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Abstract

Previous studies suggest that insulin-sensitizing agents could play a significant role in the
treatment of major depression, particularly depression in patients with documented insulin
resistance or those who are resistant to standard psychopharmacological approaches. This study
aimed to assess the effects on depressive symptoms with adjuvant treatment with the PPARy-
agonist pioglitazone. Patients (N=37) with non-psychotic, non-remitting depression receiving
standard psychiatric regimens for depression were randomized across an insulin sensitivity
spectrum in a 12-week double blind, randomized controlled trial of pioglitazone or placebo.
Improvement in depression was associated with improvement in glucose metabolism but only in
patients with insulin resistance. An age effect was also shown in that response to pioglitazone was
more beneficial in younger aged patients. Study findings suggest differential improvement in
depression severity according to both glucose metabolic status and level of depression at baseline.
A greater understanding of the reciprocal links between depression and IR may lead to a dramatic
shift in the way in which depression is conceptualized and treated, with a greater focus on treating
and/or preventing metabolic dysfunction.
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1. Introduction

While the association between insulin resistance (IR) and depressive symptoms is well
documented (Gold et al., 2005), causal aspects of the relationship are incompletely
documented and likely bidirectional. As the current prevalence rates of DM2 and related
diseases grow worldwide and its associated metabolic consequences become more salient, it
is increasingly critical to understand the role of IR in depressive disorders.

We previously proposed that treatment of depressive disorders results in reversal of IR
(Rasgon et al., 2010) and recently reported pilot work demonstrating significant
improvement in depression severity upon open-label add-on of a PPAR-gamma-agonist to
treatment as usual (TAU) (Rasgon et al., 2010). There are two main potential mechanisms by
which PPAR-y agonists may improve depressive symptoms: insulin-sensitization (Rasgon et
al., 2010) and anti-inflammation (Kemp et al., 2014).

A greater understanding of the reciprocal links between depression and IR may lead to a
dramatic shift in the way in which depression is conceptualized and treated, with a greater
focus on treating and/or preventing metabolic dysfunction. To date, studies evaluating IR in
patients with depressive disorders before and after treatment have reported a decrease in IR
upon improvement in mood (Heninger, et al., 1975). These studies reported that IR
normalizes in patients who respond to antidepressant treatment compared to non-responders
who show no significant improvement in IR (Nathan et al., 1981; Boyd et al., 1985;
Okamura et al., 2000). Specifically, selective serotonin reuptake inhibitors (SSRIs) appear to
improve insulin sensitivity (Goodnick, 2001), with improvement in glucose tolerance
generally observed in treatment responders compared with non-responders.

While only a few studies explored the potential mood-modifying effects of insulin-
sensitizing agents, all showed improvement in depressive symptoms (Rasgon et al., 2010a;
Rasgon et al., 2010b; Sepanjnia et al., 2012). This suggests that insulin-sensitizing agents
could play a significant role in the treatment of major depression, particularly depression in
patients with documented IR or those who are resistant to standard psychopharmacological
approaches.

Insulin has been shown to alter central nervous system (CNS) concentrations of
neurotransmitters such as dopamine (Lozovsky et al., 1981) and norepinephrine (Boyd et al.,
1985), by a variety of mechanisms, as well as to have direct electrophysiological effects on
neuronal activity (Boyd et al., 1985). Additionally, induced IR in the CNS has been shown to
result in cognitive and behavioral alterations in animal models (Kovacs and Hajnal, 2009).

Accordingly, when depression manifests as a sequela of metabolic disorders such as obesity
and DMZ2, it is hypothesized to be associated with resistance of CNS structures to the effects
of insulin, which may derive from genetic polymorphisms, as well as from long-term
exposure to excess amounts of circulating insulin due to peripheral IR (Okamura et al.,
2000). Thus, “overcoming” central IR," for example by pharmacological interventions,
could be an attractive strategy in the treatment and prevention of these disorders.
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This study aimed to assess mood effects in a 12-week double-blind, randomized-controlled
trial of adjuvant treatment with the PPARy-agonist pioglitazone, an insulin-sensitizing
agent, compared with treatment with placebo, in participants with non-psychotic, non-
remitting depression receiving standard psychiatric regimens for unipolar or bipolar
depression. Pioglitazone is an FDA-approved, insulin-sensitizing treatment for DM2 and has
particularly beneficial effects on lipid profile (Goldberg et al., 2005) and rate of
cardiovascular events (Lincoff et al., 2007) in this population. Furthermore, in assessing the
utility of an additive insulin-sensitizing agent on mood outcomes in both insulin sensitive
and insulin resistant patients, this study attempted to disentangle the role of insulin-
sensitizing and anti-inflammatory mechanisms.

