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Abstract

Selective serotonin reuptake inhibitor (SSRI) antidepressants are widely prescribed for depression 

and other disorders. SSRIs have become one of the most commonly used drugs in the United 

States, particularly by women. Acute effects on body composition and carbohydrate metabolism 

have been reported, but little is known regarding the effects of chronic SSRI use. We evaluated the 

effects of chronic administration of a commonly prescribed SSRI, sertraline HCl, on body weight 

and composition, fat distribution, carbohydrate metabolism, as well as activity, in adult female 

depressed and nondepressed cynomolgus monkeys (Macaca fascicularis; n = 42) using a placebo-

controlled, longitudinal, randomized study design. Phenotypes were evaluated prior to and after 18 

months of oral sertraline (20 mg/kg) or placebo. Over the 18 month treatment period, the placebo 

group experienced increases in body weight, body fat (visceral and subcutaneous) fasting insulin 

concentrations, and homeostasis model assessment of insulin resistance scores (HOMA-IR). 

Sertraline treatment prevented increases in body weight, fat, insulin, and HOMA-IR (all p < 0.05), 

without significantly altering activity levels. Sertraline treatment altered adiponectin in an unusual 

way — reducing circulating adiponectin in depressed monkeys without affecting fat mass or body 

weight. Deleterious effects on adiponectin, a potentially insulin-sensitizing and atheroprotective 

protein, may result in adverse effects on cardiovascular health despite otherwise beneficial effects 

on body composition and carbohydrate metabolism.
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1. Introduction

Obesity, diabetes mellitus, and metabolic syndrome are all major risk factors for 

cardiovascular disease (CVD) and stroke. In 2012 more than two-thirds of Americans were 

overweight, and one-third of adults were classified as obese according the criteria set forth 

by the American Heart Association (National Center for Health Statistics, 2015). This 

increasing prevalence of obesity, particularly visceral obesity, is most likely also driving an 

increased incidence of insulin resistance and type 2 diabetes mellitus (Despres and Lemieux, 

2006). The clustering of cardiometabolic risk factors related to visceral obesity includes 

hypertension and perturbations in lipid and carbohydrate metabolism and is known as the 

metabolic syndrome (Go et al., 2014).

Metabolic syndrome is associated with depression (Kinder et al., 2004; Pan et al., 2012). 

Depressive disorders are twice as likely in women as men (Gorman, 2006). One in ten 

women currently suffers from a depressive disorder and women in their late reproductive 

years have a higher incidence of depression than any other age/sex group (Pratt and Brody, 

2014). Depressive disorders can activate the hypothalamic-pituitary-adrenal axis which in 

turn promotes visceral fat deposition, inflammatory cytokine secretion, and a cascade of 

biological changes resulting in elevated blood pressure, dyslipidemia, and impaired 

carbohydrate metabolism (Kinder et al., 2004; Shively et al., 2009). Likewise, the 

proinflammatory state subsequent to visceral fat deposition may increase depression risk. 

Thus, the relationship between metabolic syndrome and depression is likely bidirectional 

(Dunbar et al., 2008; Gragnoli, 2014; Mansur et al., 2015; Martinac et al., 2014; Pan et al., 

2012). Both metabolic syndrome and depression increase CVD risk, including coronary 

heart disease, the leading cause of death in women (Despres and Lemieux, 2006).

Antidepressant drugs (ADs) are the third most commonly prescribed medication in America. 

Women are 2.5 times more likely than men to take ADs, and 23% of women aged 40–59 

take ADs. Greater than 60% of Americans taking ADs have taken them for at least 2 years 

and 14% take them for an excess of 10 years (Pratt et al., 2011). SSRIs are the most 

commonly prescribed class of ADs (Pratt et al., 2011). In addition to depression, SSRIs were 

recently approved by the Food and Drug Administration for the treatment of hot flushes and 

have also shown efficacy in treating migraine headaches and premenstrual dysphoric 

disorder (Orleans et al., 2014; Stone et al., 2003). This widespread use of SSRIs is an 

important public health issue because the risks and benefits of chronic SSRI treatment on 

several biologic systems are unknown.

Published effects of SSRIs on metabolic characteristics are mixed. Clinical studies report 

beneficial as well as deleterious effects of SSRIs on body weight, waist circumference, 

insulin secretion and fasting blood glucose (Beyazyuz et al., 2013; Ghaeli et al., 2004; 

Kesim et al., 2011). Observational studies suggest that SSRI use may be associated with 
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increased waist circumference and impaired glucose handling (Raeder et al., 2006; Yoon et 

al., 2013). Alterations in glucose and lipids could be due to effects of the drug on body 

weight, body composition, or behavior. Presently, no data exist regarding SSRI effects on 

body composition.

To date, the effects of these medications have usually been studied in patient populations 

with diagnoses of depression or anxiety. This adds a level of complexity in interpreting 

results because of the associations between depression, obesity and the metabolic syndrome, 

and difficulties in establishing causality. There is a need for longitudinal, controlled, 

randomized studies to determine how SSRIs influence body composition and carbohydrate 

metabolism independently of clinical conditions and syndromes; however, long-term trials 

evaluating SSRI effects are not ethical in healthy human populations given that SSRI use 

and discontinuation are both associated with a long list of unpleasant and sometimes serious 

adverse effects (Cascade et al., 2009; Haddad, 2001).

