulin resistance (HOMA-IR) (32). Glucose tolerance was defined as normal 

(2-hour OGTT glucose level <140 mg/dL) or impaired (2-hour OGTT glucose level 140-199 

mg/dL) (33). A fasting skeletal muscle biopsy was performed in the vastus lateralis using the 

modified Bergstrom needle technique under local anesthesia (34, 35). Biopsies were 

immediately cleaned of blood, fat, and connective tissue using 1× phosphate-buffered saline 

and were snap frozen with liquid nitrogen within 30 seconds until further processing.

DNA Methylation Analysis

Frozen muscle (10 mg) was homogenized in lysis buffer on a Minilys Bead Homogenizer 

(Bertin Corp., Rockville, MD). Genomic DNA was extracted from the homogenate using the 

Qiagen AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Germantown, MD) on a Qiagen 

Qiacube automated preparation machine. Extracted DNA was measured on a Qubit 

fluorometer (Thermo Fisher Scientific, Carlsbad, CA), and 500 ng was bisulfite converted 

using the Qiagen EpiTect Bisulfite Kit. Bisulfite-converted DNA was used for analysis of 

DNA methylation by polymerase chain reaction (PCR) followed methylation-sensitive high-

resolution melting (MS-HRM) analysis on a LightCycler 480 Instrument II Real-Time PCR 

machine (Roche, Indianapolis, IN). Primers were designed to analyze the transcription start 

area (within 500 base pairs) of each gene according to the methods of Wojdacz and 

colleagues (36, 37). Primer sets, along with genomic location coordinates, are detailed in 

Table 1. Particularly of note, AKT1 and AKT2 transcription start regions contained CpG 

islands whereas AKT3 did not. PCR reactions were performed with Roche LightCycler 480 

High Resolution Melting Master, 2.5 mM of magnesium chloride and 4-10 ng of bisulfite-

converted DNA, according to the manufacturer’s recommendations. PCR and high-

resolution melting conditions are available upon request. All reactions were carried out in 

triplicate, and each plate of samples contained positive controls (0-100% methylated 

controls in 10% intervals), negative controls and genomic template (non–bisulfite-converted) 

controls. Reactions with a coefficient of variation greater than 5% were discarded. Percent 

methylation of each gene was estimated by first obtaining the difference curves relative to 

the 0% methylation standard using the Roche LightCycler 480 Gene Scanning Software. 

Area under the curve (AUC) was estimated for each sample by using the trapezoidal rule in 

Microsoft Excel (Microsoft Corp., Redmond, WA). A standard curve was then plotted using 

the calculated AUCs for the standards. Percent methylation for each sample was 

extrapolated from the standard curve. This methodology has been used for other MS-HRM 

analyses to obtain quantitative methylation values comparable to that of pyrosequencing (38, 

39).

Statistical Analysis

All data are presented as means with standard deviations. Demographic and clinical 

variables between maintenance treatment groups were analyzed with Student t tests, χ2 

tests, or Fisher exact tests where appropriate (e.g., continuous variables such as age utilized 
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independent t tests, categorical variables such as glucose tolerance utilized χ2 tests). The 

outcome of interest was mean difference in skeletal muscle AKT1, AKT2, or AKT3 gene 

methylation between the AAP and mood stabilizer groups by independent Student t test. A 

follow-up linear regression was performed to adjust for age, sex, and body mass index 

(BMI), which can influence DNA methylation independently. Additional analyses were 

performed to understand the relationship between AKT gene methylation and insulin 

resistance or glucose tolerance. A p value less than 0.05 was considered to indicate a 

statistically significant difference.

Results

Characteristics of the Clinical Population

A total of 30 patients consented to the study and underwent muscle biopsies. The average 

age of the sample group was 43.5 ± 14.3 years, 57% were Caucasian, 63% were female, 

53% were taking an AAP, and 47% were taking mood stabilizers. Of those taking an AAP, 

31% were taking quetiapine, 25% risperidone, 19% olanzapine, 13% asenapine, and 13% 

aripiprazole. For the mood stabilizer group, 43% were taking lamotrigine, 43% lithium, and 

14% valproic acid. Demographic and clinical characteristics by group are presented in Table 

2.

