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Abstract

Reports regarding the associations between major depressive disorder (MDD) and diabetes remain
heterogeneous. Our aim was to investigate whether glucose homeostasis and insulin sensitivity
were impaired in the MDD patients and its mechanisms. A total of 30 patients with MDD and 30
matched controls were recruited. The oral glucose tolerance test and dual-energy X-ray
absorptiometry scan were performed in each participant. Insulin signaling in postmortem brain
tissues from other depressive patients and controls (obtained from Alabama brain bank) was
examined. Insulin sensitivity was reduced substantially in the MDD patients, however, the fasting
and 2-h glucose concentrations remained within the normal range through compensatory insulin
secretion. Despite increased insulin secretion, 1-h glucose concentrations in the MDD patients
were significantly elevated compared with the controls. MDD patients had greater visceral fat
mass but lower adiponectin levels compared with the controls. Furthermore, phosphorylated-AKT
levels in insulin signaling were decreased in postmortem brain tissues in patients with MDD.
These results suggest that MDD patients are at a greater risk for diabetes due to decreased insulin
sensitivity, reduced disposition index, and impaired glucose tolerance as manifested by elevated 1-
h glucose concentrations following an oral glucose challenge. Mechanistic studies reveal that
decreased insulin sensitivity is associated with increased visceral fat mass, lower adiponectin
levels and impaired insulin action in postmortem brain tissues in the MDD patients. Our findings
emphasize the importance of screening depressive patients to identify susceptible individuals for
developing future diabetes with the hope of improving their health outcomes.
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Introduction

Prediabetes is a state defined as impaired fasting glucose and/or impaired glucose tolerance
[1]. The prediabetic state could last for years, and more than 30% of these individuals finally
develop type 2 diabetes. Previous studies have shown that individuals with prediabetes not
only have an increased risk of developing type 2 diabetes but also have a higher prevalence
of cardiovascular diseases, including atherosclerosis, compared with normoglycaemic
subjects [2]. Both cross-sectional and longitudinal studies have demonstrated that
prediabetes is the result of decreased insulin sensitivity and/or the inability of the B-cells to
adequately compensate through increased insulin secretion [3,4]. Therefore, effective
strategies to improve insulin sensitivity and/or to increase insulin secretion could greatly
decrease prediabetes and subsequent type 2 diabetes. Although mechanisms have not been
fully elucidated, patients with major depression frequently develop impaired glucose
tolerance [5,6].

Major depressive disorder (MDD) and diabetes are highly prevalent in the U.S.
Approximately 16% of the U.S. adults will suffer from MDD at some point in their lives [7].
Over 6.5% of the U.S. adult population has been diagnosed with diabetes [8]. The etiology
of type 2 diabetes involves a complex interaction between genetic, epigenetic and
environmental factors [9—11]. It is well-established that the increasing prevalence of type 2
diabetes cannot be explained by genetics alone, and that environmental factors play a crucial
role [9—11]. Psychosocial stress is believed to be one of the main environmental factors
increasing the risk for type 2 diabetes [9—11]. Individuals with MDD tend to become less
active and adopt a poor diet [9,10]. Thus poor health behaviors, including physical inactivity
and caloric intake, and obesity in the MDD patients could induce insulin resistance,
contributing to a higher risk for diabetes. Although cross-sectional studies have established
the relationship between diabetes and depression, whether alterations in insulin sensitivity
and insulin secretion are present in individuals with MDD is uncertain.