Laboratory-housed nonhuman primates may exhibit behavioral depression (Camus et al., 

2014; Hennessy et al., 2014; Shively et al., 1997; Shively et al., 2009; Shively et al., 2008; 

Shively and Willard, 2012) which resembles human depression in physiological, 

neurobiological, and behavioral characteristics including reduced body mass, hypothalamic-

pituitary-adrenal axis perturbations, autonomic dysfunction, increased cardiovascular 

disease risk, reduced hippocampal volume, altered serotonergic function, decreased activity 

levels, and increased mortality (Shively and Willard, 2012; Willard and Shively, 2012). 

Physiological and neurobiological characteristics of monkeys that exhibit behavioral 

depression have been well characterized (Shively and Willard, 2012) and include 

dyslipidemia and exacerbated coronary atherosclerosis (Shively et al., 2009; Shively et al., 

2008; Shively et al., 2005). Here we evaluated the effects of SSRIs on body composition and 

carbohydrate metabolism in depressed and nondepressed female cynomolgus monkeys 

(Macaca fascicularis). Since the effects of SSRIs were studied in the presence and absence 

of depression, depression-associated effects on body composition and carbohydrate 

metabolism could be separated from those due to SSRI treatment. Female cynomolgus 

monkeys are uniquely well-suited for this study because, in addition to being a useful and 

well-characterized model of depression (Shively and Willard, 2012; Willard and Shively, 

2012), they are also an established model of diet-induced obesity (Mubiru et al., 2011), and 

type 2 diabetes mellitus (Shively et al., 2009; Wagner et al., 2006).

2. Materials and methods

2.1. Animal subjects

These animals were subjects of a study primarily aimed at evaluating the relationship 

between depression, SSRI treatment, and coronary artery atherosclerosis. Details about the 

animals; the diet they were fed; and the methods and results have been previously published 

with regards to cerebrospinal fluid monoamines (Shively et al., 2014), cardiac function 

(Groban et al., 2014), cardiovascular risk factors and coronary artery atherosclerosis 

(Shively et al., 2015), and neural structures (Willard et al., 2015). Forty-five adult, 

reproductively-aged female cynomolgus monkeys were imported from Indonesia (Institut, 

Pertanian Bogor, Bogor, Indonesia) and quarantined in single cages for a one-month. 
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Following quarantine, monkeys were randomly assigned to social groups of n = 4–5 and fed 

a Western-like diet (containing 44% of calories from fat and 0.29 mg/Cal cholesterol) 

designed to mimic fat and cholesterol content consumed by Northern Americans (Groban et 

al., 2014). Monkeys were housed in indoor pens (3.05 m × 3.05 m × 3.05m) with 12/12 

light/dark and water ad libitum. Monkey ages were estimated from dentition. Monkeys were 

at least 10 years of age and cycling, thereby approximating premenopausal women in their 

mid-30s to late-40s. During the 3.5-year study, three animals died of causes unrelated to the 

experiment resulting in a final sample size of 42. All animal manipulations were performed 

according to the guidelines of state and federal laws, the US Department of Health and 

Human Services, and the Animal Care and Use Committee of Wake Forest University 

School of Medicine. Wake Forest University is fully accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care.

2.2. Experimental design (Fig. 1)

The monkeys consumed the Western-like diet for an 18-month Pretreatment Phase during 

which behavior (including depressive behavior) was recorded. Monkeys were trained to run 

out of their social group pens into a dosing cage and comply with oral dosing. Stratified 

randomization was used to assign the monkeys by social group to either placebo (n = 21) or 

sertraline (n = 21) treatment balanced on Pretreatment rate of depressive behavior and body 

weight. Thus, depressed and nondepressed monkeys were evenly distributed between the 

placebo and sertraline groups. Sertraline HCl (Zoloft®) was introduced gradually over a 4-

week period to attain a final dose of 20 mg/kg/day; the placebo group received vehicle alone 

(Shively et al., 2014).

2.3. Circulating levels of sertraline and desmethylsertraline

Cumulative dose-responses to the initiation of SSRI-therapy on circulating levels of 

sertraline and its metabolite, desmethylsertraline, have been previously described (Shively et 

al., 2014). In this analysis circulating sertraline and desmethylsertraline were measured in 

blood samples obtained following 1 week of dosing with placebo and at the end of the 

Treatment Phase from monkeys sedated with 10–15 mg/kg ketamine HCl 4-h post-dosing. 

Sertraline and desmethylsertraline were analyzed by gas chromatography (NMS Labs, 

Willow Grove, PA) as previously described (Shively et al., 2014). During placebo 

administration, sertraline/desmethylsertraline was undetectable. At the end of the Treatment 

phase, concentrations of sertraline/desmethylsertraline had reached average levels of 132 

ng/ml (range 18–350 ng/ml) and 182 ng/ml (range 21–600 ng/ml), respectively (Willard et 

al., 2015).

2.4. Cerebrospinal fluid (CSF) levels of 5-hydroxyindoleacetic acid (5-HIAA)

CSF samples were taken to measure 5-HIAA, the major metabolite of serotonin, at the end 

of the Pretreatment Phase and 15 months after the onset of the Treatment Phase. CSF was 

obtained by inserting a 22-gauge needle percutaneously into the cisternal space while the 

animal was sedated and restrained in lateral recumbency. Approximately 1–1.5 cc of CSF 

was collected and frozen at −70 °C until analysis. 5-HIAA was analyzed using HPLC with 

electrochemical detection as previously described (Willard et al., 2015). Intraand interassay 

coefficients of variation were <10%.