Skeletal Muscle AKT Gene Methylation and Maintenance Therapy

AKT methylation was successfully measured in the majority of samples. One sample was 

removed for AKT1 and one for AKT3 due to a high coefficient of variation among the 

sample triplicates (11% and 8%, respectively). Overall, AKT1 had a mean methylation of 

1.71 ± 0.573%, AKT2 had a mean methylation of 29.0 ± 9.62%, and AKT3 had a mean 

methylation of 55.2 ± 12.0%. Skeletal muscle gene methylation of AKT1 and AKT2 was 

associated with treatment status. For AKT1, patients taking AAPs had higher methylation 

(or hypermethylation) at 1.91 ± 0.66% compared to patients taking mood stabilizers at 1.45 

± 0.29% (t=−2.29, p=0.0301). Similarly, for AKT2, patients taking an AAP had 

hypermethylation (33.0 ± 10.8%) when compared to patients taking mood stabilizers (24.3 

± 5.33%, t=−2.51, p=0.0192). Methylation at AKT3 was not significantly different between 

patients taking AAPs (56.9 ± 13.2%) compared to patients taking mood stabilizers (53.1 

± 10.4%, t=−0.800, p=0.431). The associations for AKT1 and AKT2 remained statistically 

significant when performing a linear regression with AKT methylation as the dependent 

variable and maintenance therapy at the independent variable of interest while adjusting for 

age, sex, and BMI (F(4,29)=3.18, p=0.0322 and F(4,30)=4.42, p=0.0095, respectively). The 

adjusted model for AKT3 was nonsignificant (F(4,29)=1.29, p=0.3048).

AKT Gene Methylation, Glucose Tolerance, and Insulin Resistance

Given the importance of AKT in glucose transport and insulin sensitivity, we investigated 

associations between methylation of the AKT gene, measures of glucose tolerance, and 

insulin resistance (HOMA-IR) based on maintenance treatment. When analyzing the 

association of AKT methylation with HOMA-IR or glucose tolerance in the overall 

population, no significant relationships were observed for any gene isoform (all p>0.2). 

When comparing the same relationships between AKT methylation, HOMA-IR, and glucose 
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tolerance based on maintenance treatment with an AAP or mood stabilizer, there were 

nonsignificant but opposing trends observed for AKT2. In patients taking an AAP, AKT2 
methylation and HOMA-IR were positively correlated (p=0.3), whereas in patients taking a 

mood stabilizer, the relationship between AKT2 methylation and HOMA-IR was negatively 

correlated (p=0.1). In the analysis of glucose tolerance, for patients taking an AAP, AKT2 
methylation was higher for those with impaired glucose tolerance compared to those with 

normal glucose tolerance (38.5 ± 14.4% vs 29.2 ± 7.56%, t=−1.54, p=0.1510). In contrast, 

patients taking a mood stabilizer with impaired glucose tolerance had lower AKT2 
methylation compared to patients taking a mood stabilizer with normal glucose tolerance 

(22.1 ± 4.08% vs. 27.6 ± 5.78%, t=1.89, p=0.0915).

Discussion

This study identified isoform-specific associations of the AKT gene with AAPs and mood 

stabilizer treatment in the skeletal muscle of patients with bipolar disorder. Additionally, 

opposing trends were observed between skeletal muscle AKT2 gene methylation and 

markers of insulin resistance and glucose tolerance. These relationships between AKT2 
methylation and insulin resistance and glucose tolerance did not reach statistical significance 

and thus should be considered preliminary. To our knowledge, this is the first study to obtain 

muscle biopsies from a population with a psychiatric illness and to analyze DNA 

methylation of AKT to identify potential mechanisms of AAP-induced adverse effects.