Insulin exerts its biological effects by binding to its specific tyrosine kinase receptors on the
surface of target cells [12]. Activation of the receptor tyrosine kinase leads to its
autophosphorylation and further phosphorylation of insulin receptor substrates (IRS), which
serve as “docking” molecules, favoring the generation of intracellular signals. There are two
main insulin intracellular signaling pathways: IRS-phosphatidylinositol 3-kinase (PI3K)-Akt
pathway and the Ras-MAPK (MEK-ERK) pathway [12]. Insulin resistance refers to a
decreased capacity of target cells to respond to normal levels of circulating insulin due to
impairment of one or more signaling pathways. Studies found that defects in insulin
signaling were selective with a dramatic reduction of insulin-stimulated IRS-PI13K-Akt
pathway rather than the MEK/ERK pathway in type 2 diabetic patients [13].
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The aim of present study was to investigate whether glucose metabolism and insulin
sensitivity were impaired in the MDD patients, and to identify the potential mechanisms
linking MDD with prediabetes and subsequent diabetes. The primary objective of this study
was to evaluate the relationship between MDD, glucose homeostasis and insulin sensitivity
using a 2-h oral glucose tolerance test (OGTT). Secondary exploratory analyses sought to
better understand the possible mechanisms influencing insulin sensitivity in the depressive
patients by measuring body composition using dual-energy X-ray absorptiometry (iDXA)
and by investigating the insulin signaling pathway in postmortem human brain samples.

All participants were recruited through the Outpatient Clinical Research Program of the
Department of Psychiatry at the University of Alabama at Birmingham (UAB), in which
study subjects were recruited from responses to local newspaper advertisements or from
people attending clinics at the UAB. The project was approved by the UAB Institutional
Review Board and in accordance with the Helsinki Declaration of 1975. All participants
provided written informed consent prior to completing any research procedures. Participants
included males and females between 19 and 55 years of age (Table 1). Participants were
excluded if they: (1) had a known history of diabetes; (2) were taking medications known to
affect glucose tolerance; (3) were pregnant or lactating; or (4) had a history of psychosis,
bipolar disorder, or drug or alcohol abuse or dependence within 1 year prior to enrollment.
Sixty seven participants were recruited, but 7 participants dropped out due to fear of needles,
lack of transportation or loss of contacts. Thus 60 subjects completed the study and divided
into two groups: subjects with- (MDD group, /7/=30) and without a diagnosis of MDD
(control group, 7/=30). Diagnosis of MDD was confirmed using the Structured Clinical
Interview for DSM-IV [14] or the Mini International Neuropsychiatric Interview [15]. The
severity of MDD was determined using Beck depression scale. Family history of diabetes
was collected by self-report.

Glucose tolerance test

Glucose tolerance was classified by the American Diabetes Association criteria with a 75-g
OGTT [16]. After 10-12h of overnight fasting, participants underwent a 2-h OGTT. Blood
samples were drawn at 0, 0.5, 1 and 2-h for the determination of glucose and insulin levels.
Glucose was measured by the glucose oxidase method using a glucose analyzer (Beckman
Coulter Unicell DxC 800). Insulin was determined using a solid phase, enzyme labeled,
chemiluminescence immunoassay (Siemens).

Calculations

Fasting glucose and insulin concentrations were obtained from the baseline measurement of
the OGTT. Incremental area under the curve (iIAUC, concentrationxtime) for glucose
response and insulin secretion during the 2-h OGTT was calculated using the trapezoidal
method. In the present study, we used the homeostasis model assessment of insulin
resistance (HOMA-IR) and quantitative insulin sensitivity check index (QUICKI) as
estimates of insulin sensitivity since both have proved to be a robust tool for the surrogate
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assessment of insulin sensitivity [17,18]. Using the OGTT data, both HOMA-IR and
QUICKI were calculated for each participant as previously described [17,18]. The
insulinogenic index was utilized as a surrogate index of early-phase insulin release [17,18],
which was calculated by dividing the increment in serum insulin at 0.5-h by the increment in
plasma glucose at 0.5-h of the OGTT (InsAUC3o/GIuAUC3p). In addition, oral disposition
index (oral DI), which assesses whether insulin secretion is augmented sufficiently to
compensate for the prevailing degree of insulin resistance, was calculated as the product of
1/fasting insulin x insulinogenic index [17,18]. Reductions in oral DI are predictive of
increased risk of progression to diabetes in adults [18].