Silverstein-Metzler et al. Page 4

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sertraline effects on CSF 5-HIAA have been previously reported (Groban et al., 2014; 

Shively et al., 2015, 2014; Silverstein et al., 2014; Willard et al., 2015). Sertraline treatment 

significantly reduced CSF 5-HIAA by approximately 40% (ANOVA treatment × phase 

interaction F[1,37] = 28.4, p < 0.001).

2.5. Behavior observations

Behavior was recorded during 10 minute focal animal observations, 6–8 times per month, 

counterbalanced for time of day, for 12 months during both the Pretreatment and Treatment 

Phases (an average of 33.3 hours/monkey total), using a previously described technique 

(Shively et al., 2008).

2.5.1. Depressive behavior—As in our previous studies, depressive behavior was 

defined as a slumped or collapsed body posture, accompanied by a lack of responsiveness to 

environmental stimuli to which other monkeys are attending, and open eyes to distinguish 

this behavior from resting or sleeping (Shively et al., 2005). This depressive behavior is 

easily recognizable, and inter-observer reliability, determined biannually, was r ≥ 0.92 

throughout the experiment. The average frequency/hour that the monkeys exhibited 

depressive behavior was calculated from these observations. Monkeys with pretreatment 

depressive behavior rates below the mean depression rate were classified as “nondepressed” 

(n = 23), and those with depressive behavior rates above the mean were classified as 

“depressed” (n = 19). Sertraline had no effect on depressive behavior (Shively et al., 2015).

2.5.2. Nonstereotypic and stereotypic locomotion—Locomotion was defined as 

three or more steps. The average frequency/hour that the monkeys exhibited non-stereotypic 

locomotion, stereotypic (defined as a repetitive motor behavior that occurs at least three 

times in quick succession), and total (non-stereotypic plus stereotypic locomotion) was 

calculated from these observations for both the Pretreatment and Treatment Phases (Shively 

et al., 2008).

2.6. Physical activity by actigraphy

At the end of the Pretreatment and Treatment Phases activity was assessed by recording 

movement via accelerometry (ActiGraph GT3 × Triaxial Activity Monitor analyzed with 

ACTILIFE-Desktop Software, Pensacola, FL) (Shively, 1998). Each monkey was outfitted 

with a nylon mesh protective jacket over a portable actigraphy unit. After a 24-h recovery 

period, activity was recorded for the next 24 h, and average activity over each hour was 

calculated for statistical analysis. Activity quantified during nighttime hours only (2400–600 

h), was used as a surrogate for sleep disruption.

2.7. Anthropometrics

Body weight and trunk length were measured at the end of the Pretreatment Phase and 16 

months after the onset of the Treatment Phase. Body mass index (BMI) was estimated as the 

ratio of body weight to the square of trunk length measured from the suprasternal notch to 

the pubic symphysis (in kg/m2) (Shively et al., 2009).
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2.8. Body composition and fat distribution

Body composition and fat distribution were determined at the end of the Pretreatment Phase 

and 16 months after the onset of the Treatment Phase using dual energy X-ray 

absorptiometry (DEXA) and computer tomography (CT).

2.8.1. Dual energy X-ray absorptiometry (DEXA)—Body composition, including fat 

mass, lean mass, and bone mass, was determined using DEXA whole-body scans (Hologic 

Discovery A Dual X-ray Bone Densitometer, Bedford, MA) of anesthetized animals using 

protocols developed by the manufacturer. Percent fat and lean mass were calculated as a 

percent of whole body mass.

2.8.2. Computed tomography (CT)—Subcutaneous and visceral abdominal fat volumes 

were determined from whole body scans conducted using a 32 slice multi-detector CT 

scanner (Toshiba America Medical Systems Inc. Tustin, CA). Visceral and subcutaneous 

abdominal tissue areas were measured from cross-sectional images of the abdomen for a 10 

cm slab of slices centered on the intervertebral space between lumbar vertebrae L3 and L4. 

Details regarding CT image analysis have been previously published (Murphy et al., 2014). 

Briefly, the volumes of adipose tissue within visceral and subcutaneous abdominal tissue 

areas were recorded with adipose tissue thresholds set at −190 to −30 (Hounsfield Units, 

HU) using GE Advantage Windows soft ware and a customized version of Medical Image 

Processing and Visualization (MIPAV, NIH, http://mipav.cit.nih.gov/). Because visceral, 

rather than subcutaneous, abdominal fat is thought to be a major contributor to metabolic 

syndrome (Despres and Lemieux, 2006), the ratio of visceral abdominal fat volume to 

subcutaneous abdominal fat volume was also calculated.

