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ABSTRACT 

Selective serotonin reuptake inhibitor (SSRI) antidepressants, widely prescribed for depression and other 

disorders, have been associated with increased ischemic stroke risk in several observational studies.   

Previously the Shively lab has reported that long-term SSRI treatment and depression independently 

increased coronary artery atherosclerosis; however effects on carotid artery atherosclerosis, a precursor to 

ischemic stroke, are unknown.  Whether SSRI use affects risk factors for stroke and atherosclerosis is also 

unclear as results from clinical trials and observational studies are mixed.  The overall objective of this 

dissertation research was to determine the effects of long-term SSRI treatment on carotid artery 

atherosclerosis and associated risk factors using a translational nonhuman primate model of depression. 

The effects of chronic administration of a commonly prescribed SSRI, sertraline HCl (Zoloft®), were 

evaluated 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.  Atherosclerosis extent was measured post-

mortem via histomorphometry. 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.   

Atherosclerosis extent in the right common carotid artery was 40-85% greater in sertraline-treated 

depressed monkeys compared to all other groups (sertraline x depression interaction effect, p = 0.03).  

Sertraline-treated depressed animals also tended to have more extensive atherosclerosis at the right 

carotid artery bifurcation (sertraline x depression interaction effect, p=0.06).  Neither sertraline treatment 

nor depression independently affected atherosclerosis extent on carotid artery atherosclerosis.  Linear 

regression analysis revealed that sertraline and depression effects on atherosclerosis were not mediated by 
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effects on any of the numerous, well-accepted cardiovascular risk factors measured in this experiment.    

The results of this research suggest that, despite having beneficial effects on body composition and 

carbohydrate metabolism, long-term SSRI treatment may promote carotid artery atherosclerosis in 

depressed women, which may increase their risk of ischemic stroke. 
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CHAPTER ONE - Introduction 

Cerebrovascular Disease: Stroke and Carotid Artery Atherosclerosis 

Stroke Prevalence.  Stroke (cerebrovascular event) was the fifth-leading cause of death in the United 

States (US) in 2013 (Kochanek et al. 2014) and second-leading cause of death worldwide, following 

ischemic heart disease (Lozano et al. 2012).  Stroke accounts for approximately 1 in every 20 deaths, 

which is roughly 130,00 deaths per year (Kochanek et al. 2014).  Each year, ≈795,000 people experience 

a new or recurrent stroke, resulting in an age-adjusted prevalance of 2.6% (Mozaffarian et al. 2015).  

Approximately 30-45% of stroke patients die within 30 days and annual recurrence rate is roughly 5%.  

Rehabilitation for survivors is both lengthy (mean stay is 14.6 days) and costly.  As a result stroke is a 

leading cause of serious long-term disability, costing the US an estimated $34 billion each year in health 

care services, medications, and missed days of work (Mozaffarian et al. 2015). 

Overall, ischemic stroke incidence appears to be declining over time, but this effect is predominantly in 

white men.  Lifetime risk for incident stroke at 65 years of age decreased significantly from 1950 to 2004, 

from 19.5% to 14.5% in men, but only 18.0% to 16.1% in women.  Similarly in the past two decades, 

ischemic stroke incidence has decreased for white Americans, but there has been no change among black 

Americans.  Finally, ischemic stroke prevalence is decreasing in the elderly, but not younger populations.  

Instead incidence of ischemic stroke has increased in those aged 20 to 54 years (Mozaffarian et al. 2015).  

Given that stroke prevalence is nearly 10-fold greater in persons aged over 65, these declines are likely 

driving the current overall decline in stroke incidence.  However, projections estimate that stroke rate will 

soon increase and by 2030 an additional 3.4 million people aged ≥ 18 years will have had a stroke which 

translates to a 20.5% increase in prevalence.  This increase is expected to be primarily driven by growing 

in non-caucasian and aging populations (Mozaffarian et al. 2015).   

Each year, nearly 55,000 more women than men have a stroke.  Women have a higher lifetime risk of 

stroke than men (approximately 1 in 5 compared to 1 in 6 among those aged 55 to 75).  More women also 
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die of stroke each year compared to men thereby accounting for almost 60% of US stroke deaths.  This is 

largely due to the fact that women are 4 years older at stroke onset than are men, and therefore elderly 

women are overly represented (Mozaffarian et al. 2015)  Risk factors specific to women (Mozaffarian et 

al. 2015) may include early-onset menopause (Hu et al. 1999), hormone-replacement therapy 

(Wassertheil-Smoller et al. 2003), oral contraceptives (Gillum et al. 2000), and pregnancy with 

hypertensive and preeclampsia complications (Brown et al. 2006; Kittner et al. 1996).  

Stroke is defined as the partial or total loss of sensory or motor function due to infarction or hemorrhage 

that disrupts blood flow to the brain, potentially leading to brain cell loss and permanently impaired brain 

function (Glagov et al. 1996).  Approximately 85% of all strokes are ischemic, due to infarction (Hall and 

Bassiouny 2012).  Transient ischemic attacks are closely related to ischemic stroke, but differ in that 

symptoms are temporary and reversible.  These attacks are usually due to focal arrest of intracranial 

circulation due to embolization (Glagov et al. 1996).  Atherothrombosis is the major causative agent for 

both ischemic syndromes (Slevin et al. 2008).  Vascular abnormalities associated with either intracranial 

or extracranial atherosclerosis can lead to gradual stenosis or to occlusion.  Cerebral events can be 

chronic, associated with impaired blood flow associated with arterial stenosis, or acute, stemming from 

plaque disruption resulting in local thrombosis and/or distal embolization.  Atherosclerotic plaques 

around the carotid bifurcation account for more than 40% of significant stenoses identified by clinicians 

as potential or current manifestations of cerebrovascular symptoms; at least 20% of ischemic strokes can 

be attributed to carotid bifurcation disease (Glagov et al. 1996; Hall and Bassiouny 2012).  

Atherosclerosis Pathogenesis.  Atherosclerosis is a systemic disease during which fatty deposits, 

inflammatory cells, and connective tissue (proteoglycans, glycoproteins, elastin, and collagen) build up 

within the walls of arteries.  The intima comprises the inner lining of the vessel.  It is composed of a 

monolayer of endothelial cells and is directly adjacent to blood flow.  The endothelial cells have surface 

receptors that interact with circulating blood components and thereby regulate vascular permeability, 

platelet aggregation, and thrombosis prevention.  The ability of the monolayer to repair itself and 
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maintain structural and functional integrity is a key regulator of atherosclerosis progression.  Beneath the 

intima lies the internal elastic lamina, a layer of elastic fibers that defines the outermost boundary of the 

intimal area.  The next layer is the media, or middle layer, which is composed of circumferential and 

longitudinally arranged smooth muscle cells surrounded by an elastic and collagenous matrix.  This layer 

is sensitive to hemodynamic and inflammatory stress which results in altered composition of this layer 

(smooth muscle cell proliferation and monocyte infiltration).  Such derangement of cells and extracellular 

matrix is responsible for initiating plaque formation.  Beneath the media lies the external elastic lamina, 

another layer of elastic fibers.  This layer also contains collagen which gives strength and structure to the 

artery and helps to define arterial size (diameter)  (Hall and Bassiouny 2012).   

Atherosclerosis plaque formation begins when a physical or metabolic injury disrupts endothelial cell 

integrity.  In response to hemodynamic and inflammatory stress, there is an alteration in the expression of 

cellular adhesion molecule and other surface receptors which results in altered blood cell adhesion.  The 

resultant endothelial cytoskeletal rearrangement increases cell permeability and platelet adhesion.  

Subsequent platelet degranulation releases cytokines and growth factors that stimulate vascular smooth 

muscle cell proliferation and migration from the medial layer to the subintimal space, resulting in intimal 

area expansion. Chronic endothelial cell injury results in increased vascular permeability and local 

inflammation.  Pro-inflammatory cytokines are released by endothelial cells and macrophages, now 

resident in the intimal layer, leading to the recruitment of more inflammatory cells into the subendothelial 

layer.  Intimal macrophages engulf lipid and form lipid-laden macrophages, also known as foam cells.  

Over time and after repeated insult these lipid laden cells coalesce and the result is a fatty streak (Hall and 

Bassiouny 2012).     

Fatty streaks present at a very young age.  Among children aged two to 15, 99% have fatty streaks in the 

aorta and fatty streaks have been found in the coronary arteries of children as young as nine-years-of-age 

(Stary et al. 1995).  While fatty streaks have not been documented in the carotid arteries of children, 

intima-media thickening has been observed in the common carotid arteries of children with type-1 
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diabetes, obesity, and left ventricular hypertension (Järvisalo et al. 2002; Meyer et al. 2006; Sorof et al. 

2003).  Generally, carotid artery disease is not noted until more advanced lesions appear at the age of 40 

in men, or after menopause in women (Slevin et al. 2008).   

Progression of these early lesions to pathologic lesions depends upon the persistence of risk factors – 

metabolic, hemodynamic, behavioral, and genetic – acting to perpetuate inflammation (Hall and 

Bassiouny 2012).  Chronic inflammation leads to macrophage apoptosis resulting in the development of a 

necrotic core (Seimon and Tabas 2009).  Simultaneously, the smooth muscle cells of the underlying 

media respond to inflammatory signals by proliferating, and switching from a contractile to a synthetic 

phenotype (Hall and Bassiouny 2012).  There are alterations in extracellular matrix composition and 

organization.  As the plaque progresses, a fibrocellular reaction becomes apparent at the luminal surface 

of the enlarged intima and results in the formation of a fibrous cap.  These modifications produce a 

stratified plaque, now termed an atheroma (Glagov et al. 1996). 

Persistent cytokine production along with smooth muscle cell proliferation results in continued reactive 

tissue responses and plaque remodelling (Hall and Bassiouny 2012).  Matrix metalloproteinases modify 

the extracellular matrix either by destabilizing the atheroma through matrix destruction or by promoting 

arterial dilation and preservation of luminal diameter through plaque remodelling (Hall and Bassiouny 

2012; Glagov et al. 1996; Slevin et al. 2008).  The process of adaptive enlargement is particularly 

pronounced in the carotid arteries, however it is self-limiting and fails to compensate for luminal loss 

once the plaque expands to occupy more than 50% of the cross sectional area.  At this point focal stenosis 

may become evident.  Fibrosis and calcification of the necrotic core are largely responsible for plaque 

expansion and consequentially large, highly stenotic lesions also tend to be complicated and have 

evidence of disruption, thrombosis, and hematoma formation (Glagov et al. 1996).  The interaction of 

plaque composition with physical and biochemical stressors largely determines a plaque’s vulnerability to 

disruption (Hall and Bassiouny 2012).  Concentric, calcified plaques are less vulnerable to biomechanical 

stress.  Large, eccentric, stratified plaques with luminal irregularities and evidence of intra-plaque 
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hemorrhage are much more likely to rupture and result in symptomatic events such as myocardial 

infarction and stroke (Glagov et al. 1996; Davies et al. 1993; Kumar and Balakrishnan 2005).   

Atherosclerosis Risk Factors.  Hemodynamic forces, particularly wall shear stress, play a significant role 

in the localization and progression of carotid artery atherosclerosis.  In a rigid, linear tube there is a 

gradient of fluid velocities as you move from the center towards the wall of the tube.  Flow along the wall 

produces a tangential force, known as wall shear stress; the greater the fluid velocity, the greater the wall 

shear stress.  Arterial segments with low and oscillatory shear stress, including those exposed to the 

pulsatile flow of cardiac contractions, appear to be particularly susceptible to atherosclerosis (Hall and 

Bassiouny 2012).  In vivo and in vitro studies suggest that these conditions induce functional alterations in 

the endothelial monolayer and prolonged contact time with atherogenic blood particles which combine to 

increase intracellular permeability and subsequent plaque formation (Hall and Bassiouny 2012; Yoshida 

et al. 1994; Cheng et al. 2006; den Dekker et al. 2014).   

Unlike a simple tube, an arterial wall is highly dynamic with regards to its diameter, length and curvature.  

The addition of a bifurcation acting as a blood flow divider results in a complex pattern of fluid velocities.  

When the high fluid velocities at the center of flow contact the flow divider, areas of disturbed, low shear 

stress are created along the outer walls of the branch point (Hall and Bassiouny 2012).   At the carotid 

artery bifurcation this results in predictable intimal thickening along the flow divider side of the distal 

common carotid artery, veering toward the opposite wall just proximal to the division and in the proximal 

internal branch, and then progressing toward the posterior wall in the distal internal carotid artery segment 

(Figure 1) (Glagov et al. 1996).  Sampling susceptible locations with respect to wall shear stress mapping 

may aid in the detection of early atherosclerosis lesions and in the evaluation of hemodynamic flow and 

sheer stress effects on atherosclerosis progression. 
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Identification of clinically detectable atherosclerosis risk factors began in the 1950’s and predominantly 

consisted of comparing autopsy specimens with clinical records gathered either retrospectively or from 

prospective community-wide studies with a high percentage of autopsies performed.  Examination of 

these studies revealed that the severity of atherosclerosis in one artery does not predict the severity in 

another artery for an individual case, but on a population group basis, the average amount of lesion 

involvement in one artery is correlated with the average amount of lesion involvement in other arteries 

(Solberg and Strong 1983).  In the 1980’s validation of B-mode ultrasonography as a repeatable 

noninvasive method for quantifying extracranial atherosclerosis extended atherosclerosis risk factor 

relationship comparisons to early lesions.    

Commonly identified atherosclerosis risk factors include age, gender, genetics, hypertension, 

hyperlipidemia, smoking, alcohol intake, diabetes mellitus, body size, elevated low-density lipoprotein 

cholesterol (LDLC), reduced high-density lipoprotein cholesterol (HDLC), left ventricular hypertrophy, 

and psychosocial factors (Crouse et al. 1987; Ford et al. 1985; Folsom et al. 1994; Slevin et al. 2008; 

Solberg and Strong 1983).  These risk factors are common to both coronary and carotid artery 

atherosclerosis, but the degree to which a risk factor predicts atherosclerosis may be artery specific (Ford 

Internal carotid A. 

Common carotid 

A. 

Figure 1. Axial and circumferential 

distribution of early intimal lesions at 

the carotid bifurcation.  Left panel: 

helical arrow indicates that maximal 
intimal thickening tents to be on the 

flow divider side of the distal common 

carotid artery, toward the opposite wall 
just proximal to the division, in the 

proximal internal branch and sinus, 

and veering toward to posterior wall of 
the distal internal carotid segment.  

Upper right panel (A): common 

carotid artery just proximal to the flow 

divider.  Lower right panel (B): a 
section from the same specimen at the 

level of the bifurcation.  Adapted from 

Glagov et al., 1996. 
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et al. 1985).  Age, blood pressure, and HDLC (alone and as a ratio to total plasma cholesterol) have been 

consistently found as the most significant predictors of carotid artery atherosclerosis extent (Crouse et al. 

1987; Ford et al. 1985; Solberg and Strong 1983).  Similar risk factor profiles have also been found to 

account for up to 90% of the risk of ischemic stroke (O'Donnell et al. 2010), suggesting these risk factors 

are suitable for evaluating  and predicting subclinical and clinical carotid artery disease risk. 

A Role for Depression in Mediating Stroke Risk 

Depression Prevalence.  Depression is a commonly occuring, recurrent disorder with serious mood, 

cognitive and physical symptoms (Kessler et al. 2005; Pratt and Brody 2014).  Depression is multifactoral 

in nature.  Epidemiologic evidence strongly suggests that stress and adverse psychosocial experiences 

often precede the onset, or predict the recurrence, of depressive episodes (Kessler 1997).  In terms of 

clinical presentation, depression is markedly heterogenous in affective, cognitive, and biochemical 

abnormalities.  Consequently, several clinical depressive syndromes have been defined, however due to 

the lack of valid biomarkers available, clinical diagnosis is largely descriptive and subjective in nature 

(American Psychiatric Association 2013). 