Association of AKT Gene Methylation with Atypical Antipsychotic Treatment

Our findings suggest that both AKT1 and AKT2 gene methylation in the skeletal muscle 

may be increased in patients taking AAPs compared to patients taking mood stabilizers. The 

AKT1 gene, coding for the corresponding AKT1 (protein kinase B α) protein, has high 

expression in the liver, muscle, nervous system, and endothelial cells and may have a more 

specific role for cellular growth and angiogenesis (40). Studies suggest that it has a 

potentially important role in skeletal muscle health and in neuroprotection (41–43). AKT2 

(protein kinase B β) is considered to have a pivotal role in the phosphoinositide 3-kinase 

(PI3K) pathway involved in the activation and recruitment of glucose transporter type 4 

(GLUT-4) to the surface of skeletal muscle cells for the uptake of glucose in response to 

insulin (i.e., insulin-stimulated glucose uptake) (44). Furthermore, increased methylation 

(hypermethylation) in the promoter area of a gene, which was observed for AKT1 and 

AKT2 in patients taking AAPs, is generally associated with lower levels of gene expression 

(45). It can be hypothesized that treatment with AAPs may cause lower levels of AKT1 and 

AKT2 protein available in the skeletal muscle to facilitate important functions in skeletal 

muscle health and glucose uptake. This may influence the ability of these AKT isoforms to 

perform their functions in the skeletal muscle of patients treated with AAPs. These findings 

require further follow-up, assessing both protein abundance and regulation in the skeletal 

muscle of patients treated with AAPs or mood stabilizers.

Our investigation did not identify correlations between skeletal muscle AKT3 promoter 

methylation and AAP treatment compared to mood stabilizer treatment. AKT3 (protein 

kinase B γ) is thought to have an important role in postnatal neuronal development (46). Our 
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finding is consistent with another study that did not identify an effect of antipsychotic 

treatment on AKT3 in brain tissue. However, within this same study, they identified an effect 

only on AKT1 and not AKT2 (47). The findings from our work, coupled with literature, may 

point to tissue-specific effects by AAPs on AKT isoforms.

Atypical Antipsychotics and Skeletal Muscle AKT DNA Methylation in Glucose 
Dysregulation

Since the skeletal muscle is considered the primary tissue involved in peripheral glucose 

uptake, and AKT is a major protein involved in the molecular pathway of glucose uptake, we 

analyzed the association between AKT gene methylation and measures of insulin resistance 

in our patients. Although we did not identify any significant associations, which may have 

been due to the limited sample size, we observed opposing trends where reduced insulin 

resistance and glucose tolerance was associated with increased AKT2 DNA methylation in 

the AAP group and decreased AKT2 methylation in the mood stabilizer group. In the 

presence of insulin resistance or glucose intolerance, a state of hyperinsulinemia is generally 

observed to increase insulin-stimulated uptake of glucose into sites such as the skeletal 

muscle. AKT facilitates glucose uptake (48), and increased expression and activity of AKT 

is generally expected in response to insulin resistance or glucose intolerance. Therefore, a 

decrease in methylation, as observed in the mood stabilizer group, may be expected as a 

compensatory response. Our observation of an opposite trend in AAP-treated patients 

suggests that this compensatory response in the skeletal muscle may be disrupted by AAP 

treatment. Our work does not explain how this disruption may be occurring; however, 

overlap in the dopamine, serotonin, and AKT pathways has been demonstrated (20, 49, 50). 

Further work is needed to verify this potential finding and elucidate the exact mechanism 

with prospective studies.

Limitations

Some limitations should be considered in this study. First, our samples size was limited for 

the analyses of AKT methylation and insulin resistance or glucose tolerance. The analyses 

identifying trends may have been underpowered to detect a true effect. Therefore, follow-up 

studies using larger samples are required. However, to our knowledge, this study is the first 

to obtain muscle biopsies from a psychiatric population taking AAPs or mood stabilizers and 

serves as proof-of-concept for future work in this field. Additionally, we were still able to 

identify significant associations between maintenance drug treatment and AKT gene 

methylation. Another limitation to consider is that the type of AAP or mood stabilizer was 

heterogeneous in each group. Although our findings give evidence for a class-wide AAP 

effect on AKT gene methylation in skeletal muscle, future work will need to validate these 

findings for individual AAPs. This work was cross-sectional in nature, and therefore only 

associations can be drawn. Prospective studies that assess changes in DNA methylation 

before and after AAP use will give further insight into acute versus chronic effects of AAPs 

in the AKT pathway.