2.9. Carbohydrate metabolism

After an overnight fast, blood samples were collected at the end of the Pretreatment Phase 

and at the end of the Treatment Phase to determine fasting insulin, glucose, triglyceride, 

leptin, and adiponectin. Glucose and triglyceride concentrations were determined by 

colorimetric assay using reagents (ACE-GLU and ACE-TG) and instrumentation (ACE 

ALERA autoanalyzer) from Alfa Wasserman Diagnostic Technologies (West Caldwell, NJ; 

Adams et al., 2005). Insulin was determined by enzyme-linked immunosorbent assay 

(Mercodia, Uppsala, Sweden). Leptin and adiponectin were both determined by 

radioimmunoassay (Millipore, Billerica, MA). All analyses were performed in the Wake 

Forest Comparative Medicine Clinical Chemistry and Endocrinology Laboratory and intra- 

and interassay coefficients of variation were lower than 10% for all analyses. The 

homeostasis model assessment (HOMA-IR = [mg/dL fasting glucose × mIU/L fasting 

insulin]/405) was used to determine insulin resistance (Bonora et al., 2000). HOMA-IR 

correlates with euglycemic glucose clamp results, the reference method for assessing insulin 

sensitivity, in both humans (Bonora et al., 2000) and macaques (Lee et al., 2011) and has 

been validated as an estimate of basal insulin resistance in these species.

2.10. Statistical analysis

Statistical analyses were performed using STATISTICA 12.0 for Windows (StatSoft Inc, 

Tulsa, OK) with significance set at p ≤ 0.05. All variables were evaluated for normality and 
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equality of variances between groups, and log transformations were performed for any 

variables not meeting the tests for equal variances. Pretreatment phase 5-HIAA 

concentration for one monkey and Treatment phase subcutaneous abdominal fat volume for 

another monkey were not available. To verify that groups were balanced prior to treatment, 

Pretreatment variables were analyzed using 2 (Placebo, Sertraline) × 2 (Nondepressed, 

Depressed) analyses of variance (ANOVAs). To determine the effect of treatment variables 

were analyzed by 2 (Placebo, Sertraline) × 2 (Nondepressed, Depressed) × 2 (Pretreatment 

phase, Treatment phase) ANOVAs. Results are reported as means ± standard errors of the 

mean (SEMs). Significant main effects (treatment, depression, and phase) and interaction 

effects (treatment × phase, depression × phase, and treatment × depression × phase) are 

reported. In order to determine the best estimate of the magnitude of the treatment effect 

Treatment values were adjusted for Pretreatment values using 2 (Placebo, Sertraline) × 2 

(Nondepressed, Depressed) analyses of covariance (ANCOVAs). All variables had some 

degree of heterogeneity thus analyses were originally run on transformed data. Analyses 

were repeated using untransformed data. Transformation had no effect on p-values, therefore 

significance tests are reported for the untransformed adjusted means ± standard errors of the 

mean. Significant treatment, depression, and time effects are reported, there were no 

significant treatment × depression interaction effects. The level of significance was set at p ≤ 

0.05. Both untransformed means ± SEMs and adjusted means ± SEMs (covarying for 

Pretreatment values) are reported in graphs and tables.

3. Results

3.1. Pretreatment characteristics

Pretreatment means, SEMs, main effects of sertraline treatment and depression, and 

sertraline treatment × depression interaction effects are depicted in Table 1. Prior to 

treatment, there were no significant differences between the placebo and sertraline groups in 

body weight and composition, fat distribution, carbohydrate metabolism, depressive 

behavior and physical activity (all p's >0.05). Compared to their nondepressed counterparts, 

depressed monkeys displayed increased rates of depressive behavior, had significantly lower 

mean body weight, BMI, whole body fat mass, percent fat mass, whole body lean mass, 

abdominal total, visceral, and subcutaneous fat volumes, leptin, and insulin, and higher 

adiponectin concentrations (all p's < 0.05). While mean lean mass was lower, percent mean 

lean mass and lean/fat mass ratio were higher in the depressed group. Physical activity did 

not differ between depressed and nondepressed monkeys.

3.2. Treatment phase effects

Treatment unadjusted means ± SEMs, adjusted means ± SEMs (Pretreatment values as 

covariates), and the percent difference between adjusted sertraline- and placebo-group 

means are depicted in Table 2.

3.2.1. Depression Effects on Body Weight and Composition, Fat Distribution, 
Adipokines, and Carbohydrate Metabolism—Pretreatment differences between 

depressed and nondepressed monkeys in body weight (Fig. 2A), BMI (Fig. 2B), whole body 

fat mass (Fig. 2C), abdominal total (Fig. 3A), visceral (Fig. 3B), and subcutaneous fat 

Silverstein-Metzler et al. Page 7

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volume (Fig. 3C), and leptin (Fig. 4A) persisted through the Treatment phase (all p's >0.05). 

Overall, whole body fat mass increased over time (ANOVA phase effect F[1,38] = 4.37, p = 

0.04). Serum leptin concentrations increased only in depressed monkeys (ANOVA 

depression × phase interaction F[1,38] = 4.15, p = 0.05), resulting in concentrations 75% 

higher in depressed monkeys than nondepressed monkeys (ANCOVA depression effect 

F[1,37] = 5.33, p = 0.03). There were no other significant main effects of time or depression 

× phase interaction effects (all p's > 0.05).

3.2.2. Sertraline Effects on Body Weight and Composition in Depressed and 
Nondepressed Female Macaques (Fig. 2)—Placebo-treated monkeys gained body 

weight whereas sertraline-treated monkeys did not (Fig. 2A; ANOVA treatment × phase 

interaction F[1,38] = 10.2, p < 0.01). ANCOVA revealed that sertraline prevented the 8% 

weight gain observed in the placebo group (ANCOVA treatment effect F[1,37] = 11.9, p = 

0.001). Sertraline treatment had no effect on BMI (Fig. 2B; ANOVA treatment × phase 

interaction F[1,38] = 0.54, p = 0.47; ANCOVA treatment effect F[1,37] = 0.45, p = 0.51). 