In an a prior manner, this study’s aims were twofold: 1) To assess whether treatment with
pioglitazone would result in significantly greater mood improvement compared to treatment
with placebo among patients with unremitted depression despite treatment as usual (TAU)
and 2) To examine mechanisms of proposed effects of a PPARy-agonist on mood outcomes
by comparing treatment outcomes based on surrogate markers of glucose metabolic status
(hereafter referred to IR and IS) between IR and insulin sensitive (IS) participants.

2. Methods and materials

The Stanford University Institutional Review Board approved the current study in its
entirety. All participants provided informed consent prior to study enrollment after they
received detailed information regarding all study procedures, potential side effects of study
medication, risks and benefits of participation, and contact personnel in case of questions or
concerns. Study were participants were recruited on an rolling basis from November 2011 to
April 2014 through collaboration with established investigators in the area of adult
depression within the Department of Psychiatry & Behavioral Sciences at Stanford
University, as well as community health providers. In addition, participants were recruited
through advertisements in local newspapers and clinical trial recruitment websites.

Inclusion criteria included being between 21 and 75 years old, having a body mass index
(BMI) of 18.5 to 40 kg/m2, having at least 12 years of education, having a history of
depression with at least 8 weeks of stable TAU for depression. We did not exclude subjects
on a basis of a type of medication(s) used in treatment of depression, as our primary goal
was to evaluate antidepressant qualities of adjunctive Pioglitazone.

Exclusion criteria included a history of liver dysfunction, electroconvulsive therapy (ECT)
within the previous 6 months, diagnosis of possible or probable any dementia or evidence of
cognitive decline, history of Type | or Type Il diabetes, history of significant CVD or
myocardial infarction, cerebrovascular, pulmonary disease, or cancer, untreated
hypothyroidism, unstable or untreated hypertension, known osteoporosis or prior history of
non-traumatic fracture, history of a neurological disorder or evidence of neurologic or other
physical illness that could produce cognitive deterioration.

Forty-two medically stable men and women ages 23-71 with non-psychotic, non-remitted
depression were enrolled. Thirty-seven participants completed the study. Among enrolled
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participants, glucose metabolism ranged across the insulin sensitivity spectrum, including
IS, IR, and/or pre- diabetes

2.1 RCT design and randomization

This randomized controlled trail consisted of a parallel design in which 50% of participants
were allocated to 12 weeks of treatment with 30 mg/day of Pioglitazone and 50% of
participants were randomized to 12 weeks treatment with placebo pill. Random allocation
was generated by use of a random number generator that assigned half of subjects’
identification numbers to each study condition. Randomization and maintenance of the
unblinded study list was performed by a staff member of the Stanford University
Department of Psychiatry who did not participate in the implementation of the study. Active
and placebo medication were bottled and labeled with participant identification numbers by
this unblinded staff person according to randomized assignment. Study investigators,
coordinators, raters and clinical laboratory staff remained blinded to subject treatment
assignments throughout their participation in the study.

2.2 Clinical assessment

Clinical assessment consisted of a physical examination and laboratory tests, including
measures of height and weight, an oral glucose tolerance test (OGTT), fasting plasma
glucose (FPG), and fasting plasma insulin (FPI). Other data collected included current
medications and family medical history. All clinical and laboratory tests were repeated at the
end-of-treatment (Week 12) with the exception of the genetic sample.

During baseline examination, insulin resistant status was determined if participants met one
of the following criteria. Otherwise they were considered to be insulin sensitive:

. Fasting plasma glucose > 100 mg/dL;
. Fasting plasma insulin > 15ulU/ml;
. Oral Glucose Tolerance Test at 120 minutes > 140 mg/dL.