Burghardt et al. Page 7

Pharmacotherapy. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion

To our knowledge, this is the first study to investigate molecular-level changes in the skeletal 

muscle of patients taking AAPs or mood stabilizers for 3 months or longer. We identified 

gene methylation changes in a tissue (skeletal muscle) and a key insulin-signaling protein 

(AKT) that plays a critical role in the development of insulin resistance. Our work also 

suggests a potentially dysfunctional response of AKT in the setting of insulin resistance for 

patients receiving AAP treatment. With future work, a better understanding of the effect of 

AAPs on skeletal muscle health and function may enable future precision medicine 

approaches designed to reduce AAP adverse effects and the mortality observed in patients 

with psychotic illness.

Acknowledgments

We sincerely thank Dr. Renu Kowluru for her mentorship and consultation regarding this project.

This work was supported by National Institutes of Health (NIH)/National Institute of Diabetes and Digestive and 
Kidney Diseases grants R01DK081750 (ZY) and R01DK107666 (ZY), American College of Clinical Pharmacy 
Futures Research Grant (KB), Michigan Diabetes Research Center NIH Grant 2P30-DK020572 (KB), National 
Institutes of Health Loan Repayment Program grant from the National Institute of Diabetes and Digestive Diseases 
(L30 DK110823) and a Wayne State University Faculty Research Award Program grant (KB, ZY).

References

1. Burghardt KJ, Seyoum B, Mallisho A, Burghardt PR, Kowluru RA, Yi Z. Atypical antipsychotics, 
insulin resistance and weight; a meta-analysis of healthy volunteer studies. Progress in neuro-
psychopharmacology & biological psychiatry. 2018; 83:55–63. Epub 2018/01/13. DOI: 10.1016/
j.pnpbp.2018.01.004 [PubMed: 29325867] 

2. Vancampfort D, Correll CU, Galling B, Probst M, De Hert M, Ward PB, et al. Diabetes mellitus in 
people with schizophrenia, bipolar disorder and major depressive disorder: a systematic review and 
large scale meta-analysis. World psychiatry : official journal of the World Psychiatric Association 
(WPA). 2016; 15(2):166–74. Epub 2016/06/07. DOI: 10.1002/wps.20309 [PubMed: 27265707] 

3. Correll CU, Frederickson AM, Kane JM, Manu P. Equally increased risk for metabolic syndrome in 
patients with bipolar disorder and schizophrenia treated with second generation antipsychotics. 
Bipolar disorders. 2008; 10(7):788–97. [PubMed: 19032710] 

4. Correll CU, Solmi M, Veronese N, Bortolato B, Rosson S, Santonastaso P, et al. Prevalence, 
incidence and mortality from cardiovascular disease in patients with pooled and specific severe 
mental illness: a large-scale meta-analysis of 3,211,768 patients and 113,383,368 controls. World 
psychiatry : official journal of the World Psychiatric Association (WPA). 2017; 16(2):163–80. Epub 
2017/05/13. DOI: 10.1002/wps.20420 [PubMed: 28498599] 

5. Correll CU, Detraux J, De Lepeleire J, De Hert M. Effects of antipsychotics, antidepressants and 
mood stabilizers on risk for physical diseases in people with schizophrenia, depression and bipolar 
disorder. World psychiatry : official journal of the World Psychiatric Association (WPA). 2015; 
14(2):119–36. Epub 2015/06/05. DOI: 10.1002/wps.20204 [PubMed: 26043321] 

6. Laursen TM, Wahlbeck K, Hallgren J, Westman J, Osby U, Alinaghizadeh H, et al. Life expectancy 
and death by diseases of the circulatory system in patients with bipolar disorder or schizophrenia in 
the Nordic countries. PloS one. 2013; 8(6):e67133. Epub 2013/07/05. doi: 10.1371/journal.pone.
0067133 [PubMed: 23826212] 

7. Vancampfort D, Vansteelandt K, Correll CU, Mitchell AJ, De Herdt A, Sienaert P, et al. Metabolic 
syndrome and metabolic abnormalities in bipolar disorder: a meta-analysis of prevalence rates and 
moderators. The American journal of psychiatry. 2013; 170(3):265–74. Epub 2013/01/31. DOI: 
10.1176/appi.ajp.2012.12050620 [PubMed: 23361837] 

Burghardt et al. Page 8

Pharmacotherapy. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



8. Burghardt KJ, Evans SJ, Wiese KM, Ellingrod VL. An Untargeted Metabolomics Analysis of 
Antipsychotic Use in Bipolar Disorder. Clinical and translational science. 2015; Epub 2015/09/01. 
doi: 10.1111/cts.12324