Placebo-treated monkeys also gained body fat whereas sertraline-treated monkeys did not 

(Fig. 2C; ANOVA treatment × phase interaction F[1,38] = 6.22, p = 0.02). Whole body fat 

volume was about 18% lower in sertraline-treated monkeys (ANCOVA treatment effect 

F[1,37] = 5.56, p = 0.02). Sertraline treatment did not affect percent body fat over time (Not 

shown; ANOVA treatment × phase interaction F[1,38] = 3.52, p = 0.07), but ANCOVA 

revealed that percent body fat in placebo-treated monkeys was about 12% higher than in the 

sertraline treatment group (Not shown; ANCOVA treatment effect F[1,37] = 3.96, p = 0.05). 

Sertraline did not significantly alter lean mass (Not shown; ANOVA treatment × phase 

interaction F[1,38] = 1.81, p = 0.19).

3.2.3. Sertraline effects on abdominal fat distribution in depressed and 
nondepressed female macaques (Fig. 3)—Abdominal fat volume (total, visceral, and 

subcutaneous; Fig. 3A–C) increased in placebo-treated, but not sertraline-treated monkeys 

(total abdominal fat ANOVA phase × treatment interaction F[1,38] = 17.0, p < 0.001). Total 

abdominal fat volume in placebo-treated monkeys increased by 38% compared to a 20% 

decrease in the sertraline treatment group (total abdominal fat ANCOVA treatment effect 

F[1,37] = 16.0, p < 0.001). Similar results were observed in both the visceral (ANOVA phase 

× treatment interaction F[1,38] = 7.45, p = 0.01; ANCOVA treatment effect F[1,37] = 8.21, p 
= 0.01) and subcutaneous (ANOVA phase × treatment interaction F[1,37] = 7.87, p = 0.01; 

ANCOVA treatment effect F[1,36] = 6.64, p = 0.01) abdominal fat depots measured by CT. 

Sertraline treatment did not affect the ratio of visceral to subcutaneous abdominal fat 

volumes (Fig. 3D; ANOVA phase × treatment interaction F[1,37] = 1.38, p = 0.25; 

ANCOVA treatment effect F[1,36] = 1.23, p = 0.28).

3.2.4. Sertraline effects on adipokines in depressed and nondepressed female 
macaques (Fig. 4A,B)—Serum leptin concentrations tended to increase in placebo-

treated monkeys, but not in sertraline-treated monkeys; this effect did not reach statistical 

significance (ANOVA phase × treatment interaction F[1,38] = 3.78, p = 0.06). ANCOVA 

revealed that leptin concentrations in placebo-treated monkeys were about 60% higher than 

those in the sertraline treatment group (ANCOVA treatment effect F[1,37] = 4.02, p = 0.05). 
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There was a significant treatment × depression × phase interaction effect on adiponectin 

(Fig. 4B; ANOVA F[1,38] = 4.15, p = 0.05); no other effects reached significance (all p's > 

0.05). There was no main effect of sertraline treatment on adiponectin (ANCOVA F[1,37] = 

0.26. p = 0.61).

3.2.5. Sertraline effects on carbohydrate metabolism in depressed and 
nondepressed female macaques (Fig. 4C)—Fasting insulin concentrations increased 

significantly in the placebo-treated but not the sertraline-treated monkeys (Fig. 4C; ANOVA 

phase × treatment interaction F[1,38] = 8.77, p = 0.005). ANCOVA revealed that insulin 

values in placebo-treated monkeys were about 200% higher, on average, than those in the 

sertraline treatment group (ANCOVA treatment effect F[1,37] = 8.46, p = 0.01). HOMA-IR 

also increased in the placebo-treated, but not the sertraline-treated monkeys (Fig. 4D; 

ANOVA phase × treatment interaction F[1,38] = 6.94, p = 0.01). HOMA-IR was nearly 

300% higher, on average, in placebo- versus sertraline-treated monkeys (ANCOVA 

treatment effect F[1,37] = 6.71, p = 0.01). Sertraline had no effect on fasting glucose 

concentrations (Not shown; ANOVA phase × treatment interaction F[1,38] = 1.09, p = 0.30; 

ANCOVA treatment effect F[1,37] = 0.80, p = 0.37) or circulating triglycerides (Not shown; 

ANOVA phase × treatment interaction F[1,38] = 0.044, p = 0.84; ANCOVA treatment effect 

F[1,37] = 0.06, p = 0.80).

3.3. Sertraline effects on activity in depressed and nondepressed macaques

There were no significant effects of sertraline or depression, and no interactions on 

accelerometry or locomotive phenotypes in behavior observations (all p's >0.05).

4. Discussion

This is the first published study examining the effects of long-term SSRI treatment on body 

composition and carbohydrate metabolism in a placebo-controlled, longitudinal, randomized 

pre-clinical trial. Previously we reported that sertraline had no effect on plasma lipid 

concentrations (total plasma cholesterol, high density lipoprotein cholesterol, or their ratio). 

Nevertheless, sertraline-treated monkeys had more extensive coronary artery atherosclerosis 

than placebo controls (Shively et al., 2015). This suggests that lipid independent risk factors 

mediate sertraline effects on coronary artery atherosclerosis. The current findings suggest 

these are not related to adverse effects of sertraline on body weight, adiposity, or insulin 

sensitivity.