2.2.1. Oral glucose tolerance test—The OGTT measures individual ability to
metabolize glucose and can distinguish between normal patterns and the patterns of diabetes
and IR (Mueller et al., 1969). We chose this test over other direct and surrogate measures of
IR, such as the insulin suppression test or the hyperinsulinemic euglycemic clamp, because
of its relatively easy administration and participant tolerance. Furthermore, it does not
involve administration of pharmacological agents, as do other assessments of glucose or
insulin tolerance. Participants undergoing OGTT began in a fasting state (no food or drink
except water for >10-16 hours). Blood samples were obtained to measure baseline glucose
and insulin concentrations, followed by administration of 75mg oral glucose, after which
additional samples were obtained at +30, +60, +90, and +120 minutes. A meal was given to
each participant immediately following completion of the procedure.

Surrogate markers of IR were categorized according to having one or more of the following:
1) FPG greater than or equal to 100 mg/dL, 2) An OGTT at 120 minutes greater than or
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equal to 140 mg/dL, 3) FPI greater than or equal to 15 mIU/L, or 4) HOMA-IR greater than
3.8 mmol/L.

2.3 Psychiatric assessment

The psychiatric examination at screening included the Structured Clinical Interview for
DSM-1V (SCID) (First et al., 1997), the 17-item Hamilton Depression Rating Scale
(HDRS-21) (Hamilton, 1960), and the MMSE (Folstein et al., 1975). The HDRS-21 was
used to screen for unremitted depression, as characterized by a score of >7. Administration
of the HDRS-21 was repeated at each interim visit (Weeks 2, 4, 6, and 8) and at the end-of-
treatment (Week 12). They were also questioned at each interval regarding medication
compliance, side effects, and or whether any major medical events had occurred. The
MMSE, a brief measure of global cognitive functioning was used to screen out current
cognitive impairment. Information regarding chronicity and duration of depressive disorder
was not an aim of the study, but was collected as part of the recruitment criteria. Participant
characteristics were as follows: 15 identified as having 3 or fewer lifetime episodes of
depression, 15 identified as having 4 or more episodes, and 12 participants were unsure of
number of lifetime episodes. The mean duration of the current depressive episode was
397.21 days (SD= 827.59). Twelve subjects were unable to estimate the duration of the
current episode, or identified it as duration greater than 10 years. There were four bipolar
patients, 3 in the active and 1 in the placebo group. The rest of the participants had MDD.
Sixteen had of diabetes, 23 did not have a family history of diabetes, 3 did not know.

2.4 Statistical analysis

Statistical analyses were conducted using Statistical Analysis System 9.4 (SAS Institute,
Cary NC). Study was powered based on previous studies of patients with mood disorders
assessed with the HDRS-21 rating scale (Sepanjnia et al., 2012). Missing metabolic data,
including FPG, FPI and OGTT were imputed using fully conditional specification multiple
imputation. T-tests were conducted in order to assess baseline differences between groups
and to assess for differences in the degree of change in HDRS-21 and metabolic measures.
Generalized linear models (GLM) were utilized to assess treatment response both unadjusted
and adjusted for differences in baseline age, and baseline metabolic outcomes. Due to
limited sample size and multiple comparisons, model significance was set as p=0.006 and
p=0.05 with and without adjustment for multiple comparisons, respectively. Correlational
analyses were conducted between predictors such as age, baseline metabolic characteristics
and change in metabolic measures relative to change in HDRS-21 to test for associations
with treatment response.

We tested the following general linear models for Aim 1:
. Model 1: Change in HDRS-21 as predicted by treatment group.

. Models 2—6: Change in HDRS-21 as predicted by treatment group, and
significantly associated predictors including: age, age by treatment group
interaction, OGTT at baseline, change in OGTT and FPG at baseline,
change in FPG.

We tested the following general linear models for Aim 2:
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. Models 1-2: Change in HDRS-21 among IR and IS participants,
respectively as predicted by treatment group.

. Models 3-8: Change in HDRS-21 among IR and IS participants,
respectively as predicted by treatment group, and significantly associated
predictors including: age, age by treatment group interaction, change in
OGTT and change in FPG.