The latest edition of the Diagnostic and Statistical Manual of Mental Disorders (5th Edition) defines four 

main Depressive Disorders (American Psychiatric Association 2013).  Major Depressive Disorder is 

characterized by episodes of depressed mood or diminished interest or pleasure lasting at least two weeks 

and accompanied by at least five characteristic symptoms (sleep changes, appetite changes, changes in 

level of activity, fatigue, feelings of worthlessness or excessive guilt, difficulty concentrating, and 

suicidal ideation or behavior).  Persistent Depressive Disorder includes chronic major depression and 

dysthymia. Dysthymia is defined by at least a two-year duration of experiencing a depressed mood (for 

more days than not) and at least two characteristic symptoms (sleep changes, appetite changes, low 

energy or fatigue, difficulty concentrating, and feelings of hopelessness).  The other two depressive 

disorders are Disruptive Mood Regulation and Premenstrual Dysphoric Disorder, which are both 
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associated with mood changes that occur either frequently or are associated with menstrual cyclicity, 

respectively (American Psychiatric Association 2013).   

Overall, depression is the leading cause of disability worldwide (Mathers et al. 2008) and influences 

quality of life, medical morbidity, and mortality (Kessler and Bromet 2013).  Globally, an estimated 350 

million people suffer from depression (Mathers et al. 2008).  In the US, 8% of Americans aged 12 and 

over had reported experiencing recent moderate to severe depression (Pratt and Brody 2014) between 

2009 and 2012.  Compared to other countries, lifetime prevalence estimates for major depressive disorder 

were found to be greatest in the US, reaching nearly 17% (Kessler and Bromet 2013).  The World Health 

Organization recognizes that the burden of depressive and other mental health conditions is on the rise 

globally and that appropriate diagnosis and treatment is largely unmet (World Health Organization 2013). 

Depression is the leading cause of disease burden for women worldwide (Mathers et al. 2008) and women 

typically have a two-fold increased risk of major depression compared to men (Kessler and Bromet 2013).  

In the US depression is more prevalent among females aged 40–59 than any other age or sex group (Pratt 

and Brody 2014).  Given that depression often begins early in life and that the gender difference emerges 

with puberty (Kessler 2003), the life-long disease burden of depression becomes amplified in women. 

Comorbid Depression.  It is well established that depression is significantly associated with a wide 

variety of chronic physical disorders; including cancer, cardiovascular disease (CVD), diabetes, 

hypertension, and a variety of chronic pain disorders (Anderson et al. 2001; Chapman et al. 2005; 

Derogatis et al. 1983; McWilliams et al. 2003).  Whether or not depression is an antecedent risk factor or 

a consequence of the chronic physical disorder, the degree to which is not well understood (Kessler and 

Bromet 2013).  For many disorders, such as obesity and alcohol abuse, there appears to be a bidirection 

relationship in causality.  Depression preceding alcohol abuse and obesity has been demonstrated, but so 

too has alcohol abuse and obesity been found to precede depression (Luppino et al. 2010; Swendsen and 

Merikangas 2000).  Biological and psychosocial links may include the chronic inflammatory condition, 
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altered neuroendocrine function, image perception, and poor health choices associated with each 

condition (Kessler and Bromet 2013).  Shared etiology coupled with onset heterogeneity may 

alternatively explain these findings.  However, even if depression is more a consequence than a cause of 

chronic physical disorders, comorbid depression is often associated with a worse course of the physical 

disorder (Gillen et al. 2001; Peyrot and Rubin 1997). 

Depression following stroke is a commonly accepted sequalae of ischemic brain injury and is associated 

with excess disability, cognitive impairment, and mortality (Whyte and Mulsant 2002).  The relationship 

between antecedent depression and stroke is less clear.  Evidence suggesting that depression predicts 

future stroke risk first emerged in the mid-1990’s.  Data from three study sites from Established 

Populations for Epidemiological Studies of the Elderly was used to assess the relationship between 

symptomatic depression and cardiovascular-related morbidity and mortality in older, hypertensive adults 

(Simonsick et al. 1995).  High depressive symptomatology was associated with two to three times higher 

rates of stroke during the subsequent three to six years of the study period.  The results were not 

consistent across study sites; however they served to provide early evidence for a relationship between 

antecedent depression and stroke risk. 

Data from the Systolic Hypertension in the Elderly Program (SHEP; n = 4736) reported a relation 

between increasing depressive symptoms and increased stroke risk (Wassertheil-Smoller et al. 1996).  

Baseline depression was not associated with occurrence of stroke over the next five years, however, a per 

five-unit increase in the Center for Epidemiologic Studies Depression Scale score was associated with an 

18% (relative risk [RR], 1.18; 95% Confidence Interval [CI], 1.08 to 1.30) increase in stroke risk.  This 

relationship remained after adjustments for age, race, sex, disease history, and smoking status and was 

particularly strong in women.  Inferring causality is precluded by the fact that all study participants had 

isolated systolic hypertension.  Subclinical CVD may have preceded depressive symptoms prior to a 

clinical attack, possibly obscuring a relationship between baseline depression and stroke risk.   



 
 

10 

 

The Framingham Heart study (Salaycik et al. 2007) confirmed the finding of a positive relationship 

between depressive symptomatology and stroke risk in a community population (n = 4120).  However, in 

this study such a relationship was only observed in individuals younger than 65 years (Hazard Ratio, 

4.21; 95% CI 2.00 to 8.86).  This finding has since been replicated in a large study (n = 87,250) 

investigating a wide range of mental disorders and subsequent incident of stroke across 17 countries 

(Swain et al. 2015).  After adjustments for mental disorder comorbidity and smoking, only depression 

was significantly associated with increased stroke risk and only in those under the age of 52 years (Odds 

Ratio [OR], 1.5; 95% CI 1.0-2.2).  Interestingly a relationship between depression and increased carotid 

intimal medial thickness, a powerful predictor of stroke risk (Bots et al. 1997), has largely been observed 

in older populations  (mean age approximately 60 years) (Stewart et al. 2007; Tiemeier et al. 2004; Pizzi 

et al. 2014).  Age-associated differences may be partially explained by the presence of numerous 

comorbidities and polypharmacy potentially confounding the relationship between depressive 

symptomology and stroke risk in geriatric populations (Nobili et al. 2011).  It is also possible that the 

pathophysiological mechanisms underlying the effects of depression on stroke risk are distinct to younger 

individuals.  Taken together these findings illustrate the necessity of examining well-defined populations, 

not only with regards to cardiovascular comorbidities and age but also sex. 

A significant relationship between depression and increased stroke risk particularly in women was first 

noted in the SHEP study (RR, 1.29; 95% CI 1.07 to 1.34)(Wassertheil-Smoller et al. 1996).  More 

recently this relationship has been examined in the Nurse’s Health Study (NHS) cohort (Pan et al. 2011).  

Over 120,000 female nurses aged 54 to 79 years without a history of stroke were followed for six years.  

Prior to onset of the study period depressive symptoms were assessed using the Mental Health Index 

scale.  At baseline and biannually thereafter physician-diagnosed depression and self-reported 

antidepressant medication information was collected.  Currently reporting or having a history of 

depression was found to be associated with an increased risk of stroke.  Current depression was associated 

with a signficant 41% increase in stroke risk (Hazard Ratio 1.41; 95% CI 1.18 to 1.67, whereas those 
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reporting a history of depression were at a nonsignificantly elevated risk (Hazard Ratio, 1.23; 95% CI 

0.97 to 1.56).  Women who used antidepressant medication were found to be at an increased risk for 

stroke whether they had depressive symptoms (Hazard Ratio, 1.39; 95% CI 1.15 to1.69) or not (Hazard 

Ratio, 1.31; 95% CI, 1.19 to 1.67).  This study provides additional evidence that depression is associated 

with a moderately increased risk of incident stroke, specifically in women, and suggests a role for 

antidepressant drugs in mediating stroke risk.   

The association between current depression status, antidepressant medication use, and risk of stroke is 

complicated by the inability to separate out depression effects from those of treatment and other 

potentially related factors (comorbid mental disorders, validity of self-reporting, and other physiologic 

factors).  However, the finding of a relationship between antidepressants and stroke risk in the presence 

and absense of depression deserves further examination. 

Selective Serotonin Reuptake Inhibitor Antidepressant Drugs Effects on Cardiovascular Health 

Selective Serotonin Reuptake Inhibitor (SSRI) Drug Prevalence.  Antidepressant drugs (ADs) are the third 

most commonly prescribed medication in America and the most frequently used by persons aged 18–44 

years.  Between 2005 and 2008 11% of Americans took ADs, resulting in a nearly 400% increase 

compared to the preceding decade (Pratt et al. 2011).  Just over one-third of persons with severe 

depressive symptoms reported having seen a mental health professional in the past year (Pratt and Brody 

2014).  Improved coverage for mental health services by the Affordable Care Act, including depressive 

screenings (Health and Human Services 2014), could translate to further increases in AD usage.  

Recently, increases in AD use is mostly a consequence of the growing number of prescriptions written by 

physicians who are not psychiatrists (Mojtabai 2008).  Of Americans taking ADs, less than one-third take 

only one antidepressant medication and less than one-half of those taking multiple antidepressants have 

seen a mental health professional in the past year (Pratt et al. 2011).  If this trend continues, AD use 

should be expected to continue to rise at exponential rates.   
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Overall, females are 2.5 times more likely than men to take ADs.  Nearly one in four women aged 40-59 

take ADs.  Use also tends to be chronic in nature.  Geater 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).  The growing use 

of antidepressants in primary care and the need for long-term usage raises questions about the 

appropriateness of their use as well as safety.  Antidepressants have been demonstrated to be clinically 

effective for only a limited number of psychiatric conditions (major depressive disorder, persistent 

depression, and some anxiety disorders).  Even within these disorders first-line treatment efficacy is only 

moderate in effect (Fournier et al. 2010).  Finally, effects of long-term use are not well studied and 

require further examination with a specific focus on individual classes of ADs – primarily differentiated 

by their neurotransmitter targets.  

Selective serotonin reuptake inhibitors (SSRIs) are the most commonly prescribed class of ADs (Pratt et 

al. 2011).  Commonly prescribed SSRIs include fluoxetine (Prozac®), sertraline (Zoloft®), citalopram 

(Celexa®), escitalopram (Lexapro®), and paroxetine (Paxil®).  SSRIs, like many other AD classes, target 

the “monoamine hypothesis” of depression.  This hypothesis posits that depression is caused by decreased 

monoamine function in the brain.  SSRIs block neuronal reuptake of the monoamine neurotransmitter 

serotonin, resulting in immediate increases in monoamine transmission and mood-enhancing effects 

following a few weeks of treatment (Krishnan and Nestler 2008).  In addition to the treatment of 

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).  The widespread use of SSRIs is an important public health issue 

because the risks and benefits of chronic SSRI treatment on several biologic systems, including stroke 

risk, are unknown. 

Selective Serotonin Reuptake Inhibitor Effects on Stroke Risk.  Initially SSRI modification of stoke risk 

focused on increasing evidence that SSRI’s may precipitate bleeding events (De Abajo et al. 2006).  SSRI 

blockage of serotonin reuptake occurs not only centrally, but also peripherally.  SSRIs down-regulate 
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serotonin transporters on platelets (Bakish et al. 1997), just as they do in neurons, producing a reversible 

serotonin deficiency in these cells (Wägner et al. 1990).  Serotonin plays a critical role in amplifying 

platelet activation and promoting aggregation.  Bleeding results from inadequate platelet plug formation 

and subsequent dysregulation of primary hemostasis (Skop and Brown 1996).   

The first large-scale study assessing SSRI effects on stroke risk was a nested case-control study 

conducted in Denmark using data from 44,765 patients with a first-ever stroke discharge diagnosis in the 

period of 1994 to 1999 (Bak et al. 2002).  Investigators hypothesized that SSRIs, owing to their 

antithrombotic properties, might increase the risk of hemorrhagic stroke while decreasing the risk of 

ischemic stroke.  Instead they found non-significant increases in stroke risk in current SSRI users 

compared with never users for both hemorrhagic (OR, 1.0; 95% CI 0.6 to 1.6) and ischemic stroke (OR 

1.0; 95% CI 0.9 to 1.4).  Since this landmark study, several large population-based analyses of stroke risk 

among antidepressant users have been conducted, but only an additional seven have specifically examined 

ischemic stroke risk among SSRI users.   

An American nested case-control study (1086 cases, 6515 controls) that utilized multi-state managed care 

organization compared medical claims data (PHARMetrics) from depressed patients only found that when 

compared to age/sex matched controls, patients currently using SSRIs had a 55% increased risk for 

ischemic stroke (Hazard ratio, 1.55; 95% CI 1.00 to 2.39) (Chen et al. 2008).  A more recent Dutch case-

control study (996 cases, 491,276 controls) also found a 55% increase in ischemic stroke risk for current 

SSRI-users compared to non-users (OR, 1.55; 95% CI, 1.07 to 2.25) and a 39% increased risk associated 

with past use (OR, 1.39; 95% CI 1.03 to 1.89).  When the analysis was restricted to depressed patients 

only, the risk for current users jumped to 99% (OR, 1.99: 95% CI 1.20-3.30).  Patients taking SSRIs for 

any other indication were not at a significantly increased risk (OR, 1.50; 95% CI, 0.54 to 4.19) (Trifiro et 

al. 2010).   
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Interestingly the most robust increase in ischemic stroke risk assoicated with SSRI use came from a 

Taiwanese 9-year cohort study (n = 28,145) that did not make any adjustments for depression.  Hung et 

al. (Hung et al. 2013) found that the risk of ischemic stroke was 2.54-fold greater (95% CI, 2.03 to 3.19) 

among SSRI-users versus non-users.  Uniquely, both the Taiwanese and the Dutch studis (Trifiro et al. 

2010) studied an exclusively geriatric populations of men and women aged 65 years or greater.  As such 

these findings are clinically relevant considering nearly three-quarters of all stroke events occur in people 

over the age of 65 (Mozaffarian et al. 2015).  Additionally these results suggest that broad selection 

criteria and heterogenous study designs may mask significant increases in ischemic stroke risk. 

Two additional studies of US cohorts focused on middle-aged to older women found non-significant 

increases in ischemic stroke risk among SSRI users.  The first study used the NHS database and had a 

slightly broader age-range of women, not exclusively post-menopausal (n = 80,574).  After adjustment for 

menopausal status and cardiovascular risk factors SSRI-use was associated with a non-significant 1.23-

fold increase in ischemic stroke risk (95% CI, 0.90 to 1.67) (Pan et al. 2011).  The second was a 

prospective study of postmenopausal women in the Women’s Health Initiative (WHI; n = 136,293).  After 

controlling for baseline depression, current use of SSRIs was not found to significantly increase ischemic 

stroke risk (Hazard Ratio, 1.21; 95% CI 0.80 to 1.83) (Smoller et al. 2009).  Interestingly, in this study, 

overall AD use in patients that were depressed at baseline was not associated with a significantly 

increased risk for all-cause stroke, but AD use was positively associated with stroke risk in patients 

depressed at their first follow-up visit.  Earlier findings in the SHEP cohort demostrated while baseline 

depression was not associated with an increased risk of stroke, increasing depression severity was 

positively predictive of stroke risk (Wassertheil-Smoller et al. 1996).  Both the WHI and NHS studies 

may have been strengthened by adjusting for current depression in their analyses of SSRI effects on 

ischemic stroke. 

Overall, while the aforementioned studies had inconsistent results, they largely suggest a link between 

SSRI use and an increased risk of ischemic stroke.  A 2014 meta-analysis of the six described studies 
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demonstrated that use of SSRIs was associated with an increased risk for ischemic stroke (OR, 1.48; 95% 

CI, 1.09 to 1.80) (Shin et al., 2014).  As a whole, the current literature also suggests that the relationship 

between SSRI use and ischemic stroke may be mediated by indication, particularly depression. The fact 

that these were observational studies adds a level of complexity in interpreting results because SSRI users 

differ from nonusers across a range of factors that can affect cardiovascular health, including depression, 

which is a known risk factor for cardio- and cerebrovascular disease (Krishnan 2000; Simonsick et al. 

1995; Wassertheil-Smoller et al. 1996).  To adjust for depression a subgroup meta-analysis was 

performed using only analyses in which depression was controlled for by adjusting for severity of 

depression and/or by exclusively selecting patients with depression.  The result was that SSRIs still 

significantly increased the risk of ischemic stroke (OR, 1.39; 95% CI, 1.14 to 1.71) (Shin et al. 2014).  

Another attempt to determine whether there is an association between depression and stroke risk was 

done by researchers in Taiwan using a case-crossover study design (Wu et al. 2014).  In that study, the 

exposure status of a patient during a specified period just prior to the outcome was compared with his/her 

exposure during a previous period of time, thus allowing each case patient to serve as his/her own control. 