Determination of body composition

Body mass index (BMI) was calculated using the Quetelet index (kg/m?) [19]. iDXA (GE-
Healthcare Madison, WI, software version 15) scan was acquired with a total body scanner
in each participant to determine the body composition. iDXA allows the simultaneous
measurement of bone mass, fat mass and lean body mass from the ratio of attenuation of two
energy beams passing through the body [20]. CoreScan software was used to estimate the
visceral fat mass based on the measurement of abdominal and subcutaneous adipose tissues.

Blood sample collection and measurement

Ten milliliters of blood were drawn from each participant by venipuncture in a tube
containing EDTA. The blood was then centrifuged at 3000g for 10min, immediately divided
into aliquots, and frozen at -80°C until analysis. Plasma concentrations of leptin (minimum
sensitivity=1.04 ng/ml, intra-assay CV=1.13%) and adiponectin (minimum sensitivity=1.24
ug/ml, intra-assay CV=3.98%) were analyzed using commercially available
radioimmunoassay kits (Millipore, Billerica, MA). All samples were run in duplicate and the
mean of the duplicate samples was reported.

Postmortem human brain tissue preparation and Western blot analysis

All the human brain tissues used in this study were obtained from the Alabama Brain Bank
with the permission from the UAB Brain Collection Steering Committee. All experimental
procedures were approved by the UAB Institutional Review Board. For all the postmortem
human cases used in this study, two independent psychiatrists established MDD diagnosis
using the Structured Clinical Interview for DSM-1V [14] based on the review of all available
medical records. Control cases had enough information from next of kin and medical records
to exclude any major neuropsychiatric disorders. Consent was obtained from next of kin for
each subject. None of cases was diagnosed with diabetes. Two types of brain samples were
used in this study, including hypothalamus and hippocampus. Brain tissue was prepared for
Western blots as previously described [21]. Briefly, tissue was reconstituted in 5 mM Tris-
HCI pH 7.4, 0.32 M sucrose, and a protease inhibitor tablet (Complete Mini, Roche
Diagnostics, Mannheim, Germany). Tissue was homogenized using a Power Gen 125
homogenizer (Thermo Fisher Scientific, Rockford, IL) at speed 5 for 60s. Homogenates
were assayed for protein concentration using a BCA protein assay kit (Termo Scientific,
Rockford, IL), and stored at -80°C until used.
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Commercially available antibodies were used for the Western blot analyses, including anti-
phospho serine (PS) 473-AKT and total-AKT (Cell Signaling, Danvers, MA). Samples for
Western blots were placed in reducing buffer-containing f-mercaptoethanol and heated at
70°C for 10min. Samples for each subject were then run in duplicate by SDS-
polyacrylamide gel electrophoresis on Invitrogen 4-12% gradient gels (Carlsbad, CA), and
transferred to polyvinylidene fluoride membrane using Bio-Rad semi-dry transblotter
(Hercules, CA). The membranes were blocked in LiCor (Lincoln, NE) blocking buffer for 1-
h at room temperature, and probed with primary antibody in 0.1% Tween LiCor blocking
buffer in 1% BSA. Membranes were then washed 4 times for 5min each with 0.01% Tween
phosphate-buffered saline. Membranes were probed with IR-dye labeled secondary antibody
in 0.1% Tween, 0.01% SDS LiCor blocking buffer for 1-h at room temperature in the dark.
Membranes were washed again with 0.01% Tween phosphate-buffered saline 4 times for
5min each and then briefly rinsed 3 times in distilled water. The blots were stored in distilled
water at 4°C until scanned using the LiCor Odyssey laser-based image detection method
[17]. The blots were quantified using LiCor Odyssey 3.0 analytical software (Lincoln, NE).

Statistical Analysis

Results

All statistical analyses were performed using the Statistical Package for the Social Sciences
version 22 (SPSS Inc., Chicago, IL). All data are presented as mean + standard error unless
otherwise stated. All variables were tested for normality of distribution by means of
Kolmogorov-Smirnoff tests. Nonparametric tests were applied for data that were not from a
normal distribution. Independent samples #tests were carried out to detect the difference
between groups. Pvalues <0.05 were considered significant. Correlation analyses were used
to estimate the associations between two variables.