Forty-two subjects were enrolled and 37 participants (8 males and 29 females) completed
the study. Five participants withdrew from the study; 2 moved, 1 withdrew due to a side
effect (edema) of treatment with Pioglitazone, and 2 did not specify a reason for withdrawal.

Significant baseline differences between treatment groups were found in HDRS-21 scores
and OGTT (Table 1). No significant baseline differences were found in BMI, HOMA, FPG
or FPI between treatment and placebo groups. No significant changes were found in FPI,
FPG, OGTT or HOMA for either treatment group from baseline to final assessment.

There was no significant difference in mean decline of HDRS-21 scores between treatment
groups (t(29)=-1.22, p=0.23). A significant decline in HDRS-21 scores was found within
each treatment group from baseline to final assessment (placebo group: t(13)=3.41, p<0.01;
active group: t(17)=4.48, p<0.01) (Figure 1). The active and placebo groups had a 24% and
23% decline in HDRS-21 scores, respectively from baseline to final assessment. Within the
active group, change in HDRS-21 was positively correlated to change in OGTT, r(18)=0.51,
p=0.03. No such correlation was found in the placebo group, r(14)=-0.32, p=0.25.

3.1 Baseline insulin sensitivity status and treatment response

There was a significant decline of HDRS-21 scores among the active IS group, t(8) = 5.94, p
< 0.001 active IR group, t(8) = 2.45, p < 0.05, and the placebo IS group, t(5) = 6.26, p <
0.005. However, HDRS did not significantly decline in the placebo IR group, t(5) = 1.23, p
=0.26

There continued to be a significant treatment effect on change in HDRS-21 scores within the
IR group when adjusting for baseline differences in age (Table 3). The active IR group
declined in HDRS-21 scores an average of 7.15 points more than that of the placebo IR
group, where lower age was associated with greater decline (Figure 2). Again, there was no
difference in decline in HDRS-21 scores between the active and placebo IS groups.

In addition to an age and treatment effect, change in OGTT and change in FPG predicted the
degree of decline of HDRS-21 but only among IR subjects (Table 3); the greater the decline
in OGTT and FPG, the greater the decline in HDRS-21. No such findings were found among
the IS subjects.
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4. Discussion

Our main findings showed that improvement in glucose metabolism was associated with
improvement in depression. Additionally, treatment with pioglitazone was effective in
improving mood but only when IR was present, particularly with younger aged individuals.

Insulin resistance (IR) occurs in approximately one third of otherwise apparently healthy
individuals to such an extent that it significantly increases risk for cardiovascular disease
(CVD) (Yip et al., 1998) and type 2 diabetes (DM2) and is often accompanied by depression
(Kenna and Rasgon, 2008). In turn, depression has a lifetime prevalence of over 23%
(Okamura et al., 2000), and patients with a history of depressive disorders have high
prevalence of IR and glucose dysregulation (Heninger et al., 1975; Okamura et al., 2000;
Rasgon et al., 2002; Stemmle et al., 2009) and DM2 (Okamura et al., 2000).

The purpose of this study was to follow up on previous findings from an open label trial that
showed an antidepressant effect of the PPAR-y-agonist, rosiglitazone, in individuals with
depression (Rasgon et al., 2010). The current study evaluated the effects of another PPARy-
agonist, pioglitazone, in a sample of patients with unremitted depression despite TAU across
a spectrum of insulin sensitivity. Additionally, predictors of mood response were examined.

No significant treatment effect was seen for mood ratings or glucose metabolic measures
between active and placebo groups as a whole. When baseline insulin sensitivity status was
considered, mood and glucose metabolic improvements were found to differ between the
pioglitazone and placebo groups but only in patients with IR. Patients who were IS improved
regardless of treatment group

A surprising aspect of our findings was that the IS group showed equivalent levels of
improvement on both adjunctive pioglitazone and placebo, and to an approximately
equivalent extent as IR subjects on pioglitazone. One possible explanation of this finding is
that participants benefited across the board from their concomitant individualized treatment
for depression, but that IR represents a biological gating mechanism that prevents depressed
individuals from benefiting from other interventions, thus generating a treatment-resistant
depression. Our results would be consistent with this hypothesis in that pioglitazone
treatment reduced the treatment resistance associated with baseline IR, but had no effect on
mood for the IS subjects, who would not have had IR-associated treatment resistance in the
first place.