9. Burghardt KJ, Goodrich JM, Dolinoy DC, Ellingrod VL. Gene-specific DNA methylation may 
mediate atypical antipsychotic-induced insulin resistance. Bipolar disorders. 2016; 18(5):423–32. 
Epub 2016/08/21. DOI: 10.1111/bdi.12422 [PubMed: 27542345] 

10. Burghardt KJ, Gardner KN, Johnson JW, Ellingrod VL. Fatty Acid desaturase gene polymorphisms 
and metabolic measures in schizophrenia and bipolar patients taking antipsychotics. 
Cardiovascular psychiatry and neurology. 2013; 2013:596945. Epub 2014/01/24. doi: 
10.1155/2013/596945 [PubMed: 24455201] 

11. Bonaccorso S, Sodhi M, Li J, Bobo WV, Chen Y, Tumuklu M, et al. The brain-derived 
neurotrophic factor (BDNF) Val66Met polymorphism is associated with increased body mass 
index and insulin resistance measures in bipolar disorder and schizophrenia. Bipolar disorders. 
2015; Epub 2015/04/16. doi: 10.1111/bdi.12294

12. Vassas TJ, Burghardt KJ, Ellingrod VL. Pharmacogenomics of sterol synthesis and statin use in 
schizophrenia subjects treated with antipsychotics. Pharmacogenomics. 2014; 15(1):61–7. Epub 
2013/12/18. DOI: 10.2217/pgs.13.157 [PubMed: 24329191] 

13. Abdul-Ghani MA, DeFronzo RA. Pathogenesis of insulin resistance in skeletal muscle. Journal of 
biomedicine & biotechnology. 2010; 2010:476279. Epub 2010/05/07. doi: 10.1155/2010/476279 
[PubMed: 20445742] 

14. Thiebaud D, Jacot E, DeFronzo RA, Maeder E, Jequier E, Felber JP. The effect of graded doses of 
insulin on total glucose uptake, glucose oxidation, and glucose storage in man. Diabetes. 1982; 
31(11):957–63. Epub 1982/11/01. [PubMed: 6757014] 

15. Ferrannini E, Simonson DC, Katz LD, Reichard G Jr, Bevilacqua S, Barrett EJ, et al. The disposal 
of an oral glucose load in patients with non-insulin-dependent diabetes. Metabolism: clinical and 
experimental. 1988; 37(1):79–85. Epub 1988/01/01. [PubMed: 3275860] 

16. DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary defect in type 2 
diabetes. Diabetes care. 2009; 32(Suppl 2):S157–63. Epub 2009/11/13. DOI: 10.2337/dc09-S302 
[PubMed: 19875544] 

17. Manning BD, Toker A. AKT/PKB Signaling: Navigating the Network. Cell. 2017; 169(3):381–
405. Epub 2017/04/22. DOI: 10.1016/j.cell.2017.04.001 [PubMed: 28431241] 

18. Sen P, Mukherjee S, Ray D, Raha S. Involvement of the Akt/PKB signaling pathway with disease 
processes. Molecular and cellular biochemistry. 2003; 253(1–2):241–6. Epub 2003/11/19. 
[PubMed: 14619975] 

19. Karege F, Perroud N, Schurhoff F, Meary A, Marillier G, Burkhardt S, et al. Association of AKT1 
gene variants and protein expression in both schizophrenia and bipolar disorder. Genes, brain, and 
behavior. 2010; 9(5):503–11. Epub 2010/03/11. DOI: 10.1111/j.1601-183X.2010.00578.x

20. Beaulieu JM. A role for Akt and glycogen synthase kinase-3 as integrators of dopamine and 
serotonin neurotransmission in mental health. Journal of psychiatry & neuroscience: JPN. 2012; 
37(1):7–16. DOI: 10.1503/jpn.110011 [PubMed: 21711983] 

21. Zheng W, Wang H, Zeng Z, Lin J, Little PJ, Srivastava LK, et al. The possible role of the Akt 
signaling pathway in schizophrenia. Brain research. 2012; 1470:145–58. Epub 2012/07/10. DOI: 
10.1016/j.brainres.2012.06.032 [PubMed: 22771711] 