SSRI exposure status of a patient during the two-week period just prior to the stroke event was compared 

to a previous period of time in order to address transient effects of SSRI treatment.  Although depression 

status was not defined, 36.3% of the study population had received the diagnosis of a mood disorder 

within the year before onset of stroke. SSRI use during the case period was found to be associated with a 

4-fold increase in ischemic stroke risk (OR, 4.11; 95% CI, 2.93 to 5.76).  Importantly, ischemic stroke 

risk was greater in high-potency inhibitors of the serotonin transporter (OR, 3.81; 95% CI, 2.70 to 5.37), 

compared to intermediate- (OR, 2.30; 95% CI 1.96 to 2.70) and low-potency inhibitors (OR 2.45; 95% 

1.98 to 3.02).  These results are in line with the findings of Trifiro and colleagues (Trifiro et al. 2010) 

which were a linear increase in ischemic stroke risk with increasing affinity to the serotonin transporter (p 

< 0.05).  The establishment of a relationship between serotonin transporter affinity and ischemic stroke 
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risk suggests that serotoninergic activation may play a role in the association between ischemic stroke and 

SSRI use.  

Mechanisms SSRIs influence ischemic stroke risk are currently unknown.  It has been hypothesized that 

there exists a direct relationship between SSRI induced serotonergic activation and modification of 

vascular tone, primarily serotonin-2 receptor mediated vasoconstriction (Watts et al. 2012; Vanhoutte 

1991).  Hemodynamic alterations could lead to acute ischemic events such as vasoconstrictive stroke or 

thromboembolism of large-cerebral artery atherosclerosis (Ramasubbu 2004).  Alternatively persistent 

serotonergic activation may result in downstream vascular pathologies, including vasoconstrictive signals 

from damaged endothelium that is unable to produce sufficient amounts of vasodilatory nitric oxide to 

counteract the vasoconstrictive effects (Vanhoutte 1991).  Chronic endothelial damage and associated 

atherosclerosis progression could contribute to indirect SSRI-associated cerebrovascular events.  SSRI 

effects on carotid artery atherosclerosis remain to be established.  In support of a relationship between 

SSRI use and atherosclerosis is the finding that prolonged treatment with the SSRI sertraline was 

associated with increased coronary artery atherosclerosis in a preclinical nonhuman primate trial (Shively 

et al. 2015).  Additionally, there is a report of an association between increased carotid intimal-medial 

thickening and SSRI treatment has been reported in a study of twins discordant for SSRI use (reported by 

Shah et al. at the 2011 American College of Cardiology Scientific Sessions).  Therefore it is possible that 

SSRIs increase stroke risk by accelerating atherosclerosis in the carotid arteries.  

Selective Serotonin Reuptake Inhibitor Effects on Cardiometabolic Risk Factors  

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

Whether SSRI use affects risk factors for stroke and atherosclerosis is unclear.  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 likely also driving an increased incidence 
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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). 

Early clinical trials evaluating the oldest SSRI formulations (fluoxetine and sertraline) initially reported 

acute treatment-associated weight loss in depressed patients (Croft et al. 1999; Michelson et al. 1999).  

However, lengthier trials have suggested that weight gain may occur with long-term use of some SSRI 

drugs (paroxetine) but not others (fluoxetine and sertraline) (Michelson et al. 1999; Fava et al. 2000).  To 

date there is only one large, population-based study that has investigated the associations between SSRI 

use and a comprehensive list of metabolic parameters.  The Hordaland Health Study (Norway) found a 

positive association between the use of SSRIs as a group (n = 461) and general obesity (OR, 1.38; 95% 

CI, 1.03 to 1.87), abdominal obesity (OR, 1.40; 95% CI, 1.08 to 1.81), and hypercholesterolemia (OR, 

1.36; 95% CI 1.07 to 1.73).  The investigators also identified a trend towards SSRI-use and increased 

diabetes (OR, 1.43; (95% CI, 0.73 to 2.80) (Raeder et al. 2006).  In subgroup analyses, the use of 

paroxetine (n = 187) was associated with marked increases in general obesity (OR, 1.80; 95% CI, 1.17 to 

2.77) and abdominal obesity (OR, 1.69; 95% CI, 1.16 to 2.48), citalopram (n = 142) was not associated 

with any of the metabolic outcome variables, and the remaining SSRI drugs (sertraline, fluoxetine, and 

fluvoxamine; n = 131) as a subgroup were associated with increased abdominal obesity (OR, 1.81; 95% 

CI, 1.15 to 2.84) and hypercholesterolemia (OR, 1.65, 95% CI, 1.08 to 2.51).  None of the analyses 

accounted for indication for use and thus treatment bias might have influenced the results. 

Just as with stroke risk, it is important to consider indication effects on metabolic parameters.  Changes in 

appetite and body weight are common symptoms of depression (Polivy and Herman 1976; Zung 1965) 

and a positive association between depression and metabolic syndrome has been reported (Kinder et al. 

2004; Pan et al. 2012).  In order to address the confounding effect of depression specifically on the 

association between AD use and diabetes melitis, a metaanalysis was done using data from 12 

observational studies (Yoon et al. 2013).  Overall, current AD use was associated with diabetes (RR, 1.49; 
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95% CI, 1.29 to 1.71).  When the analysis was restricted to the SSRI subgroup the findings remained 

significant (RR, 1.35; 95% CI, 1.15 to 1.58).  This subgroup analysis was also significant after 

adjustments for depression.  The results from these observational studies suggest that SSRI use may be 

associated with an increased risk of diabetes and other metabolic perturbations.  However, these studies 

are methodologically heterogeneous and do not address medication dosage nor specific SSRI drug effects, 

which, as the Hordaland study results suggest, may contribute to some of the heterogeneity in reported 

metabolic outcomes (Raeder et al. 2006). 

More recent clinical studies have attempted to investigate some of the uncertainties created by 

considering all SSRI drugs as a single drug category.  The most comprehensive assessment of metabolic 

and cardiovascular parameters across all SSRI drugs is a prospective clinical study in patients with 

generalized anxiety disorder (Beyazyuz et al. 2013).  Although, this was a tightly controlled study in 

which all subjects were drug-naïve females, aged 20-41 years, without any metabolic or phychiatric 

comorbidity.  Fluoxetine, sertraline, paroxetine, citalopram, and escitalopram were randomly assigned to 

the patients (n = 18-20/group).  Compared to baseline, 16 weeks of paroxetine treatment resulted in 

significant increases in body weight, body mass index, waist circumference, fasting glucose, total 

cholesterol, LDLC, and triglycerides.  There were significant increases in triglyceride levels in the 

citalopram and escitalopram groups and in the sertraline group only total cholesterol increased.  

Interestingly, there were significant reductions in body weight, total cholesterol, and triglyceride levels in 

the fluoxetine group (all p’s > 0.05).  This study was relatively short term, but confirms previous findings 

of body weight increases following paroxetine treatment, but not other SSRI drugs (Fava et al. 2000; 

Michelson et al. 1999; Raeder et al. 2006)  Paroxetine was also the only drug to significantly affect 

glucose levels, although others altered triglyceride levels thus indicating possible effects on carbohydrate 

metabolism. 

Other shorter term non-diabetic patient trials have found more definitive effects of SSRI drugs on 

carbohydrate metabolism.  An 8-week randomized double blind study in major depressive disorder 
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patients found that fasting blood glucose decreased insignificantly after 4-weeks of fluoxetine treatment 

(p = 0.73) and significantly after 8-weeks of treatment (p < 0.001) (Ghaeli et al. 2004).  Decreases in 

fasting blood glucose were observed in both sexes, but no other metabolic outcomes were measured.  

Sertraline effects on carbohydrate metabolism were also measured in depressed patients in a 12-week 

prospective clinical trial (Kesim et al. 2011).  Similar to the study in generalized anxiety patients, 

sertraline treatment did not affect body weight, waist circumference, or glucose levels.  However, insulin 

levels were significantly increased at 4, 8, and 12 weeks posttreatment compared with pretreatment values 

(p’s < 0.05).  Triglyceride levels were also significantly increased at 8 and 12 weeks (p < 0.05).  Study 

differences include trial duration and psychiatric diagnosis which both may contribute to variable results.  

The aforementioned studies emphasize the need for longterm, controlled clinical trials of individual SSRI 

drugs to determine the associations between SSRI use and metabolic syndrome.  Additionally, none of the 

present studies addressed SSRI effects on body composition, including visceral adiposity, which has been 

implicated in increasing CVD risk (Despres and Lemieux 2006; Shively et al. 2009b). 

The mechanisms by which SSRIs might promote metabolic perturbations are not known, but may be 

related to serotonin’s non-neuronal functions.  In addition to its role as a brain neurotransmitter, serotonin 

is an important regulatory factor in the gastrointestinal tract and other organ systems.  More than 90% of 

the body’s serotonin is synthesized in the gut and SSRI may exert effects on metabolism via blocking 

serotonin reuptake by the enterocytes (Gershon and Tack 2007).  Serotonin signalling in the enteric 

nervous system is involved in the regulation of gastrointestinal motility.  Altered gastrointestinal motility 

might also affect nutrient absorption and is known to be regulated by serotonin interactions with receptors 

and transporters (Gershon 2004).  Additionally, serotonin signaling may play several different roles in 

normal physiology and pathologic of disease states (Gershon and Tack 2007).  Therefore SSRI-

modification of the gastrointestinal serotonergic system represents one mechanism by which these drugs 

may promote metabolic alterations. 
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Another possible mechanism is via central serotonergic signalling.  The serotonin-2C receptor has been 

implicated for its role in regulating food intake, body weight insulin sensitivity, and glucose homeostasis.  

Mice lacking serotonin-2C receptors in pro-opiomelanocortin neurons developed hyperinsulinemia, 

hyperglucagonemia, hyperglycemia, and insulin resistance, despite maintaining normal body weights 

(Berglund et al. 2013).  Additionally, these mice did not show expected anorectic responses to serotonin-

2C agonists.  Thus serotonin-2C may be a central target for the effects of serotonin on body composition 

and carbohydrate metabolism.  It is important to remember that the enteric and central serotonergic 

systems do not exist in isolation.  The “gut-brain-axis” is highly integrated and communicates through a 

number of shared signalling molecules, including serotonin, other neurotransmitters, cytokines, and 

glucocorticoids (Montiel-Castro et al. 2013).  Therefore, the mechanisms responsible for SSRI effects on 

body composition and carbohydrate metabolism are likely also complex and contributing systems cannot 

be studied in isolation. 

To make this matter increasingly more complex, metabolic syndrome has been linked to depression (Pan 

et al. 2012; Kinder et al. 2004).  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. 2009b).   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).   

Summary.  The effects of SSRIs on stroke risk, including carotid artery atherosclerosis and body 

composition and carbohydrate metabolism, have been historically 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 and cardiometabolic health and difficulties in establishing causality.  

Furthermore, depressive symptomatology is not exclusively disease related.  Those with high depressive 
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symptomatology tend to be less likely to be married and have lower mean levels of education (Simonsick 

et al. 1995).  The potential role of psychosocial factors must also be considered.  Lastly, the majority of 

existing studies are observational and data is largely based on self-reports, medical records, and family 

recall.  Reliance on participant self-report for the outcome of stroke represents a major confounding 

factor.  The National Health and Nutrition Examination Survey found that only 66% of self-reported 

strokes could be confirmed with medical record data (Bush et al. 1989).  The majority of the unconfirmed 

strokes were transient ischemic attacks, which are closely related to ischemic stroke that often predict 

impending stroke occurrence (Johnston et al. 2007).  In order to better understand the effects of SSRIs on 

ischemic stroke risk, longitudinal, controlled, randomized studies are warranted.  Future studies need to 

specifically identify individual SSRI drug effects on carotid artery atherosclerosis, cardiometabolic risk 

factors, and ultimately stroke events.  However, 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), long-term trials evaluating SSRI effects are not ethical in healthy human populations.   

Animal Model Considerations 

An Introduction to Animal Models of Stroke and Atherosclerosis.  Animal models of stroke have largely 

been developed to identify neuroprotective agents and test clinically effective drugs on ischemic stroke.  

The majority of current models focus on cerebral ischemia produced by arterial occlusion, either via 

transection or ligation, and therefore fail capture the complex etiologic construct of ischemic stroke.  This 

failure is highlighted by the inability of successful in vivo neuroprotective compounds to translate into 

clinical efficacious treatments for ischemic stroke (Green et al. 2003; Wiebers et al. 1990).  Reasons for 

model failures include complications associated with the craniotomy procedure used to produce vessel 

occlusion, use of general anesthesia shifting brain metabolism during surgical stroke induction, and the 

use of very young animals with no underlying chronic disease.  This last deviation is especially important 

considering a large proportion of patients with ischemic stroke have underlying multifocal atherosclerosis 

with associated risk factors, such as chronic hypertension and diabetes mellitus, which have developed 
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over many years or decades  (Wiebers et al. 1990).  Some attempts have been made to model 

atherosclerosis and account for chronic adverse health conditions and increasing age.  Induced 

hypertension and high-fat dietary interventions have been demonstrated to produce spontaneous stroke in 

both rodents (Bailey et al. 2011) and nonhuman primates (Prusty et al. 1988).  However stroke has an 

annual prevalence of 2.6% (Mozaffarian et al. 2015) which makes spontaneous stroke models impractical.  

If the question asked concerns the study of antecedent causes of ischemic stroke, as opposed to post-

stroke therapeutics, then it perhaps becomes more appropriate to study known precursors of ischemic 

stroke, such as atherosclerosis. 

Animal models of atherosclerosis have been developed to help to elucidate the initiation and progression 

of lesions in order to drive the search for new therapeutics and prevent clinical sequelae (coronary and 

cerebrovascular events).  Current animal models of atherosclerosis include birds, mice, rats, rabbits, pigs, 

and nonhuman primates.  The majority of animal models are based on the presence or induction of 

hypercholesterolemia and altered hemodynamics – two of the most important variables influencing 

atherogenesis (Hall and Bassiouny 2012).   

Currently the mouse is the most frequently used model of atherosclerosis in biomedical research.  Some 

of the advantages of this model include a well-known genetic background, fecundity, and low cost of 

maintainance.  A major disadvantage of the mouse is that wild-type mice are relatively atherosclerosis 

resistant.  In wild-type mice, circulating cholesterol is mainly HDLC, while it is LDLC in humans.  The 

development of atherosclerosis in mice depends on generating a non-HDL based hypercholesterolemia.  

This is primarily accomplished through genetic modifications, including deletion of apolipoprotein-E and 

LDL receptor genes.  These transgenic mice develop atherosclerosis throughout their arterial tree, 

particularly in response to an atherogenic diet characterized by high high-fat and high-cholesterol.  The 

induced atherosclerotic lesions are a very important model of atherogenesis and have facilitated the study 

of monocyte adherence/chemotaxis and macrophage differentiation/foam cell development during early 

pathogenesis.  However unlike in humans, murine plaques do not characteristically develop a thick 
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fibrous cap and are primarily formed in the aortic root and not in the coronary arteries.  Most critically, 

murine atherosclerosis does not progress to unstable atherosclerotic plaques that are prone to rupture, thus 

preempting one of the clinically significant events leading to vessel occlusion (Getz and Reardon 2012; 

Kapourchali et al. 2014; Xiangdong et al. 2011). 

Rabbits are another important model of diet induced atherosclerosis.  Similar to mice they are easy to 

handle, inexpensive to maintain, and they reproduce like rabbits.  Similar to humans they circulate 

apolipoprotein-E containing lipoproteins, possess plasma cholesteryl ester transfer protein activity, and 

absorb rate of dietary cholesterol at high rates (Kapourchali et al. 2014).  Cholesterol-fed rabbits readily 

develop early atherosclerotic lesions in the aortic arch and thoracic aorta, but these lesions tend not 

progress nor are they commonly present in the abdominal aorta as found in humans (Kapourchali et al. 

2014; Xiangdong et al. 2011).  Advantageously, advanced lesions, such as a fibrous cap formation in the 

thoracic and abdominal aorta, are inducible by combining a high cholesterol with balloon injury 

(Xiangdong et al. 2011).  Additionally, genetically altered rabbits are available and are representative of 

familial hypercholesterolemia and familial combined hyperlipidemia (Watanabe Heritable 

Hyperlipidemic and St. Thomas’ Hospital rabbits).  In these strains atherosclerosis occurs even in the 

absense of a cholesterol enriched diet.  Atherosclerosis lesions progress and advance with age to include 

areas of necrosis, cholesterol clefts, and calcification.  Finally, transgenic rabbits are capable of 

developing coronary artery atherosclerosis (Getz and Reardon 2012).  Yet difficulties in genetic 

manipulation and availability of antibodies needed to study the pathways involved in atherosclerosis 

limits the utility of rabbit models compared to mice (Getz and Reardon 2012; Xiangdong et al. 2011). 