Participant characteristics

There were no significant differences in the variables including age, race, sex and BMI
between the two groups, MDD patients and controls (Table 1). However, the depression
scores using the Mini International Neuropsychiatric Interview were significantly different
between these two groups (p<0.001).

Glucose responses to the OGTT

As shown in Figure 1A, glucose levels rose to higher levels following an oral glucose
challenge in the MDD than in controls. While both fasting and 2-h glucose concentrations
tended to be higher in the MDD group compared with the controls, the differences were not
statistically significant (p=0.076, 0.077, respectively). However, 0.5-h and 1-h glucose
concentrations were significantly greater in the MDD group than the controls (p=0.039 and
0.002, respectively, Figure 1A). Glucose iIAUC was also significantly greater in the MDD
group (p=0.006, Figure 1B), indicative of relative degree of glucose intolerance.

Insulin responses to the OGTT

During the OGTT, fasting insulin concentrations were higher in the MDD group compared
with the controls, whereas insulin levels at 0.5-h, 1-h and 2-h only tended to be higher in the
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MDD group (p=039, 0.29, 0.25, respectively, Figure 1C). Compared with the controls, both
the oral glucose-induced early phase insulin response, as determined by the insulinogenic
index, and insulin iIAUC, denoted as total insulin secretion during the OGTT, tended to be
greater in the MDD group, but not significantly (p=0.25, 0.15, respectively, Figures 1D and
1E).

Insulin sensitivity and oral disposition index

Insulin sensitivity, as estimated by the QUICKI and HOMA-IR, was significantly lower in
individuals with MDD compared with the controls (Figures 1F and 1G). Correlational
analysis revealed that insulin sensitivity as measured by HOMA-IR and QUICKI correlated
with the OGTT 1-h glucose (r=0.27, p=0.044, and -0.35, p=0.004, respectively). The oral DI
in the MDD group was lower by ~25% compared with the controls (Figure 1H).

Effects of MDD on body composition and adipocyte-derived adipokines

Recent evidence shows that obesity, especially visceral obesity, is associated with insulin
resistance and increased risk for developing type 2 diabetes [22]. In our matched groups,
BMI did not differ between the MDD and control groups as shown in Table 1, and body lean
mass and total fat mass were also similar between the two groups (Figures 2A and 2B).
However, visceral fat mass was significantly greater in the MDD group than in the controls
(Figure 2C). Regression analysis revealed that visceral fat mass correlated with surrogate
indices of insulin sensitivity, including QUICKI (r=-0.34, p=0.039).

Pairwise comparison between subjects in the two groups revealed that the MDD group had
significantly lower levels of adiponectin (Figure 2D), whereas the two groups exhibited
similar levels of leptin (Figure 2E). Furthermore, adiponectin levels correlated with
surrogate indices of insulin sensitivity, including QUICKI (r=0.33, p=0.032).

Impaired insulin signaling in hypothalamus and hippocampus in patients with MDD

Postmortem human brain cases were carefully selected with attempts to match as much as
possible the cases in the control and MDD groups by their age, race, sex, post-mortem
interval (PMI) and brain pH. As shown in Table 2, cases in the two groups did not differ in
mean values for age, race, sex, PMI and brain pH.

Changes in insulin signaling pathways were characterized by examining the expression of
PS473-AKT (a common and active phosphorylation site in AKT, which is the ultimate
protein in the IRS/PI3K/AKT pathway) [13,12] in hypothalamus and hippocampus from the
MDD patients and controls. Compared with the controls, Western blot analysis revealed
significantly lower PS473-AKT protein levels in the MDD patients in hypothalamus (Figure
3A), but not in hippocampus (Figure 3B), indicating a significant diminution in insulin
action in individuals with MDD.