22. Hallmayer J. Getting our AKT together in schizophrenia? Nature genetics. 2004; 36(2):115–6. 
Epub 2004/01/31. DOI: 10.1038/ng0204-115 [PubMed: 14752519] 

23. Pan B, Huang XF, Deng C. Aripiprazole and Haloperidol Activate GSK3beta-Dependent 
Signalling Pathway Differentially in Various Brain Regions of Rats. International journal of 
molecular sciences. 2016; 17(4):459. Epub 2016/04/05. doi: 10.3390/ijms17040459 [PubMed: 
27043526] 

24. Roh MS, Seo MS, Kim Y, Kim SH, Jeon WJ, Ahn YM, et al. Haloperidol and clozapine 
differentially regulate signals upstream of glycogen synthase kinase 3 in the rat frontal cortex. 
Experimental & molecular medicine. 2007; 39(3):353–60. Epub 2007/07/03. DOI: 10.1038/emm.
2007.39 [PubMed: 17603289] 

Burghardt et al. Page 9

Pharmacotherapy. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Freyberg Z, Ferrando SJ, Javitch JA. Roles of the Akt/GSK-3 and Wnt signaling pathways in 
schizophrenia and antipsychotic drug action. The American journal of psychiatry. 2010; 167(4):
388–96. Epub 2009/11/18. DOI: 10.1176/appi.ajp.2009.08121873 [PubMed: 19917593] 

26. Chen ML, Tsai TC, Lin YY, Tsai YM, Wang LK, Lee MC, et al. Antipsychotic drugs suppress the 
AKT/NF-kappaB pathway and regulate the differentiation of T-cell subsets. Immunology letters. 
2011; 140(1–2):81–91. Epub 2011/07/19. DOI: 10.1016/j.imlet.2011.06.011 [PubMed: 21763349] 

27. Lu XH, Bradley RJ, Dwyer DS. Olanzapine produces trophic effects in vitro and stimulates 
phosphorylation of Akt/PKB, ERK1/2, and the mitogen-activated protein kinase p38. Brain 
research. 2004; 1011(1):58–68. Epub 2004/05/14. DOI: 10.1016/j.brainres.2004.03.018 [PubMed: 
15140644] 

28. Lu XH, Dwyer DS. Second-generation antipsychotic drugs, olanzapine, quetiapine, and clozapine 
enhance neurite outgrowth in PC12 cells via PI3K/AKT, ERK, and pertussis toxin-sensitive 
pathways. Journal of molecular neuroscience : MN. 2005; 27(1):43–64. Epub 2005/08/02. 
[PubMed: 16055946] 

29. Smith GC, McEwen H, Steinberg JD, Shepherd PR. The activation of the Akt/PKB signalling 
pathway in the brains of clozapine-exposed rats is linked to hyperinsulinemia and not a direct drug 
effect. Psychopharmacology. 2014; 231(23):4553–60. Epub 2014/05/08. DOI: 10.1007/
s00213-014-3608-0 [PubMed: 24800899] 

30. Engl J, Laimer M, Niederwanger A, Kranebitter M, Starzinger M, Pedrini MT, et al. Olanzapine 
impairs glycogen synthesis and insulin signaling in L6 skeletal muscle cells. Molecular psychiatry. 
2005; 10(12):1089–96. Epub 2005/09/01. DOI: 10.1038/sj.mp.4001729 [PubMed: 16130009] 

31. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. The Mini-
International Neuropsychiatric Interview (M.I.N.I.): the development and validation of a structured 
diagnostic psychiatric interview for DSM-IV and ICD-10. The Journal of clinical psychiatry. 1998; 
59(Suppl 20):22–33. quiz 4-57. Epub 1999/01/09. 

32. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model 
assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin 
concentrations in man. Diabetologia. 1985; 28(7):412–9. Epub 1985/07/01. [PubMed: 3899825] 

33. 2. Classification and Diagnosis of Diabetes. Diabetes care. 2016; 39(Suppl 1):S13–22. Epub 
2015/12/24. DOI: 10.2337/dc16-S005 [PubMed: 26696675] 

34. Shanely RA, Zwetsloot KA, Triplett NT, Meaney MP, Farris GE, Nieman DC. Human skeletal 
muscle biopsy procedures using the modified Bergstrom technique. Journal of visualized 
experiments : JoVE. 2014; 91:51812. Epub 2014/10/07. doi: 10.3791/51812

35. Caruso M, Ma D, Msallaty Z, Lewis M, Seyoum B, Al-janabi W, et al. Increased Interaction with 
Insulin Receptor Substrate-1, a Novel Abnormality in Insulin Resistance and Type 2 Diabetes. 
Diabetes. 2014:DB_131872.