Pigs are another popular model of spontaneous atherosclerosis, which can be accelerated by feeding high 

levels of dietary cholesterol.  Unlike the mouse and rabbit, the pig has a human-like lipoprotein profile 

and develops lesions in the coronary arteries.  The pig is also large enough to allow for noninvasive 

measurements of arteries and for harvesting sufficient arterial tissue for analysis.  Because of its size, the 

pig has been useful in the study of hemodynamics effects on atherogenesis at flow dividers and areas of 
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low shear stress (Getz and Reardon 2012).  Complex lesion formation has been documented and 

atherosclerotic lesion locations closely mimic that of human atherosclerosis, including the coronary, 

illiac, femoral, and carotid arteries.  Magnetic resonance imaging studies have even confirmed the 

formation of vulnerable plaques, which makes pigs an excellent model for studying the initiation, 

pathophysiology, and progression of atherosclerosis (Xiangdong et al. 2011).  Nonetheless, induction of 

advanced lesions requires high levels of dietary cholesterol and a long diet-induction time (approximately 

2 years) (Kapourchali et al. 2014).  This, in combination with their large size, limited genetic tools, and 

high maintenace costs prevents the swine model from reaching broader use (Xiangdong et al. 2011). 

Spontaneous atherosclerosis has also been reported in number of nonhuman primate species, including 

squirrel monkeys (Saimiri sciureus), baboons (Papio species), and macaques (Macaca species).  Similar 

to humans, monkeys have a predominance of non-HDL lipoproteins, human-like HDL subclasses, and 

expression of cholesteryl ester transfer protein (Getz and Reardon 2012).  When fed an atherogenic diet, 

susceptible animals develop an abnormal lipid profile characterized by high LDLC levels and low HDLC 

and this dyslipidemia is associated with the development of extensive atherosclerotic lesions in the aorta 

and all its major branches, including the coronary and cerebral arteries (Xiangdong et al. 2011).  Similar 

to in humans, males develop more atherosclerosis than female animals, and this female “protection” effect 

is eliminated by loss of estrogen, specifically estradiol (Kaplan et al. 1984a; Adams et al. 1985; Clarkson 

et al. 1985).  Disadvantages include large size, expense of upkeep, length of time required for 

development of atherosclerosis, and difficulties in conducting genetic studies are some of the key 

limitations associated with the use of nonhuman primates in atherogenesis research (Getz and Reardon 

2012).   

Atherosclerosis is a complex, multifactoral disease and each animal model has unique strengths and 

weaknesses which make it suitable for studying a particular component of atherosclerosis pathology.  

Mice and rabbits are useful for studying atherogenesis while pigs are uniquely suited for studying 

atherosclerosis progression and the role of hemodynamics.  Considering the close homology between 
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nonhuman primates and humans, this model is unique in that it allows researchers the ability to study 

complex contributors to atherogenesis, including comorbidity with other cardiometabolic diseases and 

psychosocial risk factors. 

The Macaque Model of Atherosclerosis.  Among macaque species, cynomolgus monkeys (Macaca 

fascicularis) appear to be most susceptible to diet-induced atherosclerosis.  Compared to rhesus macaques 

(Macaca mulatta), cynomolgus monkeys fed an atherogenic diet develop higher plasma cholesterol levels, 

more rapid atherosclerosis, and lesions comparatively richer in foam cells (Davis et al. 1984).  As a result 

cynomolgus monkeys have been used most extensively as a nonhuman primate model atherosclerosis.   

In humans, diabetes melitis and hypertension confer an increased risk for cerebrovascular disease, 

coronary heart disease, and peripheral vascular disease.  For both diseases the primary cause of vascular 

disease appears to be atherosclerosis (Garcia et al. 1974; Hollander 1976).  The relationships between 

diabetes and hypertension with atherosclerosis have been tested in cynomolgus macaques.  

Streptozotocin-induced diabetic cynomolgus monkeys fed a moderately atherogenic diet develop greater 

arterial cholesterol accumulation, greater intimal areas in the femoral artery and abdominal aorta, and 

reduced adaptive modeling compared to non-diabetic animals (Litwak et al. 1998).  Similarly, 

hypertension produced by coarctation of the aorta in combination with an atherogenic diet has been 

shown to produce accelerated coronary and cerebral artery atherosclerosis with luminal narrowing, 

indicative of reduced adaptive modeling (Hollander et al. 1976; Hollander et al. 1993).  Although 

mechanistically the relationships between diabetes and hypertension with atherosclerosis have not been 

determined, the cynomolgus monkey model of atherosclerosis at least appears representative of the 

cardiometabolic comorbidities observed in human patients. 

One of the most unique advantages of studying any nonhuman primate is the ability to assess 

psychosocial effects on atherosclerosis.  Similar to humans these animals rely on complex social 

relationships and the effects of these relationships on health, including atherosclerosis, have been 
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extensively studied in both male and female macaques (Clarkson et al. 1985).  For both sexes living in 

social groups, the outcome of agonistic interactions leads to the establishment of a linear hierarchy.  By 

definition there are animals that habitually win fights or contests (dominants) and those that habitually 

and predictably lose (subordinates) (Bernstein 1976).  In general, among males living in stable social 

groups, dominant status has a neutral or very mildly protective effect on coronary and carotid artery 

atherosclerosis (Kaplan et al. 1982; Kaplan et al. 1984b).  However when unstable conditions are created 

by periodic redistribution of social group members, dominant males are most at risk for the development 

of coronary artery atherosclerosis even in the absense of an atherogenic diet (Kaplan et al. 1982).   

The concept that unpredictable social conditions perpetuate accelerated atherosclerosis has also been 

captured in female cynomolgus monkeys.  Socially subordinate female monkeys living in stable social 

groups are still under the constant threat of aggression and spend most of their time in social isolation 

(Shively and Kaplan 1991).  Subordinate females are markedly affected with coronary artery 

atherosclerosis, while dominant animals are relatively spared; such an effect has not been consistently 

observed in the carotid arteries (Kaplan et al. 1984a; Shively et al. 1990).  In an experiment where social 

groups were manipulated to deliberately alter social status (such that subordinates became dominant and 

dominants became subordinate), subordinates that become dominant had  more coronary atherosclerosis 

and dominants that became subordinate had markedly more atherosclerosis than their counterparts that 

did not change social status ( initial social status x manipulated social status interaction, p > 0.006) 

(Shively and Clarkson 1994).  Overall these results indicate that social instability and social stress, 

especially subordinate social status, accelerate atherosclerosis and represent a complex interaction 

between individuals and their psychosocial environment. 

For the individual, social stress has both behavioral and physiological consequences.  Not only do 

subordinates experience more hostility and have less positive social experiences to buffer that hostility 

than do dominants, but they also have increased adrenal cortical activity and higher incidences of 

impaired ovarian function (Shively 1998b; Adams et al. 1985).  Compared to dominants, subordinates 
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have a more anovulatory/progesterone-deficient cycles and lower peak luteal phase plasma progesterone 

concentrations (Adams et al. 1985; Kaplan et al. 2010; Kaplan et al. 1984a).  Subordinate females with 

high rates of ovarian dysfunction and ovariectomized monkeys have increased coronary and carotid artery 

atherosclerosis compared to intact, dominant animals.  These animals also have elevated total and LDL 

cholesterol and reduced HDLC (Adams et al. 1985).  Several studies have demonstrated a strong 

association between the ratio of total cholesterol to HDLC and coronary and carotid artery atherosclerosis 

(Kaplan et al. 1984b; Shively et al. 1990; Clarkson et al. 1985; Shively and Clarkson 1994).  

Interestingly, reversal of ovariectomy induced atherosclerosis by oral contraceptives has been shown to 

occur independent of changes to lipid levels (Adams et al. 1990).  Therefore, social subordination and 

ovarian dysfunction acceleration of atherosclerosis cannot fully be explained by circulating lipids.  Heart 

rate and blood pressure effects on atherosclerosis have also been noted to be independent of serum lipid 

alterations.  In one study, animals that exhibited the largest elevations in heart rate in response to the 

threat of capture appeared to be especially susceptible to coronary, but not carotid, artery atherosclerosis.  

However, when blood pressure was stratified, high heart rate responders with systolic blood pressures 

above the median had significantly greater carotid artery atherosclerosis compared to their low heart rate 

reactive counterparts (Kaplan et al. 1984b).   

Overall, studies in cynomolgus monkeys illustrate the complexity of atherosclerosis pathogenesis.  

Similar to humans, psychosocial stress and the accompanying behavioral and physiological responses 

play a strong role in atherosclerosis progression (Bairey Merz et al. 2002).  The cynomolgus monkey 

model of atherosclerosis is therefore a powerful comparative medicine tool, allowing for the manipulating 

of individual components necessary for studying CVD risk that would not be possible in human patients.  

This is particularly useful for determining the pro- or anti-atherosclerotic effects of pharmacotherapies 

independent of their indication for use. 

An Introduction to Animal Models of Depression.  A common indication for SSRI use is depression, 

which as discussed is associated with an increased risk for ischemic stroke.  Therefore in order to 
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determine the independent effects of SSRIs on stroke risk and carotid artery atherosclerosis, it is 

important to study a well categorized model of both atherosclerosis and depression.  Still, developing 

appropriate animal models of depression is a challenge, given that there is a limited understanding of the 

multifactorial pathogenic processes that underlie the vastly heterogenous affective, cognitive, and 

biochemical abnormalities associated with depression.  Instead of relying upon clinical biomarkers, 

diagnosis is descriptive in nature which makes establishing similarity between human and animal 

depression difficult (Berton 2000).  To be an ideal animal model of depression, clinical depression should 

be constructed through the same etiological processes as in humans (construct validity), present 

phenotypically similar to the human syndromes (face validity), and predict patient responses to 

interventions (predictive validity) (Willard and Shively 2012).  Genetic models are available, but are 

limited by the lack of highly penetrant mutations in the pathogenesis of depression thus resulting in a lack 

of construct validity (Nestler and Hyman 2010).  Current models therefore focus on the epidemiological 

evidence that stress often precipitates human depression, which can be manipulated in animal models 

(Kessler 1997; Willard and Shively 2012). 

Behavioral models of depression predominantly consist of male rodent models that involve applied, 

unpredictable stressors known to induce consistent behavioral and physiological responses.  Examples of 

acute stress models include the forced-swim and tail-suspension tests.  These models induce dispair 

behavior which can be quantified by determining the time to immobility.  Such behavior has been linked 

to monoamine neurotransmitter activity making these tests a useful screening tool for related monoamine-

targeted pharmacotherapies (Dalla et al. 2010; Shively and Willard 2012; Duman 2010).  In comparison, 

the chronic mild stress paradigm was created to mimic another dispair behavior – anhedonia, a core 

symptom of depression.  The protocol involves continuous exposure to a variety of mild stressors and 

manipulations which simulates not only anhedonia, but also other symptoms of depression, such as 

decreased sexual behaviour and self-care, changes in sleep architecture, and immune alterations.  The 

prolonged time course of the model is useful for investigating the effects of chronic drug treatments drugs 
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(Willner 1997).  Similarly, social defeat models use repeated social conflict and forced submission to 

induce a depression-like syndrome that includes anhedonia and social withdrawl.  Like with chronic mild 

stress, the effects of the defeat model are reversed by chronic, but not acute, antidepressant treatment 

(Duman 2010).  A significant caveat of using only male rodents is that depression is twice as common in 

human females (Kessler and Bromet 2013) and there is accumulating evidence to indicate sex differences 

in brain anatomy and function, response to stress, and drug responses in both rodents and humans (Dalla 

et al. 2010).  While rodent stress models have provided invaluable insights into the neurobiology of 

depression, the translational value of etiologic processes and resulting neural and behavioral features is 

limited in these models.  There is a critical need for newer models with improved construct validity and 

closer approximation to human physiology, neurobiology, and behavior. 

The Macaque Model of Depression.  Nonhuman primates are uniquely suited for translation studies of 

human disease.  A comprehensive understanding of macaque species biology, behavior, and social 

organization makes them apt for bridging the gap between basic and clinical science (Shively and 

Clarkson 2009).  Compared to rodents, macaques are much more similar to humans in physiology and 

share a 95% genetic homology (Magness et al. 2005).  Like humans, female macaques have a true 

menstrual cycle characterized by 28-day hormonal fluctuations and shedding of the endometrium.  This 

becomes very important in the context of studying sex-specific disease presentation especially with 

regards to the effects of ovarian hormones on depression symptomology.  Critically, the macaque brain is 

much more similar to the human brain than is the rodent brain.  Rodent models of depression have 

focused on the hippocampus, but other areas implicated to play a role in depression – the prefrontal cortex 

and anterior cingulate cortex – are not present or are not well defined in the rodent brain.  In contrast, 

these areas are well represented in the macaque brain, are similarly organized to the human brain, and 

appear to be correspondingly responsive to depression and pharmacotherapies (Willard and Shively 2012; 

Willard et al. 2015; Willard et al. 2009; Perera et al. 2011).  Finally, laboratory housed macaques 

spontaneously exhibit depressive behavior, unlike rodent models which require induction by applied 
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manipulation of the individual (external stress paradigms, genetic modification, cerebral lesions, or 

pharmacological manipulation) (Camus et al. 2013; Shively et al. 2005; Shively and Willard 2012; 

Willard and Shively 2012). 

Behavioral depression was first observed during studies of infant-maternal separation in the 1960s 

(Kaufman and Rosenblum 1967; Seay and Harlow 1965).  Social isolation stress is a risk factor for the 

development of depression in humans (Cacioppo et al. 2010), although individual susceptibility widely 

varies (Wu et al. 2013).  Following the infant studies, social isolation of previously family-housed adult 

macaques was employed to induce a depressive-like reaction similar to what was observed in the 

separated infants.  After 126 days of separation from their families, both subjects that were individually 

housed (physical but not auditory isolation) exhibited slumped body posture and self-clasping (prolonged 

holding of some body part with hands or feet other than for support of body part and/or bending).  Such 

behavior was not observed in any of the subjects socially housed with either friends or strangers following 

separation from their families (Suomi et al. 1975).   

Other labs have observed this behavior in animals periodically separated from their social group (Perera 

et al. 2011), following prolonged separation (Li et al. 2013), and in animals singly housed as per routine 

husbandry procedure (Camus et al. 2014; Hennessy et al. 2014).  In the earliest study (Perera et al. 2011), 

socially housed adult female bonnet macaques (Macaca radiata) were separated from their pen-mates and 

socially isolated for 2 days per week for 15 weeks.  Three animals were treated with the SSRI fluoxetine 

and three were not.  Home-cage behavior was observed 3-days through one-way mirrors 3 times per week 

by scan sampling every 30 seconds.  The untreated animals exposed to separation stress exhibited 

anhedonic behavior characterized by immobility, decreased social behavior, slumped or collapsed body 

posture, and lack of responsiveness to environmental stimuli.  Fluoxetine treatment started during week 1 

prevented the emergence of depressive behavior.  The anhedonia observed during social housing 

demonstrates that social stress effects are pervasive even outside of the social isolation period. 
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The enduring effects of social isolation have also been reported by Li et al. (Li et al. 2013) in a study of 

adult female cynomolgus macaques.  In this study thirty females were removed from social housing and 

placed in social or social plus visual isolation for 90 days.  Animals were then reintroduced to their social 

groups and, after a 5-day habituation period, three consecutive days of video-recorded focal observations 

were conducted.  Social and social plus visual isolation induced depression-like behavior that included 

reduced socially dominant aggressive conflict behavior, communicative behavior, sexual behavior, and 

parental behavior.  Parental and sexual behavior was further reduced by the addition of visual isolation 

which the authors concluded may indicate that the degree of behavioral pathology may be manipulated by 

the degree of isolation. 