Discussion

In this cross-sectional study, the main finding was that insulin sensitivity, determined by
surrogate measures of HOMA-IR and QUICKI, was considerably lower in the MDD

J Diabetes Metab. Author manuscript; available in PMC 2016 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 7

patients. Furthermore, a compensatory increase in insulin release, manifested by increased
early-phase insulin release and total insulin secretion during the OGTT although not
significantly, was observed to maintain fasting and 2-h glucose levels within the normal
range in patients with depression. However, 1-h glucose levels were substantially greater in
the MDD patients compared with the controls. In other words, decreased insulin sensitivity,
combined with defects in insulin secretion, was responsible for the abnormal glucose
tolerance observed in the MDD subjects.

While insulin resistance and the reduction in oral DI place individuals at an increased risk of
developing type 2 diabetes, some studies have demonstrated that 1-h glucose during the
OGTT could be a better risk predictor for future diabetes than fasting and 2-h glucose in
both Mexican-American individuals and European Caucasian populations [8]. In the present
study, fasting and 2-h glucose concentrations did not differ significantly between the MDD
and controls, however, 1-h glucose concentrations during the OGTT were significantly
higher in the MDD. In addition, our study showed that 1-h glucose correlated with OGTT-
derived indices of insulin sensitivity. It is known that reduced insulin sensitivity is present
long before the onset of diabetes and the characteristic pathophysiologic disturbance is
responsible for the development of type 2 diabetes [4,16]. The strong correlation between
the 1-h glucose concentration and reduced insulin sensitivity may explain why the 1-h
glucose could be a better risk predictor for future type 2 diabetes compared with fasting or
2-h glucose concentrations. Our study emphasizes the important of measuring the 1-h
glucose levels and exploring its role in diabetes-related studies.

Adequate insulin action in brain and peripheral tissues is critical to maintain glucose
homeostasis. The insulin receptors are widely expressed in the central nervous system
including hippocampus and hypothalamus [13]. We examined insulin action by studying the
insulin signaling in two postmortem brain regions from the MDD patients and controls, and
found that insulin action was impaired in hypothalamus as indicated by reduced PS473-AKT
levels. In other words, central insulin action was impaired although none of these 6
depressive patients were diagnosed with diabetes. Our observation of impaired insulin action
in postmortem brain tissues is actually supported by recent reports [21-24]. Recent studies
have demonstrated that the brain is an insulin-sensitive organ and plays important
physiological roles including glucose homeostasis, feeding behavior, body weight and
cognitive processes [23,24]. Alterations of central insulin action may contribute to the
reduced insulin sensitivity in the MDD patients. However, further investigation is warranted
to include more brain areas to examine insulin signaling and to verify the critical role of
central insulin action in developing prediabetes and subsequent diabetes in individuals with
MDD.

There are multiple mechanisms for decreased insulin sensitivity or insulin resistance, and
one of them is related with visceral adiposity [25]. In the present study, visceral fat mass was
found to be greatly increased in the MDD patients compared with the controls, and
correlated with reduced insulin sensitivity. It has been proposed that the link between
visceral adiposity and insulin resistance is probably due to the inflammatory profile in
visceral adipose tissue [26,27]. Adipose tissue secretes a number of cytokines, also termed
adipokines, including adiponectin and leptin [27,28]. Chronic and low-grade inflammation
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caused by altered adipokine secretion may alter glucose homeostasis and contribute to the
risk for increased visceral fat mass [26,28]. It has been demonstrated that adiponectin
exhibits beneficial effects on glucose homeostasis and low level of adiponectin predicts an
increased risk for type 2 diabetes through reducing insulin sensitivity [27]. Our study found
that adiponectin level was decreased in the MDD patients, whereas leptin level was not. In
addition, data analyses showed that insulin sensitivity was also correlated with adiponectin
levels, indicating that reduced insulin sensitivity and inflammatory process are related with
each other in the MDD patients.