The results of this study are compelling because a stratified randomization design was used 

to assign individuals to antidepressant treatment groups on the basis of body weight and 

depressive behavior, thus preventing confounders in clinical trials. This is an important 

strength, as sertraline and other SSRIs are prescribed for a variety of non-depressive 

disorders which could bias the outcomes of clinical trials. Other strengths include the use of 

subjects naïve to antidepressant treatment prior to onset of the study. This study controlled 

for a number of other characteristics including, sex, diet, light/day cycles, housing, and 

treatment compliance. Plasma concentrations of sertraline and metabolite 

desmethylsertraline demonstrated the drug was successfully delivered via oral dosing, 

producing plasma concentrations similar to those measured in patients (Reis et al., 2004; 
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Shively et al., 2014). CSF monoamine metabolite changes were also similar to those 

observed in human patients, indicating a clinically relevant oral dose of sertraline (Sheline et 

al., 1997; Shively et al., 2014). Sertraline had no effect on depressive behavior (Shively et 

al., 2015). Similarly in patients, SSRI effects on depressive symptoms are inconsistent 

(nearly 50% of patients fail to respond to first-line SSRI treatment) and specific drug effects 

only mildly improve upon placebo-expectancy effects (Arroll et al., 2005).

This trial used a well-established model of depression which shares many physiological and 

neurobiological characteristics of depression with human beings (Shively and Willard, 

2012). Depressed monkeys are generally dyslipidemic, have lower body weight and BMI, 

and develop more coronary artery atherosclerosis than their non-depressed counterparts 

(Shively et al., 2009, 2008, 2005) as replicated in the current study (Shively et al., 2015). 

Here we report that, compared to their nondepressed counterparts, depressed monkeys have 

lower lean mass, fat mass, percent fat mass, leptin and insulin along with higher adiponectin 

levels. In depressed patients, weight gain is one of the most commonly reported side-effects; 

however weight loss has also been recognized as a diagnostic criterion for depressive 

disorders (Polivy and Herman, 1976; Zung, 1965). It seems that the relationship between 

body mass and depression in humans is actually U-shaped, with the heaviest and leanest 

patients being the most depressed (de Wit et al., 2009). The metabolic profile observed in the 

depressed monkeys is consistent with a subgroup of depressed human patients and reflects 

lower overall total and percent fat mass, suggesting multi-system differences between 

depressed and nondepressed monkeys, and potentially patients, in energy metabolism.

Throughout the Pretreatment and Treatment phases the animals were fed a western-like diet, 

previously shown to increase body weight, adiposity, insulin concentrations, and HOMA-IR 

scores (Mubiru et al., 2011; Wagner et al., 2009). This weight gain was observed in placebo-

treated animals, while sertraline prevented significant increases in body weight and 

adiposity. The prevention of an 8% increase in body weight by sertraline treatment translates 

to a noticeable and clinically relevant difference of about 12 lbs for a 130 lb woman, and 

could be responsible for the reduced leptin, HOMA IR, and increased adiponectin.

The effects of sertraline on body composition and carbohydrate metabolism observed in this 

reverse-translational study were similar to those observed in the few published clinical trials. 

Sertraline associated reductions in fasting insulin concentration independent of systemic 

glucose have been reported in depressed human patients after 12 weeks treatment (Kesim et 

al., 2011). In another clinical trial of similar duration (3–4 months) in patients with 

generalized anxiety disorder; the SSRI fluoxetine was associated with significant decreases 

in body weight, BMI, waist circumference and triglycerides (Beyazyuz et al., 2013). Large 

epidemiologic studies noted that SSRI use was associated with increased rates of obesity and 

diabetes mellitus. Unlike the epidemiologic studies and clinical trials conducted, this study 

was tightly controlled and represents the best estimate of a sertraline effect on metabolic 

outcomes.

The results of this study suggests that sertraline may have beneficial effects on adiposity, 

although adiponectin, a potentially insulin-sensitizing and atheroprotective protein, was 

altered in an unusual way. Adiponectin was the only variable for which a significant phase × 
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treatment × depression interaction was observed, an effect driven by decreases in plasma 

adiponectin in the sertraline-treated depressed monkeys. These monkeys also expressed the 

greatest degree of coronary artery atherosclerosis (Shively et al., 2015).

Adiponectin is thought to have beneficial effects on cardiovascular health. Adiponectin is 

released by adipose tissue, although circulating adiponectin concentration generally decrease 

with obesity and weight gain and increase with weight loss. It may protects cardiovascular 

health through vasodilatory, anti-apoptotic, anti-inflammatory, and anti-oxidative activities 

in cardiac and vascular cells (Ebrahimi-Mamaeghani et al., 2015; Hui et al., 2012). 

Antiatherogenic properties of adiponectin have been demonstrated in both preclinical 

(Fantuzzi, 2013; Rubio-Guerra et al., 2013) and animal model studies (Cai et al., 2015; 

Ebrahimi-Mamaeghani et al., 2015). Across the entire cohort, coronary artery atherosclerosis 

was not significantly correlated with adiponectin (data not shown: r = 0.06, p = 0.71), nor 

were the two associated specifically in the sertraline-treated depressed monkeys (data not 

shown: r = 0.13, p = 0.73) Adiponectin exists in three oligomeric forms, each possessing 

distinct biological activities, which were not differentiated in this study (Hui et al., 2012). 