In the previously described studies animals were purposefully removed from stable social groups and 

placed in social isolation, but a large percentage of animals live in individual housing as part of routine 

husbandry procedures.  During 2009, 18.9% of individually housed rhesus monkeys at the California 

National Primate Center were observed exhibiting depressive behavior (hunched position with head 

below shoulders and eyes open for at least 30 seconds while not engaging in any other behaviors) during 

regular monthly monitoring by behavioral management staff.  Subsequent studies in adult males brought 

from outdoor social groups to indoor individual housing demonstrated that depressive behavior was 

observable in the majority of animals within one week and persisted in half of the animals 7-14 weeks 

following the switch from social to individual housing.  The finding of high frequencies of depressive-

behavior in social to individual housing studies may have been due to the use of video-recorded 

behavioral observations which eliminated the need for a human to enter the room (Hennessy et al. 2014).  

Rhesus macaques tend to be more aggressive towards humans than other species, thus if a male rhesus 

were to perceive a human animal as threating (Clarke and Mason 1988), depressive behavior might be 

masked by a defensive response. 

Although phylogenetically close, macaques present species-specific patterns of aggression, reconciliation, 

dominance, and temperament  (Clarke and Mason 1988); which may affect depressive behavior 
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characteristics and prevalence.  In order to determine whether one captive macaque species was more 

vulnerable than another in the development depressive behavior, Camus and colleagues studied video-

recorded behavior from individually and social housed rhesus and cynomolgus monkeys (Camus et al. 

2013; Camus et al. 2014).  Using a scan-sampling technique, they found that among individually housed 

animals, 45% of rhesus (18 out of 40 screened animals) and 10% of cynomolgus monkeys (4 out of 40) 

exhibited depressive behavior characterized by high levels of inactivity, slumped body posture, low levels 

of cage exploration, and decreased maintenance and social behaviors.  In social housing, 17% of rhesus (6 

out of 35) and 6% of cynomolgus monkeys (5 out of 80) displayed depressive behavior (Camus et al. 

2013; Camus et al. 2014).  The results of these studies indicate that although there may be species 

differences in susceptibility, the depression phenotype in both rhesus and cynomolgus macaques develops 

spontaneously even under social housing conditions.   

In the previously described studies socially housed animals were living in one male/multi female groups 

of 8-27 individuals/cage (Camus et al. 2014).  In contrast, Shively et al. has focused on behavioral 

depression in social groups of 4-5 cynomolgus females/pen.  This social stress-associated model of 

depression is the most extensively studied nonhuman primate models of behavioral depression and has 

been well described in a series of 20 plus papers and two reviews (Shively and Willard 2012; Willard and 

Shively 2012).  In this model behavioral depression is operationally defined by a slumped or collapsed 

body posture, head positioned at or below the shoulders, and a lack of responsivity to environmental 

stimuli to which others are attending (Shively et al. 1997; Shively et al. 2005).  The slumped body posture 

and lack of responsivity matching similar description of depressive behavior described in social isolation 

models of depression.  This definition of depressive behavior has been previously applied to two separate 

groups of female monkeys (78 in all) with interobserver reliability of at least 92% across studies (Shively 

et al. 1997; Shively et al. 2005).   In both experiments, behavior was focally sampled during weekly 

observations.  When plotted as a distribution, monkeys could be categorized as “behaviorally depressed” 

and “nondepressed” and, as in humans, the incidence of depressive behavior varied among individuals.  In 



 
 

33 

 

the first experiment the distribution was bimodally categorized and in the second experiment percent time 

spent in the depressed posture was divided at the mean for categorization (Shively and Willard 2012; 

Willard and Shively 2012). 

In this model depressive behavior is related to chronic social stress.  Compared to dominants, subordinate 

females receive more aggression, are groomed less, are more vigilant, respond to standardized stressor 

with increased heart rates that recover more slowly, are hypercortisolemic, and are insensitive to 

glucocorticoid negative feedback (Shively 1998a; Shively et al. 1997; Kaplan et al. 2010; Kaplan et al. 

1986).  This behavioral and physiological profile suggests that social subordination is a chronic mild 

social stressor that could potentially induce spontaneous depressive behavior.  However, social 

subordination and depression are not homologous (Shively and Willard 2012).  In the first experiment 

61% of subordinates displayed depressive behavior compared to 10% of dominants (Shively et al. 1997).  

Therefore not all subordinates become behaviorally depressed and not all dominants are immune.  Similar 

to humans, this stratification advocates that stressful events often precipite depression (Kessler 1997), but 

that there are individual differences in stress sensitivity and resilience (Wu et al. 2013).  Finally, the 

behavioral and physiological characteristics of social subordination and behavioral depression are also 

distinctly unique, thus illustrating that these are two related but separate constructs (Willard and Shively 

2012). 

The behavioral, neurobiological, and physiological characteristics of behavioral depression have been 

well characterized and are summarized in Table 1.  Briefly, depressed monkeys are less active, spend 

more time in body contact with conspecifics, and engage in lower rates of interactions of all kinds 

compared to nondepressed monkeys (Shively et al. 2005).  Behavioral differences are accompanied by 

neurobiological alterations, including decreased serotonin-receptor binding potential (Shively et al. 2006) 

and smaller hippocampal volumes (Willard et al. 2009).  Physically, depressed monkeys are smaller, 

having lower body weights and body mass indices than nondepressed monkeys (Shively et al. 2005).  

Depressed monkeys also have impaired ovarian function and dysregulation of the hypothalamic-pituitary 
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axis (Shively et al. 1997; Shively et al. 2005).  With regards to cardiovascular risk factors, depressed 

monkeys have higher heart rates, higher ratios of omega-6 to omega-3 fatty acids, lower HDLC, and 

higher LDLC concentrations than nondepressed monkeys (Shively et al. 2005; Shively et al. 2015; 

Chilton et al. 2011).  Consistent with this cardiovascular risk factor profile, depressed females also have 

significantly more coronary artery atherosclerosis than nondepressed females (Shively et al. 2009a; 

Shively et al. 2008).   

In summary, the female cynomolgus monkey social-stress model of depressive behavior is a relevant 

model of human depression.  Unlike rodent models, stress is not induced by experimental manipulation, 

but instead is a normal component of the macaque social environment.  This model more accurately 

reflects the etiology of human depression which seems to be reflected in the many shared behavioral, 

neurobiological, and physiological characteristics (Willard and Shively 2012).  Nondepressed and 

depressed populations of monkeys can be readily distinguished by in-person behavioral observations and 

depression observed over one-month’s duration reliably predicts depression observed over the course of 

several months to years (Shively, unpublished).  The predictive validity of this model has not been 

extensively tested, but it would appear to be the ideal model for studying the effects of pharmacotherapies 

for which it is necessary to determine drug effects in the presence and absense of depression.  
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Table 1: Characteristics of depressed adult female cynomolgus monkeys 

Variable Depressed vs. Nondepressed 

Body weight  Depressed < Nondepressed
a
 

Body mass index Depressed < Nondepressed
a
 

Basal cortisol Depressed = Nondepressed
a,b

 

Dexamethasone suppression Depressed < Nondepressed
b
 

Cortisol response to ACTH  Depressed = Nondepressed
c
 

Cortisol response to CRH Depressed < Nondepressed
a
 

Ovarian function (mean peak luteal progesterone) Depressed < Nondepressed
b,d

 

Heart rate (mean over 24 hours) Depressed > Nondepressed
b,d

 

5-HT1A receptor binding potential Depressed < Nondepressed
e
 

Hippocampal volume Depressed < Nondepressed
f
 

Aggression received Depressed = Nondepressed
a
 

Submissions sent Depressed = Nondepressed
a
 

% time in body contact Depressed > Nondepressed
a
 

Activity level Depressed < Nondepressed
a
 

TPC/HDLC Depressed > Nondepressed
a
 

Omega-6/Omega-3 fatty acids Depressed > Nondepressed
g
 

Coronary artery atherosclerosis Depressed > Nondepressed, 4-fold difference
a
 

Mortality Depressed > Nondepressed
a
 

Figure modified from Shively and Willard, 2012.   

a
Shively et al., 2005; 

b
Shively et al., 1997; 

c
in the Shively et al., 1997 study (data not reported); 

d
Shively 

et al., 2002; 
e
Shively et al., 2006; 

f
Willard et al., 2009; 

g
Chilton et al., 2011.  

ACTH: adrenocorticotropin hormone; CRH: corticotropin-releasing hormone; 5-HT1A: serotonin 1A 
receptor; TPC/HDLC: ratio of total plasma cholesterol to high-density lipoprotein cholesterol. 
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Hypotheses/Project Objectives 

The overall objective of this dissertation research was to determine the effects of long-term SSRI 

treatment on carotid artery atherosclerosis in depressed and nondepressed subjects.  Previously the 

Shively lab reported that long-term SSRI treatment and depression independently increased coronary 

artery atherosclerosis; however effects on carotid artery atherosclerosis, a precursor to ischemic stroke, 

are unknown.  Based off of the findings in the coronary arteries and reports of SSRI-associated increased 

ischemic risk in observational studies, we hypothesized that chronic use of a commonly prescribed SSRI 

drug, sertraline (Zoloft®), would exacerbate carotid artery atherosclerosis.  To test this hypothesis, we 

used a well-established nonhuman primate model of atherosclerosis and depression in a controlled, 

prospective, randomized, preclinical trial (Figure 1).  Pre-menopausal female cynomolgus macaques 

consumed an atherogenic diet during an 18-month pretreatment phase.  Animals were then assigned to 

oral sertraline (20 mg/kg; see Chapter 2 for dose selection) or placebo treatment balanced on pretreatment 

depression, body weight, and iliac artery atherosclerosis measured via biopsy (Shively et al. 2015).  

Atherosclerosis risk factors were measured prior to and after an 18-month treatment phases.  

Atherosclerosis extent was measured post-mortem via histomorphometry. 
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Figure 1.  Experimental Design 

Sertraline and depression effects on circulating sertraline and desmethylsertraline concentrations (Shively 

et al. 2014), behavior (Shively et al. 2015; Shively et al. 2014), cardiac function (Groban et al. 2014), 

circulating cholesterol, ovarian function and coronary artery atherosclerosis (Shively et al. 2015) have 

been published previously and are reviewed in Chapter Three (Supplementary Table I).  Chapter Two 

describes sertraline effects on body composition and carbohydrate metabolism in depressed and 

nondepressed monkeys.  Sertraline and depression effects on carotid artery atherosclerosis are presented 

in Chapter Three.  Chapter Three also focuses on identifying unique predictors of carotid artery 

atherosclerosis and examining whether these relationships are mediated by sertraline treatment.   

It has previously been reported in this cohort that sertraline exacerbated coronary artery atherosclerosis, 

independent of depression, but had no adverse-effects on lipid risk factors; therefore we hypothesized that 

sertraline and depression would exacerbate carotid artery atherosclerosis and cardiovascular risk factors 

related to obesity, adiposity, and metabolic dysfunction.  Furthermore, we hypothesized that 

atherosclerosis extent could be partially, but not completely, explained traditional cardiovascular risk 

factors and that sertraline treatment would modify the relationship between atherosclerosis extent and 
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predictive risk factors related to body composition and carbohydrate metabolism.  Together, this 

dissertation research seeks to determine whether there is a relationship between chronic SSRI use and 

carotid artery atherosclerosis and whether this relationship is mediated by the effects of SSRIs on 

traditional cardiovascular risk factors.  Ultimately these results will provide insight as to how SSRI use 

may contribute to increased ischemic stroke risk. 
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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, 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 
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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 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 
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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.  Following quarantine, 

monkeys were randomly assigned to social groups of n=4-5 and fed a Western-like diet (containing 44% 
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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 (3.05m X 3.05m X 

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 (Figure 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 

as part of a cumulative dose-response study. Doses of 0, 5, 10, 15, and 20 mg/kg were administered orally 

in vanilla pudding for 1 week each at about 0800 hours each day; the placebo group received vehicle 

alone (Shively et al., 2014).  The final dose of 20 mg/kg/day was chosen based off a previous study in 

which macaques were administered sertraline (20 mg/kg/day p.o.) for 7 wks, and the resulting plasma 

sertraline levels were within the therapeutic range for human patients (Higley et al. 1998).  The 

cumulative dose-response study revealed that this dose was well tolerated and produced measurable 

behavioral changes in the present cohort of animals (Shively et al. 2014) 
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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 to 15 mg/kg 

ketamine HCl 4-hours 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). 

 

 

 

Figure 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. 
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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.  Intra- and 

interassay coefficients of variation were <10% (Willard et al., 2015).   

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

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

reduced CSF 5-HIAA by approximately 40% (ANOVA treatment x 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). 
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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 GT3X 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-hour recovery period, activity was recorded for the next 24 hours, 

and average activity over each hour was calculated for statistical analysis.  Activity quantified during 

nighttime hours only (2400-600h), 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). 

 

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). 
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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 Xray 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 software 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 
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coefficients of variation were lower than 10% for all analyses.  The homeostasis model assessment 

(HOMA-IR = [mg/dL fasting glucose X 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 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) X 2 (Nondepressed, 

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

analyzed by 2 (Placebo, Sertraline) X 2 (Nondepressed, Depressed) X 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 x phase, depression x phase, 

and treatment x depression x 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) X 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 x 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. 
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3. Results 

3.1 Pretreatment Characteristics 

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

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 ration were higher in the depressed group. Physical activity did not differ between depressed and 

nondepressed monkeys. 
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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 x 

Sertraline p= 

Depressive Behavior freq/hour 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/m
2

 
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 cm
3

 
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 cm
3

 
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 cm
3

 

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 

24h Activity counts 
245969 
(49812) 

224985 
(57518) 

329488 
(52027) 

213456 
(54566) 0.21 0.51 0.38 

Nighttime (2400-600h) Activity counts 
13287 

(3998) 

16856 

(4617) 

7522 

(4176) 

9217 

(4380) 0.54 0.13 0.83 

Daytime (900-1700h) Activity  

counts 

147277 

(31083) 

121885 

(35892) 

204549 

(35892) 

127851 

(34050) 0.13 0.35 0.45 

Locomotion (frq/hour) 
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) X 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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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.  
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Table 2. Characteristics of Study Population During Treatment Phase Table 1. Characteristics of Study Population During Treatment Phase  

 

Raw Means Adjusted Means
a
 

 

Placebo Sertraline Placebo Sertraline 

Sertraline 

v. Placebo 

Variables 
Nondep

b
 

n=12 

Dep
c
 

n=9 

Nondep
b
 

n=11 

Dep
c
 

n=10 
Nondep

b
 

n=12 

Dep
c
 

n=9 

Nondep
b
 

n=11 

Dep
c
 

n=10 

% 

Difference
d
 

Depressive Behavior 

freq/hour 

0.55 

(0.91) 

4.60  

(1.0) 

0.08 

(0.95) 

5.85  

(1.0) 

1.25 

(0.83) 

3.41 

(1.0) 

0..78 

(0.87) 

5.31 

(0.90) 
30.9 

Body Weight kg 
4.24 

(0.24) 

2.86 

(0.27) 

3.96 

(0.25) 

3.04 

(0.26) 

3.78 

(0.08) 

3.65 

(0.09) 

3.42 

(0.08) 

3.47 

(0.08) 
-7.23 

Body Mass Index kg/m
2
 

53.7  

(2.3) 

39.9 

 (2.7) 

45.2  

(2.4) 

39.6 

 (2.5) 

46.4 

(1.3) 

44.7 

(1.4) 

44.9 

(1.2) 

44.5 

(1.3) 
-1.84 

Lean Mass kg 
2.91 

(0.12) 

2.27 

(0.14) 

3.07 

(0.12) 

2.52 

(0.13) 

2.73 

(0.05) 

2.80 

(0.07) 

2.66 

(0.06) 

2.70 

(0.05) 
-2.97 

Percent Lean Mass % 
69.6 

 (2.2) 

77.7  

(2.5) 

76.7  

(2.3) 

81.2  

(2.4) 

73.1 

(1.2) 

76.4 

(1.4) 

77.2 

(1.2) 

77.5 

(1.3) 
7.19 

Fat Mass kg 
1.29 

(0.16) 
0.55 

(0.19) 
0.83 

(0.17) 
0.46 

(0.18) 
0.97 

(0.06) 
0.79 

(0.07) 
0.71 

(0.06) 
0.75 

(0.07) 
-17.6 

Percent Fat Mass % 
26.8  

(2.3) 

18.3 

 (2.6) 

19.5  

(2.4) 

14.6  

(2.5) 

23.0 

(1.3) 

19.7 

(1.4) 

18.9 

(1.3) 

18.5 

(1.4) 
-12.4 

Abdominal Fat Volume cm
3
 

46.5 

 (6.0) 

17.2  

(7.0) 

20.0 

 (6.3) 

7.99 

 (6.6) 