Several animal (Eissa et al., 2009; Shahsavarian et al., 2014) and human (Rasgon et al.,
2010b; Kemp et al., 2012; Sepanjnia et al., 2012; Kashani et al., 2013; Kemp et al., 2014;
Zeinoddini et al., 2015) studies support antidepressant effects of PPARy-agonists. However,
these studies exclusively used either IS or IR participants. Our study was the first to our
knowledge to examine factors that mediate a PPARy-agonist, insulin- sensitizing agent on
antidepressant response in patients with depression. We found that IS status at baseline as
well as age predicted metabolic as well as mood response to treatment with pioglitazone.

In a similar study, early improvement and overall response to pioglitazone treatment was
shown in a sample of moderately to severely depressed patients with normal glucose
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metabolism (Sepanjnia et al., 2012). Although remission rate was higher with pioglitazone
treatment compared to placebo in the Sepanjnia et al study (45% versus 15%) (Sepanjnia et
al., 2012), remission was not achieved in the majority of that IS sample. That study also
utilized citalopram in addition to pioglitazone or placebo in a sample that was more
depressed than our sample.

Treatment with pioglitazone has also been shown to be successful in bipolar patients with
unremitting depression and metabolic syndrome (Rasgon et al., 2010; Kemp et al., 2012).
These studies combined with our findings suggest that successful treatment of unremitting
depression with pioglitazone is more likely when there is corresponding glucose metabolic
dysfunction.

Among our important and thought provoking results, is an age-specific effect. We showed
that younger age was also a factor in predicting enhanced mood response with pioglitazone
treatment. Studies that found depression treatment response of pioglitazone in patients either
with or without impaired glucose metabolism used younger samples (Sepanjnia et al., 2012;
Kashani et al., 2013; Kemp et al., 2014) or did not specifically examine age effects. In
general, younger adults respond better to antidepressant therapies than older adults (Zanardi
et al., 2003; Thase et al., 2005). Although evidence is limited to DM2 studies, there does not
appear to be age-based effects on glucose metabolism with glucose lowering medications
(Pandya et al., 2013). Older adults also show slower reductions in depressive symptoms with
antidepressant treatments when compared to younger adults (Zanardi et al., 2003) hence, a
longer treatment trial with pioglitazone may be necessary for older patients with unremitting
depression to achieve optimal mood response. To our knowledge no other studies have
shown age effects in depression treatment response with pioglitazone.

4.1 Mechanisms of action

The proposed insulin sensitization mechanism stems from neurobiological evidence that
suggests that circulating insulin exerts pivotal functions in central nervous networks (Kerr et
al., 1993; Davis et al., 1995). While the origin of CNS insulin is still under debate, it is clear
that insulin has multiple functions within the CNS. Insulin has been shown to affect the
release and reuptake of catecholamines and influence the regulation of regional cerebral
blood flow, the autonomic nervous system, and the HPA axis (Kerr et al., 1993; Davis et al.,
1995).

An increase in pro-inflammatory cytokines is common in depression, obesity, metabolic
syndrome, and DM2, due to activation of the glutamatergic system, resulting in a reduction
of glutamate re-uptake (Raison et al., 2006). IR in itself is a proinflammatory state, hence
improvement in treatment outcome of depressed patients may be mediated by an anti-
inflammatory effect (Lanquillon et al., 2000; Kemp et al., 2012), rather than insulin-
sensitizing effect of thiazolidinediones (TZD). Depression and inflammation have also been
linked although it appears that depression increases inflammatory factors more so than
inflammatory factors increase depression (Stewart et al., 2009).