The potential mechanisms underlying reduction in adiponectin by sertraline are not known.

The results of this nonhuman primate study suggest that sertraline may have beneficial 

effects on body composition and carbohydrate metabolism but deleterious effects on the 

cardiovascular risk factor adiponectin. The mechanisms by which sertraline might influence 

body composition, carbohydrate metabolism, and adiponectin regulation are not known. We 

hypothesize that sertraline may affect body composition and carbohydrate metabolism by 

blocking serotonin reuptake and thereby increasing signaling at the central serotonin 

receptors, specifically 5-HT2C, which appear to regulate food intake, body weight insulin 

sensitivity, and glucose homeostasis (Berglund et al., 2013). Higher activity levels were not 

observed, but reduced food intake in sertraline-treated monkeys may explain the observed 

differences in body weight, fat mass, and insulin resistance compared to placebo-controls. 

Food intake was not measured in individual animals in the current study. Altered 

gastrointestinal motility might also affect nutrient absorption and is known to be regulated 

by serotonin interactions with receptors and transporters (Gershon, 2004). Mechanistic 

studies will be useful to understand and confirm the effects of sertraline treatment on body 

composition and carbohydrate metabolism observed in this study. Attention to sertraline 

effects on adiponectin regulation at the cellular level are especially indicated and may 

explain adverse effects of SSRIs on atherosclerosis despite otherwise beneficial effects on 

body composition and carbohydrate metabolism. Finally, there is also a need for long-term 

clinical trials to assess the benefits of sertraline treatment on metabolic syndrome in patient 

populations.

5. Conclusion

The data presented here suggest that sertraline may have effects on body composition and 

carbohydrate metabolism, both components of metabolic syndrome. Results of this study are 

compelling due to the use of a clinically translational nonhuman primate model allowing for 

placebo-controlled, longitudinal, randomized study design. Long-term clinical trials are 

needed to confirm these findings in patient populations.
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Fig. 1. 
Experimental Design. 42 adult female monkeys consumed a Western diet for an 18 month 

Pretreatment Phase, during which behavior and physiology were assessed. The monkeys 

were assigned to sertraline or placebo treatment groups balanced on Pretreatment rates of 

depression and body weight. The monkeys continued to consume a Western diet during the 

18 month Treatment Phase, during which assessments of behavior and physiology were 

repeated.

Silverstein-Metzler et al. Page 16

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
The Effects of Sertraline Treatment on Body Weight and Composition. The data were 

analyzed using 2 (Pretreatment, Treatment) × 2 (Placebo, Sertraline) × 2 (Nondepressed, 

Depressed) analyses of variance (ANOVAs). In order to adjust for Pretreatment differences 

the data were also analyzed by 2 (Placebo, Sertraline) × 2 (Nondepressed, Depressed) 

analyses of covariance (ANCOVAs) adjusted for Pretreatment values. (A) Body weight 

increased during the treatment phase in placebo-treated, but not sertraline-treated monkeys 

(ANOVA treatment × phase interaction F[1,38] = 10.2, p = 0.003; ANCOVA treatment effect 

F[1,37] = 11.9, p = 0.001). (B) Sertraline had no effect on body mass index (ANOVA 

treatment × phase interaction F[1,38] = 0.54, p = 0.47; ANCOVA treatment effect F[1,37] = 

0.45, p = 0.51). C. Whole body fat mass increased during the treatment phase in placebo-

treated, but not sertraline-treated monkeys (ANOVA treatment × phase interaction) F[1,38] = 

6.22, p = 0.017; ANCOVA treatment effect F[1,37] = 5.56, p = 0.02 Placebo treatment: blue; 

Sertraline treatment: red. Nondepressed: Solid lines or bars; Depressed: dotted lines or 

hatched bars (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 3. 
The Effects of Sertraline Treatment on Fat Distribution. The data were analyzed using 2 

(Pretreatment, Treatment) × 2 (Placebo, Sertraline) × 2 (Nondepressed, Depressed) analyses 

of variance (ANOVAs). In order to adjust for Pretreatment differences the data were also 

analyzed by 2 (Placebo, Sertraline) × 2 (Nondepressed, Depressed) analyses of covariance 

(ANCOVAs) adjusted for Pretreatment values. (A) Total abdominal fat increased during the 

treatment phase in placebo-treated, but not sertraline-treated monkeys (ANOVA treatment × 

phase interaction p < 0.001; ANCOVA treatment effect p < 0.001). (B) Visceral abdominal 

fat volume increased during the treatment phase in placebo-treated, but not sertraline-treated 

monkeys (ANOVA treatment × phase interaction p = 0.01; ANCOVA treatment effect, p = 

0.01). (C) Subcutaneous abdominal fat volume increased during the treatment phase in 

placebo-treated, but not sertraline-treated monkeys (ANOVA treatment × phase interaction p 
= 0.01; ANCOVA treatment effect p = 0.01). (D) Sertraline treatment had no effect on the 

ratio of visceral to subcutaneous fat volumes (ANOVA treatment × phase interaction p = 