33.7 

(3.0) 

26.1 

(3.3) 

17.3 

(2.9) 

18.4 

(3.2) 
-40.3 

Visceral Abdominal Fat 

Volume cm
3
 

20.2  

(2.7) 

9.22 

 (3.1) 

11.1  

(2.8) 

4.22 

 (2.9) 

15.9 

(1.9) 

12.7 

(2.1) 

9.81 

(1.9) 

7.64 

(2.0) 
-38.9 

Subcutaneous Abdominal Fat  

Volume cm
3
 

23.0 

 (4.0) 

7.08 

 (4.6) 

9.37 

 (4.2) 

3.63 

 (4.6) 

14.6 

(1.5) 

12.4 

(1.6) 

8.45 

(1.4) 

10.6 

(1.7) 
-29.3 

Visceral: Subcutaneous  

Abdominal Fat 

1.14 

(0.16) 

1.54 

(0.19) 

1.18 

(0.17) 

1.25 

(0.19) 

1.17 

(0.15) 

1.55 

(0.17) 

1.22 

(0.16) 

1.14 

(0.18) 
-13.3 

Leptin ng/ml 
4.50 

(0.67) 

1.14 

(0.77) 

2.30 

(0.70) 

0.92 

(0.73) 

3.67 

(0.51) 

1.94 

(0.58) 

2.17 

(0.51) 

1.33 

(0.54) 
-37.5 

Adiponectin ng/ml 
57.8  

(10) 

75.7 

 (12) 

61.1 

 (11) 

69.3 

 (11) 

61.3 

(8.7) 

74.5 

(10) 

70.2 

(9.3) 

56.1 

(10) 
-7.01 

Triglycerides ng/dl 
54.3 
 (46) 

116 
 (53) 

155 
 (48) 

55.4  
(50) 

59.0 
(46) 

119 
(53) 

146 
(49) 

56.7 
(50) 

14.0 

Glucose mg/dl 
78.0 

 (10) 

90.9 

 (12) 

77.0 

 (10) 

65.9  

(11) 

81.3 

(6.1) 

79.7 

(7.2) 

76.3 

(6.4) 

72.8 

(6.8) 
-7.40 

Insulin mIU/l 
45.2  

(9.4) 

49.2  

(23) 

14.1 

 (3.6) 

16.9 

(2.1) 

43.3 

(11) 

52.8 

(12) 

10.9 

(11) 

19.4 

(12) 
-68.6 

HOMA-IR 
9.91  

(3.0) 

11.4 

 (3.4) 

2.95  

(3.1) 

2.81 

 (3.2) 

9.34 

(2.9) 

12.4 

(3.4) 

1.93 

(3.1) 

3.76 

(3.2) 
-73.8 

24h Activity counts 
196840 

(44838) 

211135 

(51774) 

251219 

(46832) 

165837 

(49117) 

202632 

(33845) 

229537 

(39206) 

206816 

(36258) 

191169 

(37346) 
-7.91 

Nighttime (2400-600h) 

Activity counts 

12251 

(4201) 

19193 

(4851) 

7785 

(4388) 

11209 

(4601) 

10714 

(2025) 

14460 

(2370) 

11938 

(2142) 

12745 

(2217) 
-1.95 

Daytime (900-1700h) Activity  

counts 

93972 

(28315) 

98697 

(32696) 

151951 

(29574) 

80471 

(31018) 

97332 

(19059) 

119354 

(22206) 

116300 

(20569) 

97064 

(21011) 
-1.53 

Locomotion (frq/hour) 
47.7 

 (5.3) 

37.1 

 (6.1) 

42.3  

(5.5) 

35.3  

(5.8) 

44.7 

(3.4) 

41.8 

(4.0) 

40.0 

(3.5) 

37.2 

(3.7) 
-10.8 

Values are presented as mean (SEM). 
a
Adjusted means ( Pretreatment values as covariates; 

b
Nondep=monkeys exhibiting little or no depressive 

behavior; 
c
Dep=monkeys exhibiting depressive behavior; 

d
% difference calculated from adjusted sertraline- and placebo-group means, boldface 

indicates a significant 2 (Placebo, Sertraline) X 2 (Nondepressed, Depressed) analyses of covariance (Pretreatment values as covariate) main effect 
of treatment (p<0.05). 
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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 (Figure 2A), BMI 

(Figure 2B), whole body fat mass (Figure 2C), abdominal total (Figure 3A), visceral (Figure 3B), and 

subcutaneous fat volume (Figure 3C), and leptin (Figure 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 x 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 x phase interaction effects (all p’s >0.05). 

 

3.2.2 Sertraline Effects on Body Weight and Composition in Depressed and Nondepressed Female 

Macaques (Figure 2) 

Placebo-treated monkeys gained body weight whereas sertraline-treated monkeys did not (Figure 2A; 

ANOVA treatment x 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 (Figure 2B; ANOVA treatment x 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 (Figure 2C; ANOVA treatment x 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 x 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 x phase interaction F[1,38]=1.81, 

p=0.19). 
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Figure 2. The Effects of Sertraline Treatment on Body Weight and Composition.  The data were 

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

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

data were also analyzed by 2 (Placebo, Sertraline) X 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 x 

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 x 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 x phase interaction F[1,38]=6.22, p=0.017; ANCOVA treatment effect 

F[1,37]=5.56, p=0.02Placebo treatment: blue; Sertraline treatment: red.  Nondepressed: Solid 

lines or bars; Depressed: dotted lines or hatched bars. 

3.2.3 Sertraline Effects on Abdominal Fat Distribution in Depressed and Nondepressed Female 

Macaques (Figure 3)  

Abdominal fat volume (total, visceral, and subcutaneous; Figure 3ABC) increased in placebo-treated, but 

not sertraline-treated monkeys (total abdominal fat ANOVA phase x 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% 
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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 x 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 x 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 (Figure 3D; ANOVA phase x treatment interaction F[1,37]=1.38, 

p=0.25; ANCOVA treatment effect F[1,36]=1.23, p=0.28).   
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Figure 3. The Effects of Sertraline Treatment on Fat Distribution. The data were analyzed using 

2 (Pretreatment, Treatment) X 2 (Placebo, Sertraline) X 2 (Nondepressed, Depressed) analyses of 

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

by 2 (Placebo, Sertraline) X 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 x 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 x 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 x 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 x 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. 
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3.2.4 Sertraline Effects on Adipokines in Depressed and Nondepressed Female Macaques (Figure 

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 x 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).  There was a significant treatment x depression x phase interaction effect on adiponectin (Figure 

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).  
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Figure 4. The Effects of Sertraline Treatment on Adipokines and Carbohydrate Metabolism. The 

data were analyzed using 2 (Pretreatment, Treatment) X 2 (Placebo, Sertraline) X 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) X 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 x 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 x 

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

significant treatment effects (ANOVA phase x 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 x 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 x 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. 
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3.2.5 Sertraline Effects on Carbohydrate Metabolism in Depressed and Nondepressed Female 

Macaques (Figure 4C) 

Fasting insulin concentrations increased significantly in the placebo-treated but not the sertraline-treated 

monkeys (Figure 4C; ANOVA phase x 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 (Figure 4D; ANOVA phase x 

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 x 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 x treatment interaction F[1,38]=0.044, p=0.84; ANCOVA treatment effect 

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

 

3.7 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.   
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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; 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; Shively et al., 2008; Shively et 

al., 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 
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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.  
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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 x treatment x 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, 
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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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Abstract 

Background and Purpose:  Selective serotonin reuptake inhibitor (SSRI) antidepressants, widely 

prescribed for depression and other disorders, have been associated with increased ischemic stroke risk in 

several observational studies.   Previously we reported that long-term SSRI treatment and depression 

independently increased coronary artery atherosclerosis; however effects on carotid artery atherosclerosis, 

a precursor to ischemic stroke, are unknown. 

Methods: The effects of chronic administration of a commonly prescribed SSRI, sertraline HCl, on 

atherosclerosis in the carotid artery (common, internal, and bifurcation sites) was assessed in adult female 

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

controlled, longitudinal, randomized study design.  Physiologic and behavioral phenotypes were 

evaluated prior to and after 18 months of oral sertraline (20 mg/kg) or placebo, and carotid artery 

atherosclerosis was measured post-mortem via histomorphometry.   

Results:  Atherosclerosis extent in the right common carotid artery was 40-85% greater in sertraline-

treated depressed monkeys compared to all other groups (p=0.03).  The results of linear regression 

analyses suggested that sertraline and depression effects on any of the numerous, well-accepted 

cardiovascular risk factors measured in this experiment.   

Conclusions:  These findings suggest that long-term SSRI treatment is associated with the progression of 

carotid artery atherosclerosis, which may increase ischemic stroke risk, particularly in depressed women.  

Unlike in the coronary arteries, main effects of SSRI treatment and depression were not observed, 

indicating site specific effects on atherosclerosis progression.  The underlying mechanism remains to be 

determined, but does not appear to be related to SSRI effects on traditional behavioral and physiological 

cardiovascular risk factors. 

Cover Title: SSRI Effects Primate Carotid Atherosclerosis 

MeSH Terms: selective serotonin reuptake inhibitor, carotid atherosclerosis, macaca fascicularis, female, 

depression.  Subject Terms: ischemic stroke, atherosclerosis 



 
 

72 

 

Introduction 

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 ADs1.  Selective 

serotonin reuptake inhibitors (SSRIs) are the most commonly prescribed class of ADs, and have been 

associated with increases in ischemic stroke risk in several observational studies
2-5

.   The mechanisms by 

which SSRIs may influence stroke risk, and whether SSRI use affects atherosclerosis progression, a 

precursor to ischemic stroke events
6
, are not known.   

 

One methodological limitation of studies of SSRI effects in people is the inability to control for treatment 

indication, which is often depression, a known risk factor for cerebrovascular disease
7-9

.  Consequently, 

there is a need for longitudinal, controlled, randomized studies to determine effects of SSRIs on carotid 

artery atherosclerosis progression; however, long-term randomized trials evaluating SSRI effects are not 

ethical in healthy human populations.  The goal of this study was to determine the effects of long-term 

SSRI treatment and depression on atherosclerosis in several carotid artery anatomical sites in a 

translational nonhuman primate model of depression. 

  

Laboratory-housed nonhuman primates develop naturally occurring behavioral depression which closely 

resembles human depression in physiological, neurobiological, and behavioral characteristics10.   

Physiological and neurobiological characteristics of female cynomolgus monkeys (Macaca fascicularis) 

that exhibit behavioral depression have been well characterized and include dyslipidemia and exacerbated 

coronary artery atherosclerosis
11-14

.  We have previously reported in a placebo-controlled randomized 

trial, that sertraline HCl treated monkeys exhibited exacerbated coronary artery atherosclerosis, 

independent of depression, but did not experience adverse effects on traditional cardiovascular risk factors 

such as plasma lipids, adiposity, and insulin resistance
15

.  In this report we describe the effects of 

depression and SSRI on atherosclerosis extent in several anatomical sites in the carotid artery. 
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Methods 

Details about the animals; diets and methods used to evaluate circulating sertraline and 

desmethylsertraline concentrations
16

, cardiac function
17

 cardiovascular risk factors
15, 18

, and coronary 

artery atherosclerosis
15

 have been published previously.  Briefly, forty-two reproductively-aged female 

cynomolgus monkeys consumed an atherogenic diet during an 18-month pretreatment phase, during 

which behavior was recorded.  Stratified randomization was used to assign the monkeys by social group 

(n=4-5) to either placebo (n=21) or sertraline HCl (Zoloft®; n=21) treatment balanced on pretreatment 

rate of depressive behavior, body weight, and iliac artery atherosclerosis extent (Figure 1)
15

.  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. 

 

Figure 1. Forty-two adult female monkeys consumed an atherogenic diet for an 18-month 

pretreatment phase, during which depressive behavior and physiological risk factors were 

assessed.  At the end of the pretreatment phase, the iliac artery was biopsied and atherosclerosis 

extent measured.  Monkey social groups were assigned to the placebo or sertraline treatment 

groups balanced on mean pretreatment rates of depression, iliac artery atherosclerosis extent, and 

body weight.  The monkeys continued to consume the atherogenic diet during the 18-month 

treatment phase, during which behavioral and physiological risk factors were assessed.  The 

animals were then necropsied and carotid artery atherosclerosis was measured. 
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Behavior Observations 

Depressive behavior was assessed as previously described
15, 17, 19

.  Monkeys with pretreatment depressive 

behavior rates below the mean depression rate were classified as nondepressed (n=23), and those above 

the mean as depressed (n=19).  Other behaviors recorded included aggressive and submissive behaviors 

and proximity to other animals
20

.   

 

Necropsy and Measurement of Carotid Artery Atherosclerosis 

At necropsy, animals were anesthetized deeply with pentobarbital (60 mg/kg), the circulatory system was 

flushed with lactated Ringer’s solution, and the left and right common carotid arteries (L/RCC), left and 

right carotid bifurcations (L/ RCB), and left and right internal carotid arteries (L/RIC) were dissected free 

and removed.  Following dissection, the common carotid arteries were opened longitudinally and a 3-mm-

long segment proximal to the bifurcation was collected from each artery.  One segment was collected 

from the LCB, RCB, and both internal carotid arteries.  Due to the delicate nature of dissecting the distal 

carotid arteries, 3 RCBs, 2 LICs, and 4 RICs were not collected. 

 

All arteries were immersion-fixed in 10% neutral-buffered formalin, individually embedded in paraffin 

blocks, and 5-μm sections were cut and stained with Verhoeff-van Gieson’s stain.  Images of stained 

sections were captured using a Hammamatsu NanoZoomer digital slide scanner.  Intimal area (IA; mm2) 

was measured as described previously
21, 22 

using Image-Pro Plus version 9.1 imaging software (Media 

Cybernetics Inc, Bethesda, MD).  Measurements were performed by MGSM (blinded to treatment) under 

the supervision of TBC (who had more than 50 years of experience).  A random subset of 10% of the 

arteries was remeasured and the mean intraobserver coefficient of variation was less than 3%. 

 

Physiological Risk Factors 

Anthropometrics, plasma lipid/lipoprotein, ovarian function, heart rate
15

, echocardiographic-derived 

cardiac structure/function
17

, body composition, carbohydrate metabolism, adiponectin, and 24-hour 
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activity
18

 data and methods have been described previously.  In this study, we also explored relationships 

with hemodynamic factors
23

, indices of physical inactivity
24

, and circulating leukocyte counts
25

; which 

have been identified as correlates of atherosclerosis extent in humans.  Left ventricular end internal 

diastolic dimension (LV-IDD) and aortic velocity time integral (AO-VTI) were measured by Doppler 

echocardiography1
7
.  LV-IDD was defined as the maximum internal diameter of the left ventricle during 

diastole and AO-VTI as the integral of all of the velocities across the aorta during one cardiac cycle.  

Indirect blood pressure (BP) was measured at the end of the treatment phase using High Definition 

Oscillometry (Vetline LLC, Saint Kitts and Nevis).   Average systolic and diastolic blood pressures were 

averaged from three measurements, taken 40-seconds apart an average of 12.5 minutes post- ketamine 

sedation.  Physical inactivity was defined by the absense of recorded activity during 60-second epochs 

(daytime sedentary bouts), which were summed over the daytime period (500-1900h) and strongly 

correlated with rate of depressive behavior (r=0.41; p=0.008).  Finally, complete blood counts were 

evaluated during routine clinical exams following 15 months of treatment and were measured at a 

commercial laboratory using a VetAutoread Hematology Analyzer (Idexx Laboratories, Westbrook, 

Maine). 

 

Statistical Analysis 

The main outcome for this study was atherosclerosis extent, or plaque area (IA; mm2).  Square root 

transformations were used to reduce skewness and heterogeneity of variance in the data.   Pretreatment 

ratio of total plasma to high-density lipoprotein cholesterol (TPC/HDLC), a significant predictor of 

carotid artery atherosclerosis
26

, was used as a covariate to adjust for pretreatment variation in 

atherosclerosis extent.  We used 2 (placebo, sertraline) X 2 (nondepressed, depressed) analyses of 

covariance (ANCOVAs) to determine the effects of sertraline and depression on the individual arteries 

(LCC, RCC, LCB, RCB, LIC, and RIC).  Fisher's protected least significant difference test was used for 

post-hoc comparisons.  
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Several behavioral and physiological risk factors were evaluated as predictors of carotid artery 

atherosclerosis.  Sertraline and depression group effects were analyzed by 2 (placebo, sertraline) X 2 

(nondepressed, depressed) analyses of variance (ANOVA).  All variables had some degree of 

heterogeneity thus analyses were originally run on square root 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 error of the means.   