The anti-inflammatory hypothesis arises from evidence that, when compared with non-
depressed individuals, both medically ill and medically healthy patients with major
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depression have been found to exhibit all of the cardinal features of inflammation, including
elevations in relevant inflammatory cytokines and their soluble receptors in peripheral blood
and cerebrospinal fluid, as well as elevations in peripheral blood concentrations of acute
phase proteins and chemokines (Zorrilla et al., 2001; Raison et al., 2006). Further, depressed
patients with evidence of increased inflammatory activity prior to treatment have been
reported to be less responsive to antidepressants, or lithium (Sluzewska et al., 1997,
Lanquillon et al., 2000), suggesting that reducing inflammation may result in enhanced
antidepressant response. Nonsteroidal anti-inflammatory treatments for major depression
have also been explored, and while these have had mixed results, multiple promising
alternative anti-inflammatory targets are currently under study (Maes et al., 2012).

Our finding that treatment-resistant depression is associated with IR and relieved by a
PPARy-agonist could be explained either by an inflammatory mechanism (i.e., that IR is
associated with systemic inflammation which in turn enhances treatment-resistant
depression) or by a direct insulin-mediated mechanism (i.e., that CNS-based IR alters neural
responses in a way that contributes to treatment-resistant depression and is mitigated by
reduction in IR). Since our study did not collect data on inflammatory responses, it is
difficult to speculate what role any changes in inflammatory markers might have played in
mediating the observed responses to pioglitazone. Future studies that would collect
adjunctive data on inflammatory markers would help to differentiate between these possible
explanations.

4.2 Limitations

Study limitations include small sample size, particularly when treatment groups were
dichotomized into IS and IR status. Small sample sizes also precluded investigation into
gender effects of adjuvant pioglitazone treatment. Study patients were on a variety of
antidepressant medications prescribed by their personal physicians thus interactions with
specific antidepressant use was not possible. Treatment protocol was brief and long-term
effects of pioglitazone treatment could not be assessed. It is possible that in older patients
treatment response may be slower and require a longer medication trial. However, mood
effects were seen over the trial period consistent with other studies that show mood response
to pioglitazone within several weeks.

4.3 Conclusion

Consistent with other studies, the current study showed that pioglitazone might be an
effective adjuvant treatment for unremitting depression, particularly for individuals who
have IR and who are younger. Our findings help to differentiate between populations of
patients with depression who may or may not benefit from adjuvant treatment with PPARy-
agonists. Future studies with larger sample sizes are warranted.
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Highlights

We aimed to assess the effects on depressive symptoms with adjuvant treatment with the
PPAR-y-agonist pioglitazone.

Patients (N=37) with non-remitting depression receiving standard psychiatric regimens
for depression.

Improvement in depression was associated with improvement in glucose metabolism but
only in patients with insulin resistance.

An age effect was also shown in that response to pioglitazone was more beneficial in
younger aged patients.
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Decline in HDRS-21 by Treatment Group and Insulin Sensitivity Status

W Active Group
43 % Placebo Group

Insulin Sensitive Insulin Resistant

Figure 1.
Decline in Hamilton Depression Rating Scale (HDRS-21) by Treatment Group and Insulin

Sensitivity Status. Hamilton Mean reduction in HDRS-21 is noted that top of each bar. All
groups significantly reduced HDRS-21 from week 0 to week 12 of treatment with the
exception of the insulin resistant placebo group.
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Decline HDRS-21 in IR Subjects By Treatment Group
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Figure 2.
Decline in Hamilton Depression Rating Scale (HDRS-21) in Insulin Resistant (IR) Subjects

by Treatment Group. a. Blue circles and the corresponding solid blue regression line
represent the active treatment group. Red crosses and the red patterned regression line
represent the placebo group. b. This figure corresponds to Model 2 for the insulin resistant
sample in Table 3. c. Age at in enrollment significantly differs between treatment groups
therefore age is adjusted for in this generalized linear model. d. There is a significant age by
treatment group interaction where the active group shows a significant decline in HDRS
among younger subjects relative to older subjects.
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Change in HDRS-21 and Change in OGTT by Treatment Group
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Figure 3.
Change in Hamilton Depression Rating Scale (HDRS-21) and Change in Oral Glucose

Tolerance Test at 120 minutes (OGTT) by Treatment Group. a. Blue circles and the
corresponding blue regression line represent the active treatment group. Red circles and the
red regression line represent the placebo group. b. Change in OGTT is from week 0 to week
2 is significantly positively correlated to change in HDRS-21 in the active but not placebo
treatment.
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