0.25; ANCOVA treatment effect p = 0.28). Placebo treatment: blue; Sertraline treatment: 

red. Nondepressed: Solid lines or bars; Depressed: dotted lines or hatched bars (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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Fig. 4. 
The Effects of Sertraline Treatment on Adipokines and Carbohydrate Metabolism. The data 

were analyzed using 2 (Pretreatment, Treatment) × 2 (Placebo, Sertraline) × 2 

(Nondepressed, Depressed) mixed-models analyses of variance (ANOVAs). In order to 

adjust for Pretreatment differences the data were also analyzed by 2 (Placebo, Sertraline) × 2 

(Nondepressed, Depressed) analyses of covariance (ANCOVAs) adjusted for Pretreatment 

values. (A) Serum leptin concentrations tended to increase in placebo-treated monkeys, but 

not in sertraline-treated monkeys (ANOVA treatment × phase interaction F[1,38] = 3.78, p = 

0.06; ANCOVA treatment effect F[1,37] = 4.02, p = 0.05). (B) There was a significant 

treatment × depression × phase interaction effect on adiponectin (ANOVA F[1,38] = 4.15, p 
= 0.05) but no significant treatment effects (ANOVA phase × treatment interaction F[1,38] = 

0.53, p = 0.47; ANCOVA treatment effect F[1,37] = 0.26. p = 0.61). (C) Sertraline treatment 

reduced insulin (ANOVA treatment × phase interaction F[1,38] = 8.77, p = 0.005; ANCOVA 

treatment effect F[1,37] = 8.46, p = 0.006). (D) Sertraline treatment reduced HOMA-IR 

(ANOVA treatment × phase interaction F[1,38] = 6.94, p = 0.01; ANCOVA F[1,37] = 6.71, p 
= 0.01). Placebo-treatment: blue; Sertraline-treatment: red. Nondepressed: Solid lines or 

bars; Depressed: dotted lines or hatched bars (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.)
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Table 1

Characteristics of study population during pretreatment phase.

Placebo Sertraline Effects
a

Variables Nondep
b
 n = 

12 Dep
c
 n = 9 Nondep

b
 n = 

11 Dep
c
 n = 10 Depression p= Sertraline p=

Depression 
× 
Sertraline 
p=

Depressive behavior freq/h 0.01(0.49) 2.10(0.56) 0.01(0.51) 1.37(0.53) 0.002 0.48 0.49

Body weight kg 3.93(0.21) 2.78(0.24) 4.01(0.22) 3.11(0.23) <0.001 0.37 0.58

Body Mass Index kg/m2 51.7(2.0) 39.8(2.3) 44.8(2.1) 39.7(2.2) <0.001 0.11 0.13

Lean mass kg 2.86(0.10) 2.18 (0.12) 3.08(0.11) 2.51(0.11) <0.001 0.018 0.62

Percent lean mass % 73.3(3.0) 78.4(1.5) 76.4(1.9) 81.1(0.86) 0.03 0.18 0.91

Fat mass kg 1.04(0.14) 0.50(0.16) 0.85(0.15) 0.46(0.15) 0.004 0.46 0.62

Percent fat mass % 23.1(2.1) 17.6(2.4) 19.8(2.2) 14.9(2.3) 0.03 0.18 0.89

Abdominal fat volume 
cm3 34.0(5.3) 12.5(6.2) 24.0(5.6) 10.9(5.8) 0.004 0.32 0.47

Visceral abdominal fat 
volume cm3 15.9(2.3) 6.71(2.7) 12.4(2.4) 6.79(2.6) 0.006 0.50 0.48

Subcutaneous abdominal 
fat volume cm3 15.5(2.8) 5.34(3.2) 9.97(2.9) 4.06(3.0) 0.01 0.26 0.48

Visceral: subcutaneous 
abdominal fat 1.37(0.31) 1.47(0.36) 1.33(0.32) 1.97(0.34) 0.50 0.28 0.43

Leptin ng/ml 3.00(0.55) 1.06(0.64) 2.15(0.58) 1.52(0.61) 0.03 0.75 0.28

Adiponectin ng/ml 63.1(13) 73.5(15) 50.4(14) 101(15) 0.04 0.61 0.17

Triglycerides ng/dl 39.2(8.1) 41.4(9.4) 56.6(8.5) 43.6(8.9) 0.54 0.27 0.39

Glucose mg/dl 66.5(6.9) 79.0(8.0) 70.0(7.2) 63.4(7.5) 0.69 0.42 0.21

Insulin mIU/l 25.4(5.8) 12.6(6.6) 28.6(6.0) 15.3(6.3) 0.04 0.64 0.97

HOMA-IR 4.73(1.3) 2.51(1.5) 5.41(1.3) 2.47(1.4) 0.07 0.82 0.79

24 h Activity counts 245969(49812) 224985(57518) 329488(52027) 213456(54566) 0.21 0.51 0.38

Nighttime (2400–600 h) 
activity counts 13287(3998) 16856(4617) 7522(4176) 9217(4380) 0.54 0.13 0.83

Daytime (900–1700 h) 
activity counts 147277(31083) 121885(35892) 204549(35892) 127851(34050) 0.13 0.35 0.45

Locomotion (frq/h) 54.1(7.0) 41.0(8.1) 51.8(7.4) 45.8(7.7) 0.21 0.86 0.64

Values are presented as mean (SEM).

a
Effects determined using 2 (Placebo, Sertraline) × 2 (Nondepressed, Depressed) analyses of variance.

b
Nondep = monkeys exhibiting little or no depressive behavior.

c
Dep = monkeys exhibiting depressive behavior.
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