 

The associations between carotid artery atherosclerosis and behavioral and physiological outcomes were 

determined by Pearson correlation coefficients (r); linearity was verified by visual assessment of each 

scatterplot.  Depressive behavior and variables correlated with plaque area in at least one artery (p<0.1) 

were chosen for multiple regression models.  Behavioral and physiological variables were identified with 

backward regression models for each artery.  Subsequently, separate stepwise, multiple-regression models 

were performed to explain the variance (coefficient of determination; R
2
) in atherosclerosis extent for 

each artery.  Multicollinearity for the explanatory variables was verified by variance inflation factor 

(VIF).  To determine whether sertraline or sertraline × depression interaction modified the relationship 

between behavioral and physiological risk factors and carotid artery atherosclerosis, treatment group and 

interaction terms were entered into final regression models.  All ANOVA/ANCOVA analyses were 

performed using STATISTICA 12.0 for Windows (StatSoft Inc, Tulsa, OK).  Linear regression analysis 

was performed with SPSS software (v22; IBM, Somers, NY).  All tests were two sided, and the level of 

significance was set at p=0.05.   

 

Results 

Behavioral and Physiological Risk Factors  

Prior to treatment, sertraline and placebo groups were matched on behavior, body weight (BW), body 

mass index (BMI), plasma lipids and lipoproteins, body composition, insulin resistance, adiponectin, 
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heart rate (HR), and ovarian function
15, 18

.  Sertraline and depression effects on traditional cardiovascular 

risk factors have been reported previously
15, 17, 18

.  Sertraline and depression effects on behavioral and 

physiological phenotypes are summarized in Table I of the online-only Data Supplement.  New 

findings include no differences between the placebo- and sertraline-treated groups in rates of body 

contact, daytime sedentary behavior, BP, or AO-VTI.  Compared to placebo-controls, sertraline-treated 

monkeys had reduced numbers of circulating monocytes.  During the treatment phase, depressed monkeys 

were more likely to engage in body contact with another monkey, displayed more bouts daytime hours, 

and had increased numbers of circulating monocytes than did their nondepressed counterparts.  

 

Sertraline and Depression Effects on Carotid Artery Atherosclerosis 

Figure 2 depicts carotid artery extent expressed as raw means and standard errors of the mean, grouped 

by depressed versus nondepressed (Figure 2A) and sertraline versus placebo (Figure 2B).  Compared to 

nondepressed monkeys, depressed monkeys tended to have greater average plaque areas, particularly in 

the right common carotid artery and bifurcation.  Average plaque areas did not appear to differ across 

carotid artery locations in sertraline compared with placebo-treated monkeys.   

 

Figure 2. Carotid artery atherosclerosis extent expressed as raw means and SEMs in the left and 

right carotid artery bifurcations (LCB, RCB), the left and right common carotid arteries (LCC, 

RCC), and the left and right internal carotid arteries (LIC, RIC) by depressed versus 

nondepressed (A), and sertraline versus placebo (B).  SEMs=standard error of the means. 
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Atherosclerosis extent in the individual arteries is depicted in Figure 3.  No significant main effects of 

depression or sertraline treatment were observed (p’s>0.05).  There was a significant interaction between 

sertraline treatment and depression on atherosclerosis in the RCC (p=0.03; Figure 3A); which was 40-

85% greater in sertraline-treated depressed monkeys compared to all other groups.  Post-hoc comparisons 

suggested depressed monkeys treated with sertraline had significantly more atherosclerosis than 

depressed monkeys treated with placebo (p<0.05).  The depression x sertraline interaction effect was 

suggestive in the RCB (p=0.06; Figure 3B).  There were no sertraline x depression effects in the left or 

internal carotid arteries (Fig 3C, D).   
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Figure 3. The effects of sertraline on atherosclerosis in the individual territories of the carotid 

arteries in depressed and nondepressed monkeys.  A, Atherosclerosis extent in the right common 

carotid artery. There were no main effects of sertraline or depression, but a significant interaction 

effect was observed (p=0.03).  B, Atherosclerosis extent in the right carotid bifurcation. There 

were no main effects of sertraline or depression, but a suggestive interaction effect was observed 

(p=0.06). C, Atherosclerosis extent in the right internal carotid artery.  There were no effects of 

sertraline, depression, or their interaction.  D, Atherosclerosis extent in the left carotid artery 

(LCC, LCB, and LIC).  There were no effects of sertraline, depression, or their interaction. Data 

are presented as means using ANCOVA adjusting for baseline TPC/HDLC.  ANCOVA = 

analysis of covariance; TPC/HDLC=total plasma cholesterol/high-density lipoprotein cholesterol; 

LCC=left common carotid; LCB=left carotid bifurcation; LCC=left common carotid; *as 

compared to sertraline-treated, nondepressed (p<0.05); †as compared to placebo-treated, 

depressed (p<0.05). 

 

Behavioral and Physiological Predictors of Carotid Artery Atherosclerosis 

Pearson correlations of behavioral and physiological phenotypes with carotid artery atherosclerosis are 

presented in Table 1.  Across all subjects, behavior (depressive, aggressive, submissive, and body 

contact), BW, BMI, adiponectin, insulin resistance, 24h activity, HR, ovarian function, and BP were not 
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significantly associated with plaque area in any artery (p>0.05, all).    TPC/HDLC was positively 

associated, and HDLC negatively associated, with plaque area in all arteries except the LIC.  Visceral 

abdominal fat volume (VAF) and numbers of circulating monocytes were positively associated with LCB 

plaque area.   The number of daytime sedentary bouts was associated with plaque area at both 

bifurcations.  Left ventricular end diastolic dimension (LV-IDD) was associated with LIC plaque area and 

AO-VTI associated with LIC, RCC, and RCB plaque areas.  Finally, plaque area in one artery was 

correlated with plaque areas in all other arteries (Table II of the online-only Data Supplement). 

 

Table 1: Behavioral and physiological predictors of carotid artery atherosclerosis extent  

 

Dep 

Beh 

Body 

Cont 

TPC HDLC TPC/ 

HDLC 

VAF TG HR Day 

Sed  

SBP Monos LV-

IDD 

AO-

VTI 

LCC 0.02 0.10 0.55 -0.38 0.54 0.16 0.20 0.19 0.17 0.28 0.24 -0.31 -0.16 

LCB 0.08 0.09 0.27 -0.37 0.34 0.35 0.26 0.26 0.32 0.14 0.31 -0.13 -0.25 

LIC -0.03 -0.03 0.17 -0.16 0.19 0.21 0.24 -0.17 0.10 0.10 -0.02 -0.38 -0.36 

RCC 0.12 0.21 0.55 -0.49 0.61 -0.06 0.18 0.29 0.15 0.17 0.25 -0.07 -0.40 

RCB 0.14 0.24 0.30 -0.44 0.45 -0.07 0.19 0.29 0.39 0.24 0.30 -0.14 -0.39 

RIC -0.04 -0.09 0.25 -0.38 0.40 0.10 0.25 -0.03 0.30 -0.03 -0.01 -0.12 -0.22 

Significant (2-tailed, p<0.05) Pearson correlations (r) are shown in bold.  Borderline (2-tailed, p<0.1) r’s 

are shown in italics. L/RCC=left/right common carotid; L/RCB=left/right carotid bifurcation; 

L/RIC=left/right internal carotid; Dep Beh=depressive behavior; Body Cont=body contact; TPC=total 

plasma cholesterol, HDLC=high-density lipoprotein cholesterol; VAF=visceral abdominal fat; 

TG=triglycerides; 24h HR=average heart rate over 24 hours;  Day Sed =number of 60-sec bouts of 

inactivity from 500-1900; SBP=systolic blood pressure; Monos=monocyte count; LV-IDD=left 

ventricular end diastolic dimension; AO-VTI=aortic doppler velocity tracing.  

 

Multiple regression models were developed to explore phenotype relationships with atherosclerosis extent 

using the following behavioral and physiological variables: rate of depressive behavior, rate of body 

contact, TPC/HDLC, VAF, triglycerides, HR, number of daytime sedentary bouts, systolic BP, monocyte 

counts, LV-IDD, and AO-VTI.  Variables included in the final multivariate analyses were identified with 
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a backward regression model for each artery.  The variance in LCC atherosclerosis extent (R
2
=0.49, 

p<0.001, maximum VIF=1.54) was significantly explained by rate of depressive behavior, TPC/HDLC, 

triglycerides, monocyte count, and AO-VTI.  Variance in LCB atherosclerosis extent was explained by 

TPC/HDLC, VAF, triglycerides, daytime sedentary bouts, monocyte count, and AO-VTI (R
2
=0.59, 

p<0.001, maximum VIF=1.43).  A significant proportion of the variance in LIC atherosclerosis extent 

was explained by TPC/HDLC, VAF, HR, systolic BP, monocyte counts LV-IDD, and AO-VTI.  

TPC/HDLC, triglycerides, monocyte count, (R
2
=0.51, p=0.006, maximum VIF=1.71).  The variance in 

RCC atherosclerosis extent was explained by triglycerides, TPC/HDLC, monocyte count, and LV-IDD 

(R
2
=0.49, p=0.001, maximum VIF=1.40).  Variance in RCB atherosclerosis extent (R

2
=0.57, p=0.002, 

maximum VIF=3.61) was explained by rate of depressive behavior, rate of body contact, TPC/HDLC, 

triglycerides, daytime sedentary bouts, monocyte count, and AO-VTI.  Finally, variables that significantly 

explained variance in RIC atherosclerosis extent included TPC/HDLC, VAF, triglycerides, and HR 

(R
2
=0.42, p=0.005, maximum VIF=1.46). 

 

Subsequently, using the variables identified with the backward regression model, stepwise multiple-

regression models were performed to explain the variance (R
2
) in atherosclerosis extent (Table 2).  

Sertraline treatment and treatment x depression were then sequentially added as covariates (Table III of 

the online-only Data Supplement).  LCC plaque area was significantly explained by TPC/HDLC 

(R
2
=0.26, p=0.001).  The strongest explanatory variables for LCB plaque area were TPC/HDLC, VAF, 

and triglycerides (R
2
=0.47, p<0.001, maximum VIF=1.06).  LV-IDD predicted LIC plaque area 

(R2=0.18, p=0.014).  For the right carotid, TPC/HDLC alone predicted RCC (R
2
=0.33, p<0.001), RCB 

(R
2
=0.21, p=0.007), and RIC (R

2
=0.19, p=0.012) plaque areas.  Adding treatment group as a covariate did 

not alter the relationships between plaque area and predictors for any artery, nor did it affect the overall 

significance of the model.  Similarly covarying for the interaction between sertraline treatment and 

depression did not alter the relationship between significant predictors and plaque area but did it affect 

overall model significance in the LIC and RIC. 
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Table 2: Regression models demonstrating relations between carotid artery atherosclerosis and 

physiological risk factors 

Artery Independent variables β p 

LCC TPC/HDLC 0.26 0.001 

LCB TPC/HDLC 0.32 0.001 

VAF 0.10 0.002 

Triglycerides 0.027 0.043 

LIC LV-IDD -1.12 0.014 

RCC TPC/HDLC 0.27 <0.001 

RCB TPC/HDLC 0.31 0.0037 

RIC TPC/HDLC 0.20 0.012 

L/RCC=left/right common carotid; L/RCB=left/right carotid bifurcation; L/RIC=left/right internal 

carotid; TPC/HDLC=total plasma cholesterol/high-density lipoprotein cholesterol; VAF=visceral 

abdominal fat; LV-IDD=left ventricular end diastolic dimension.  

 

Discussion 

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

atherosclerosis in a placebo-controlled, longitudinal, randomized pre-clinical trial.  Sertraline appeared to 

exacerbate atherosclerosis in the carotid arteries of depressed relative to nondepressed subjects.  This 

finding is consistent with a previous report in this cohort demonstrating that coronary artery 

atherosclerosis extent was approximately five times greater in sertraline-treated depressed monkeys 

compared to all other groups.  Neither sertraline nor the sertraline × depression interaction was found to 

modify the relationship between behavioral and physiological risk factors and carotid artery 

atherosclerosis, suggesting that SSRI effects on carotid artery atherosclerosis and subsequent stroke risk 

are independent of effects on traditional cardiovascular risk factors. 
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The results of this study are compelling because a stratified randomization design was used to assign 

individuals to antidepressant treatment groups while controlling for pretreatment atherosclerosis extent 

and depressive behavior, thus avoiding many 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.  This study design also allowed for separation of treatment effects due to 

treatment from pretreatment differences in the groups, accomplished through balancing the treatment 

groups on pretreatment atherosclerosis extent.   

 

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

neurobiological characteristics of depression with human beings
10

.  Depressed monkeys are generally 

dyslipidemic, have lower BW and BMI, and develop more coronary artery atherosclerosis than their non-

depressed counterparts as replicated in the current study
15

.   Carotid artery atherosclerosis pathogenesis 

has been described in this model
26, 27

; however the carotid artery atherosclerosis phenotype associated 

with depressive symptomology has not previously been described.  Use of this model provides for the 

unique opportunity to characterize comorbid depression and carotid artery atherosclerosis while 

simultaneously conducting a placebo-controlled long-term randomized trial in model well-suited for 

clinical translation. 

 

We found no main effects of depression or sertraline treatment on carotid artery atherosclerosis despite 

having previously reported such effects on coronary artery atherosclerosis in these animals.  These data 

suggest site-specific effects of depression and treatment on atherosclerosis progression.  While a 

relationship is commonly accepted between coronary and carotid artery atherosclerosis, subtle differences 

in disease characteristics, including pharmacotherapy effects, have been observed 
28

.  Within the carotid 

arteries there are also reports of site-specific plaque progression rates
29, 30 

and subsequent clinical events
31

.  

Furthermore, the right and left carotid arteries have different anatomic origins which may affect local 

hemodynamics forces, a known contributor to carotid artery plaque localization and progression.  
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Although left-to-right comparisons of hemodynamic measures have not been studied directly, side-

specific effects of hemodynamic factors on carotid artery atherosclerosis have been documented 

cardiovascular disease-free patients
32

.  

 

Epidemiological studies have suggested that SSRIs may increase ischemic stroke risk in patient 

populations
2-5

; however the mechanism is currently unknown. One possible mechanism is via exacerbated 

carotid artery atherosclerosis.  To date there is only one report of a relationship between SSRIs and 

carotid artery atherosclerosis.   Shah et al. reported at the 2011 American College of Cardiology Scientific 

Sessions that SSRI treatment increased carotid intimal-medial thickening in a study of twins discordant 

for SSRI use.  We found that SSRI treatment alone was not associated with carotid artery atherosclerosis 

extent, but that there was a significant sertraline x depression interaction effect.   

 

Present studies examining the relationship between SSRIs and ischemic stroke have all been 

observational studies.  This adds a level of complexity in interpreting results because SSRI users likely 

differ from nonusers across a range of factors that can affect cardiovascular health, including depression.  

As a result, investigators have made adjustments for severity of depression and/or exclusively selected 

patients with depression.  Similar to our findings, when Trifiro et al.
3
 restricted analysis to depressed 

patients only he found a 99% increase in ischemic stroke risk among SSRI-users, but those taking SSRIs 

for any other indication were not at an increased risk.   

 

The results of our trial suggest that sertraline may increase carotid artery atherosclerosis in depressed 

subjects; however the mechanism remains to be determined.   Sertraline did not significantly alter lipids
15

 

and had beneficial effects on body composition and carbohydrate metabolism
18

.  Because none of the 

traditional cardiovascular risk factors examined were worsened by sertraline, we sought to identify unique 

predictors of carotid artery atherosclerosis and then examine whether these relationships were mediated 

by SSRI treatment.  Novel bivariate relationships were observed.  Daytime sedentary behavior was 
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associated with atherosclerosis extent at both bifurcations and circulating monocytes uniquely predicted 

plaque area in the LCB.  Physical inactivity
24

 and elevated monocyte count
25

 have been identified as 

correlates of atherosclerosis extent in humans, but this is the first study to directly correlate these 

measures with carotid artery atherosclerosis in a nonhuman primate model.  As in previous studies
26, 27

, 

multivariate analyses demonstrated that circulating cholesterol was the most significant predictor of 

atherosclerosis at the majority of arterial sites.  As the exception, LIC atherosclerosis extent was most 

strongly associated with LV-IDD.  Interesting, the only significant bivariate predictors of LIC 

atherosclerosis were the echocardiographic measures, LV-IDD and AO-VTI.  Although absolute flow 

may have been underestimated in cases where the Doppler beam was not perfectly parallel to blood flow, 

these findings indicate a potential relationship between cardiac hemodynamics and downstream effects in 

the carotid arteries.   Covarying multivariate analyses for sertraline and sertraline x depression did not 

change the relationship between atherosclerosis extent and predictive risk factors.  Taken together these 

data indicate that sertraline and depression effects on atherosclerosis extent are not mediated via effects 

on established behavioral and physiological risk factors.   