36. Wojdacz TK, Dobrovic A. Methylation-sensitive high resolution melting (MS-HRM): a new 
approach for sensitive and high-throughput assessment of methylation. Nucleic acids research. 
2007; 35(6):e41. Epub 2007/02/10. doi: 10.1093/nar/gkm013 [PubMed: 17289753] 

37. Wojdacz TK, Dobrovic A, Hansen LL. Methylation-sensitive high-resolution melting. Nature 
protocols. 2008; 3(12):1903–8. Epub 2009/01/31. DOI: 10.1038/nprot.2008.191 [PubMed: 
19180074] 

38. Tse MY, Ashbury JE, Zwingerman N, King WD, Taylor SA, Pang SC. A refined, rapid and 
reproducible high resolution melt (HRM)-based method suitable for quantification of global 
LINE-1 repetitive element methylation. BMC Res Notes. 2011; 4:565. Epub 2011/12/30. doi: 
10.1186/1756-0500-4-565 [PubMed: 22204640] 

39. Migheli F, Stoccoro A, Coppede F, Wan Omar WA, Failli A, Consolini R, et al. Comparison study 
of MS-HRM and pyrosequencing techniques for quantification of APC and CDKN2A gene 
methylation. PloS one. 2013; 8(1):e52501. Epub 2013/01/18. doi: 10.1371/journal.pone.0052501 
[PubMed: 23326336] 

40. Gonzalez E, McGraw TE. The Akt kinases: isoform specificity in metabolism and cancer. Cell 
cycle (Georgetown, Tex). 2009; 8(16):2502–8. Epub 2009/07/15. DOI: 10.4161/cc.8.16.9335

Burghardt et al. Page 10

Pharmacotherapy. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



41. Rotwein P, Wilson EM. Distinct actions of Akt1 and Akt2 in skeletal muscle differentiation. 
Journal of cellular physiology. 2009; 219(2):503–11. Epub 2009/01/15. DOI: 10.1002/jcp.21692 
[PubMed: 19142853] 

42. Gardner S, Anguiano M, Rotwein P. Defining Akt actions in muscle differentiation. American 
journal of physiology Cell physiology. 2012; 303(12):C1292–300. Epub 2012/10/19. DOI: 
10.1152/ajpcell.00259.2012 [PubMed: 23076793] 

43. Aubry JM, Schwald M, Ballmann E, Karege F. Early effects of mood stabilizers on the Akt/
GSK-3beta signaling pathway and on cell survival and proliferation. Psychopharmacology. 2009; 
205(3):419–29. Epub 2009/05/15. DOI: 10.1007/s00213-009-1551-2 [PubMed: 19440698] 

44. Cho H, Mu J, Kim JK, Thorvaldsen JL, Chu Q, Crenshaw EB 3rd, et al. Insulin resistance and a 
diabetes mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB beta). Science. 
2001; 292(5522):1728–31. Epub 2001/06/02. DOI: 10.1126/science.292.5522.1728 [PubMed: 
11387480] 

45. Curradi M, Izzo A, Badaracco G, Landsberger N. Molecular mechanisms of gene silencing 
mediated by DNA methylation. Molecular and cellular biology. 2002; 22(9):3157–73. Epub 
2002/04/10. [PubMed: 11940673] 

46. Tschopp O, Yang ZZ, Brodbeck D, Dummler BA, Hemmings-Mieszczak M, Watanabe T, et al. 
Essential role of protein kinase B gamma (PKB gamma/Akt3) in postnatal brain development but 
not in glucose homeostasis. Development (Cambridge, England). 2005; 132(13):2943–54. Epub 
2005/06/03. DOI: 10.1242/dev.01864

47. Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M, Gogos JA. Convergent evidence for impaired 
AKT1-GSK3beta signaling in schizophrenia. Nature genetics. 2004; 36(2):131–7. Epub 
2004/01/28. DOI: 10.1038/ng1296 [PubMed: 14745448] 

48. Liu HY, Hong T, Wen GB, Han J, Zuo D, Liu Z, et al. Increased basal level of Akt-dependent 
insulin signaling may be responsible for the development of insulin resistance. American journal 
of physiology Endocrinology and metabolism. 2009; 297(4):E898–906. Epub 2009/07/30. DOI: 
10.1152/ajpendo.00374.2009 [PubMed: 19638508] 

49. Chen H-T, Ruan N-Y, Chen J-C, Lin T-Y. Dopamine D2 receptor-mediated Akt/PKB signalling: 
initiation by the D2S receptor and role in quinpirole-induced behavioural activation. ASN 
NEURO. 2012; 4(6):e00098.doi: 10.1042/AN20120013 [PubMed: 22909302] 

50. Kitagishi Y, Kobayashi M, Kikuta K, Matsuda S. Roles of PI3K/AKT/GSK3/mTOR Pathway in 
Cell Signaling of Mental Illnesses. Depression Research and Treatment. 2012; 2012:752563.doi: 
10.1155/2012/752563 [PubMed: 23320155] 

Burghardt et al. Page 11

Pharmacotherapy. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Burghardt et al. Page 12

Table 1

Description of Genomic Area Analyzed for Each Gene

Gene Genomic Area Analyzed No. of CpG Sites Forward Primer

Reverse Primer

AKT1 Chr14: 105262025 – 105262130 (105bp) 9 5′ – TAGACGGGGAAATTGAGGTT – 3′

5′ – ACAACTCCCGACGACCTAA – 3′

AKT2 Chr19: 40791288-40791462 (174bp) 22 5′ – TTCGTTTAGAGGGTGGGAGG – 3′

5′ – CACGCTACGCTAATTCCCTTTC – 3′

AKT3 Chr1: 244006164- 244006346 (182bp) 3 5′ – TTTGGCGATAGAGTGAGATTT – 3′

5′ – ACCAATCACGCCTACCCAAATAATAA – 3′

Genomic coordinates are given in Genome Reference Consortium GRCh37/hg19. Numbers of CpG sites were analyzed in each amplicon by using 
methylation-sensitive high-resolution melting.
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Table 2

Demographic and Clinical Characteristics of the Study Patients

Characteristic Atypical Antipsychotic Group (n=16) Mood Stabilizer Group (n=14)

Age (yrs) 41.9 ± 15.3 42.8 ± 12.6

Female sexa 12 (75) 7 (50)

Race

 Caucasian 8 (50) 9 (64)

 African-American 7 (44) 4 (29)

 Asian 1 (6) 1 (7)

Body mass index (kg/m2) 32.2 ± 10.1 32.4 ± 6.3

Waist-to-hip ratio 1.01 ± 0.110 1.00 ± 0.041

Body fat (%) 36.3 ± 9.05 34.9 ± 6.42

Glucose tolerance 55/45

 Normal 10 (63) 8 (57)

 Impaired 6 (38) 6 (43)

HOMA-IR 1.78 ± 3.65 2.31 ± 2.66

Atypical Antipsychotic Quetiapine: 5 (31) NA

Risperidone: 4 (25)

Olanzapine: 3 (19)

Asenapine: 2 (13)

Aripiprazole: 2 (13)

Mood Stabilizer NA Lamotrigine: 6 (43)

Lithium: 6 (43)

Valproic acid: 2 (14)

AKT1 Methylation (%)c 1.91 ± 0.66 1.45 ± 0.29

AKT2 Methylation (%)c 33.0 ± 10.8 24.3 ± 5.33

AKT3 Methylation (%) 56.9 ± 13.2 53.1 ± 10.4

Data are mean ± SD values or no. (%) of patients.

NA = not applicable.

a
p=0.1 for the difference between the atypical antipsychotic group and the mood stabilizer group.

b
Glucose tolerance (glucose level measured after 2-hour oral glucose tolerance test) was defined as normal if glucose level was <140 mg/dL or 

impaired if glucose level was 140-199 mg/dL.

c
p<0.05 for the difference between the atypical antipsychotic group and the mood stabilizer group.
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