The results of our study raise an interesting question about whether the MDD patients
should be screened with the OGTT to identify those susceptible individuals who are at a
higher risk for developing prediabetes and subsequent diabetes. Studies suggest that people
with reduced insulin sensitivity or prediabetes can prevent or delay the onset for diabetes,
and in some cases even return their insulin sensitivity to normal, by lifestyle modifications
such as weight loss and physical activity [29]. Given the high mortality and morbidity of
diabetes and its complications, prevention seems to be critical for improving health
outcomes in individuals with MDD. In other words, an effective strategy could focus on
improving insulin sensitivity and/or normalizing 1-h glucose concentrations in the MDD
patients through lifestyle modifications.

In addition, we acknowledge several limitations in our study. First, the sample size is
relatively small. However, data analyses were completed in 60 participants who were
thoroughly investigated. Statistical analyses were kept simple for us to obtain meaningful
results in a relative small sample. A second limitation is that we did not investigate the
effects of antidepressants on glucose metabolism. Reports from cross-sectional and
longitudinal studies have produced inconsistent results in terms of the effects of
antidepressants on glucose homeostasis [30]. Inconsistent findings could be due to different
antidepressants, study populations, sample sizes and other reasons. Our future studies could
focus on the impact of antidepressants on the risk of prediabetes for more evidence. We are
also aware that depressive patients in our study are heterogenous in terms of the duration and
episodes of depression. A correlational analysis of insulin sensitivity measures with the
duration and episodes of depression would be conducted when sample size is expanded, and
such a project would obviously complement our current work.

In summary, we have showed that insulin sensitivity is impaired in the MDD patients,
together with reductions in the disposition index (i.e., oral DI), resulting in impaired glucose
tolerance as manifest by elevated 1-hr glucose values following an oral glucose challenge.
Furthermore, the decrease of insulin sensitivity is associated with increased visceral fat mass
and reduced adiponectin levels. Finally, levels of phospho-AKT were reduced in brain
tissues from MDD patients compared with controls, suggesting that insulin resistance may
have affected the central nervous system as well as systemic metabolism.
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A) 2-h plasma glucose levels during the OGTT. B) Bar graph of glucose area under the
curve during the OGTT. C) 2-h insulin levels during the OGTT. D) Early-phase insulin
release (INSAUC30/GIUAUC3q) during the OGTT. E) Total insulin release or insulin area
under the curve during the OGTT. F and G) Surrogate index of insulin sensitivity, including
QUICKI and HOMA-IR. H) Oral disposition index (1/fasting insulin x InSAUC3p/
GIluAUC3q) during the OGTT. Data are presented as the mean + S.E in each group. Dash
line stands for depressive group and solid line stands for control group; &, p<0.05; compared
with control group at the same time point during the OGTT in Figures. A and C. &, p<0.05;
*, p<0.01, compared with controls. CTL, controls; MDD, major depressive disorder.
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Comparison of body composition and adipokines between the controls and depressive
patients, including (A) Total body fat mass, (B) Lean mass, (C) Visceral fat mass, (D)
Adiponectin and (E) Leptin. Data are presented as the mean + S.E in each group. &, p<0.05,
compared with control group. CTL, controls; MDD, major depressive disorder.
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Decreased insulin action via phosphorylated serine-AKT (PS473-AKT) in hypothalamus
and hippocampus. Representative Western blots from the controls and depressive patients in
hypothalamus (A) and hippocampus (B) are presented below the bar graphs. The ratio
between phospho-AKT and total AKT levels in the controls is arbitrarily set to 1, and the
PS473-AKT levels in depressive group is normalized by control group and presented in fold
change. Data are presented as the mean + S.E in each group (n=6 per group). &, p<0.05,
compared with the controls. CTL/C, controls; MDD/D, major depressive disorder.
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Table 1

Demographic data for participants.

Variables Controls MDD
N, Sample size 30 30
Age (years) 39.8+1.9 | 44222
Number of female subjects 21 18
Number of Caucasians 14 16
BMI 282+43 | 29.3+£59
Beck Depression Scale 7+1.2 258+24

Note: only African Americans and Caucasians were enrolled in this study. MDD: Major Depressive Disorder; BMI: Body Mass Index.
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