 

This study focused on atherosclerosis development during the late premenopausal years in which there is 

a high rate depression and SSRI use by women.   The results of this nonhuman primate study suggest that 

long-term SSRI treatment may promote carotid artery atherosclerosis, which may increase ischemic 

stroke risk, particularly in depressed women.   These results are compelling because they match the 

finding of additive sertraline and depression effects in the coronary arteries.  However, unlike in the 

coronary arteries, main effects of SSRI treatment and depression were not observed, indicating site 

specific effects on atherosclerosis progression.  The underlying mechanism remains to be elucidated, but 

does not appear to be related to SSRI effects on traditional behavioral and physiological risk factors.  

While replication and the elucidation of mechanisms of action are needed to understand risk levels in 

defined patient populations, these data suggest that long-term SSRI therapy should be prescribed 

judiciously and that further study is critical given the broad use of these medications. 
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Online Supplement 

Methods 

Behavior 

Depressive 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
1
.  Depressive behavior was 

defined as: 1) a slumped or collapsed body posture;   accompanied by 2) a lack of responsiveness to 

environmental stimuli to which other monkeys are attending; and 3) open eyes to distinguish this behavior 
from resting or sleeping 

2
.  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
3
.  During focal sampling other behaviors recorded 

included aggressive behaviors (the summed frequency of open mouth threat, stare threat, yawn threat, 

chase, bite, slap/grab, displace, and cage shake display), submissive behaviors (the summed frequency of 

fear grimace, lip smack, move away, crouch, flee, present hindquarters, scream, and scream threat), and 

percent of time spent in body contact (body contact, close, or alone) 
4
.   

Physiological Risk Factors 

Anthropometrics, plasma lipid/lipoprotein, ovarian function, heart rate
3
, echocardiographic-defined 

cardiac structure/function
6
, body composition, carbohydrate metabolism, adiponectin, activity

5
, and 

methods have been described previously.  Briefly, body weight (BW), body mass index (BMI), body 
composition via computed tomography, indices of carbohydrate metabolism, and adiponectin were 

measured at the end of the treatment phase5.  Transthoracic echocardiography was performed 14 months 

after the onset of the treatment phase, following ketamine (15mg/kg) sedation
6
.  Fasing total plasma 

cholesterol (TPC), high-density lipoprotein cholesterol (HDLC), triglycerides concentrations were 
measured after 3, 10, and 17 months of treatment, the ratio of TPC/HDLC was determined at each 

timepoint, and averaged across the treatment phase.  Treatment phase ovarian function was determined 

over the course of 1-year by vaginal swabbing to detect menses and progesterone concentrations 
measured from thrice-weekly femoral venipuncture

3
.  Heart rate (HR) and activity were measured over 

24-hours at the end of the treatment phase using portable telemetry and actigraphy units
3, 5

.    

In this study, we also explored relationships with hemodynamic factors
7
, indices of physical inactivity

8
, 

and circulating leukocyte counts
9
; which have been identified as correlates of atherosclerosis extent in 

humans.  Aortic velocity time integral (AO-VTI) was measured by Doppler echocardiography
6
.  Indirect 

blood pressure (BP) was measured at the end of the treatment phase using High Definition Oscillometry 
(Vetline LLC, Saint Kitts and Nevis).   Average systolic and diastolic blood pressures were averaged from 

three measurements, taken 40-seconds apart an average of 12.5 minutes post- ketamine sedation.  

Physical inactivity was defined by the absense of recorded activity during 60-second epochs (daytime 
sedentary bouts), which were summed over the daytime period (500-1900h) and strongly correlated with 

rate of depressive behavior (r=0.41; p=0.008).  Finally, complete blood counts were evaluated during 

routine clinical exams following 15 months of treatment and were measured at a commercial laboratory 
using a VetAutoread Hematology Analyzer (Idexx Laboratories, Westbrook, Maine). 
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Results 

Table I: Behavioral and physiological phenotypes by depression status and treatment Group  

 Placebo  Sertraline 

 

Effects 

Variables 
Nondep 

n=12 

Dep 

n=9 

 Nondep 

n=11 

Dep 

n=10  

Depression, 

p 

Sertraline, 

p 

Depressive Behavior, 
freq/hr

*
 

0.55 
(0.91) 

4.60 
(1.0) 

 

0.08 
(0.95) 

5.85 
(1.0) 

 
<0.001 0.70 

Aggression Received, 

freq/hr 

4.29 

(1.6) 

8.63 

(1.8) 
 

3.84 

(1.7) 

4.85 

(1.7) 
 0.13 0.23 

Submissions Sent, 

freq/hr 

6.58 

(2.5) 

16.7 

(2.9) 
 

5.16 

(2.63) 

6.48 

(2.8) 
 0.04 0.04 

Body contact, freq/hr 
5.95 

(2.9) 

13.0 

(3.4) 
 

5.46  

(3.0) 

22.1 

(3.2) 
 

<0.001 0.18 

BMI, kg/m
2
*

†
 

53.7 
(2.3) 

39.9 
(2.7) 

 

45.2 
(2.4) 

39.6 
(2.5) 

 
<0.001 0.09 

TPC, mg/dl
*
 

30 
(19) 

322 
(23) 

 

321 
(20) 

324 
(21) 

 
0.65 0.65 

HDLC, mg/dl
*
 

58.3 

(5.0) 

45.5 

(5.7)  

66.5 

(5.2) 

51.6 

(5.4)  
0.01 0.19 

TPC/HDLC
*
 

5.93 

(0.73) 

7.39 

(0.85) 
 

5.77 

(0.77) 

6.75 

(0.80) 

 
0.13 0.62 

Visceral Abdominal 

Fat, cm
3†

 

20.2 

(2.7) 

9.22 

(3.1) 
 

11.1 

(2.8) 

4.2 

(2.9) 
 

0.003 0.02 

Adiponectin, ng/ml
†
 

57.8 

(10) 

75.7 

(12) 
 

61.1 

(11) 

69.3 

(11) 
 

0.25 0.89 

Triglycerides, ng/ml
†
 

54.3 
(46) 

116 
(53) 

 

155 
(48) 

55.4 
(50) 

 
0.70 0.69 

HOMA-IR
†
 

9.91 

(3.0) 

11.4 

(3.4)  

2.95  

(3.1) 

2.81 

(3.2)  
0.83 0.02 

24h Activity  

counts x 10
4†

 

19.7 

(4.5) 

21.1 

(5.2) 
 

25.1 

(4.7) 

16.6 

(4.9) 
 

0.47 0.93 

# Daytime Sedentary 

Bouts 

25.7 

(2.3) 

31.7 

(2.7) 
 

24.2 

(2.4) 

30.4 

(2.5) 
 

0.02 0.58 

Mean peak luteal 
12.1 9.5 

 
11.3 11.6 

 0.30 0.53 
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progestone,  ng/ml
*
 (1.0) (1.1) (1.0) (1.1) 

Cycle length, d
*
 28.4 

(0.80) 

31.8 

(0.93) 
 

29.6 

(0.84) 

30.2 

(0.88) 

 
0.03 0.73 

Mean 24h heart rate, 

beats/min
*
 

150 

(5.6) 

154 

(6.5) 
 

143 

(5.9) 

156 

(6.2) 

 
0.17 0.68 

Monocytes,  cells/μL 696 
(71) 

763 
(82) 

 

356 
(74) 

685 
(78) 

 
0.01 0.01 

Systolic blood 
pressure, mmHg 

121 
(5.8) 

110 
(6.7) 

 

110 
(6.3) 

121 
(6.7) 

 
0.97 0.99 

Diastolic blood 
pressure, mmHg 

64.2 
(2.5) 

60.7 
(2.8) 

 

60.2 
(2.7) 

63.6 
(2.8) 

 
0.98 0.83 

LV-IDD, cm
‡
 1.58 

(0.07) 
1.31 

(0.08) 
 

1.76 
(0.07) 

1.60 
(0.08) 

 
0.007 0.005 

AO-VTI, cm 9.73 

(0.61) 

9.26 

(0.68)  

11.0 

(0.58) 

9.14 

(0.68) 

 
0.08 0.38 

*
Previously published in (Shively et al., 2015) 

†
Previously published in (Silverstein-Metzler et al., 2015) 

‡
 Previously published in (Groban et al., 2014).   

Nondep=monkeys exhibiting little or no depressive behavior; Dep=monkeys exhibiting depressive 

behavior; freq=frequency; BMI=body mass index; TPC=total plasma cholesterol; HDLC=high-density 

lipoprotein cholesterol; HOMA-IR=homeostatic model assessment for insulin resistance; LV-IDD=left 
ventricular end diastolic dimension; AO-VTI=aortic doppler velocity tracing.  
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Table II: Associations of atherosclerotic plaque size (mm2) across carotid artery anatomical locations  

 

LCC LCB LIC RCC RCB RIC 

LCC - 0.55 0.49 0.78 0.55 0.49 

LCB 0.55 - 0.42 0.57 0.75 0.44 

LIC 0.48 0.42 - 0.33 0.35 0.70 

RCC 0.78 0.57 0.33 - 0.76 0.47 

RCB 0.55 0.75 0.35 0.76 - 0.38 

RIC 0.49 0.45 0.70 0.47 0.38 - 

All Pearson correlations (r) were significant (unadjusted p<0.05).  L/RCC=left/right common carotid; 
L/RCB=left/right carotid bifurcation; L/RIC=left/right internal carotid 
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Table III: Regression models demonstrating relations between carotid artery atherosclerosis, behavioral 

and physiological risk factors, and sertraline treatment 

 Independent variables β p β p 

L
C

C
 TPC/HDLC 0.25 0.002 0.26 0.02 

Sertraline -0.052 0.50 -0.29 0.76 

Sertraline x Dep - - -0.02 0.64 

 

 R
2

=0.27, p=0.005 R
2

=0.27, p=0.014 

L
C

B
 

TPC/HDLC 0.34 0.001 0.32 0.001 

VAF 0.11 0.002 0.12 0.001 

Triglycerides 0.025 0.060 0.30 0.028 

Sertraline 0.083 0.39 0.00 1.00 

Sertraline x Dep - - 0.077 0.13 

 

 R
2

=0.48, p<0.001 R
2

=0.52, p<0.001 

L
IC

 

LV-IDD -1.20 0.019 -1.22 0.02 

Sertraline 0.039 0.71 0.063 0.62 

Sertraline x Dep - - -0.019 0.72 

 

 R
2

=0.19, p=0.047 R
2

=0.19, p=0.104 

R
C

C
 TPC/HDLC 0.29 <0.001 0.28 <0.001 

Sertraline 0.09 0.24 0.038 0.654 

Sertraline x Dep - - 0.042 0.278 

 

 R
2

=0.36, p=0.001 R
2

=0.39, p=0.002 

R
C

B
 TPC/HDLC 0.31 0.008 0.29 0.013 

Sertraline 0.026 0.82 -0.052 0.70 

Sertraline x Dep - - 0.069 0.266 

 

 R
2

=0.21, p=0.027 R
2

=0.24, p=0.038 

R
IC

 

TPC/HDLC 0.20 0.014 0.021 0.012 

Sertraline -0.28 0.73 0.022 0.817 

Sertraline x Dep - - -0.041 0.357 

  R
2

=0.17, p=0.043 R
2

=0.19, p=0.069 

L/RCC=left/right common carotid; L/RCB=left/right carotid bifurcation; L/RIC=left/right internal 
carotid; TPC/HDLC=total plasma cholesterol/high-density lipoprotein cholesterol; VAF=visceral 

abdominal fat; LV-IDD=left ventricular end diastolic dimension. 
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CHAPTER FOUR – Summary and Discussion 

Summary of Findings 

The overall objective of this dissertation research was to better understand the effects of SSRI 

antidepressant drug effects on cerebrovascular disease by examining the long-term effects of a commonly 

prescribed SSRI, sertraline, on carotid artery atherosclerosis in depressed and nondepressed monkeys.  

The main findings include: 

1. Sertraline treatment prevented increases in body weight, fat, insulin, and HOMA-IR, without 

significantly altering activity levels (Chapter Two).    

2. Depressed monkeys, compared to their nondepressed counterparts, had lower lean mass, fat mass, 

percent fat mass, leptin, and insulin and had higher adiponectin levels (Chapter Two). 

3. Sertraline treatment altered adiponectin in an unusual way – reducing circulating adiponectin in 

depressed monkeys independent of changes in fat mass or body weight (Chapter Two).   

4. Site-specific effects of sertraline treatment and depression on atherosclerosis progression were 

observed. (Chapter Three).   

a. Unlike in the coronary arteries (Shively et al. 2015), main effects of sertraline treatment 

and depression were not observed at any carotid arterial location (right and left common 

carotid arteries, internal carotid arteries, and carotid artery bifurcations). 

b. The interaction between sertraline treatment and depression significantly affected 

atherosclerosis extent in the right common carotid artery such that atherosclerosis extent 

was 40-85% greater in sertraline-treated depressed monkeys compared to all other 

groups. 

c. There was a suggestive interaction (sertraline x depression) effect on atherosclerosis 

extent in the right carotid artery bifurcation.  
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5. Physiological and behavioral predictors of carotid artery atherosclerosis were identified and 

differed by arterial location: left and right common, left and right bifurcation, and left and right 

internal carotid arteries (Chapter Three) 

a. In agreement with previous studies (Kaplan et al. 1984b; Shively et al. 1990), circulating 

cholesterol was the most significant predictor of atherosclerosis in all but the left internal 

carotid artery.   

b. Left internal carotid artery atherosclerosis extent was best predicted by echocardiography 

measures related to diastolic filling (r = -0.38, p < 0.05) and aortic flow velocity (r =  -

0.36, p < 0.05).   

c. Daytime sedentary behavior was identified as a predictor of atherosclerosis extent at the 

bifurcation of both left and right carotid arteries. 

d. Circulating monocyte count uniquely predicted plaque area in the left carotid bifurcation. 

6. Linear regression analyses revealed that sertraline and depression effects on atherosclerosis were 

not mediated by effects on behavioral and physiological risk factors (Chapter Three).   

Study Limitations 

There are a number of limitations to this dissertation research that warrant mention.  First, the 

experimental sample size was relatively small and was designed with coronary artery atherosclerosis as 

the primary outcome.  The subjects were matched on pretreatment illiac artery atherosclerosis to account 

for variation in the atherogenic response to western diet.  Additionally adjustments were made for 

pretreatment circulating lipids, known to be associated with carotid artery atherosclerosis extent.  This 

approach likely helped to reduce variation and contributed to the ability to find an additive effect of 

depression and sertraline treatment.  However unlike in the coronary arteries, depression alone only 

trended towards increasing carotid atherosclerosis extent in the right common carotid artery and 

bifurcation; perhaps with a larger sample size a significant depression effect would have become 

significant.   
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Furthermore, while this was a longitudinal study, the coronary and carotid artery atherosclerosis data was 

cross-sectional in design.  Measuring atherosclerosis at a single time-point reflects life-long exposure to 

cardiovascular risk factors.  We know in human beings that carotid artery atherosclerosis starts early in 

life (Järvisalo et al. 2002; Meyer et al. 2006; Sorof et al. 2003) and in macaques that it can be pre-existing 

prior to dietary induction (Kaplan et al. 1984b).   Therefore the ability to measure atherosclerosis 

progression would have provided directed information regarding the effects of short-term changes, such 

as those reflecting sertraline-treatment, and may have increased our power to detect a difference between 

treatment groups.  Assignment of monkeys to treatment stratified for Pretreatment iliac artery 

atherosclerosis and body weight and using Pretreatment circulating lipids as a correlate helped to correct 

for previous cardiovascular risk factor exposure.  However, ultrasonographic determination of carotid 

artery atherosclerosis extent would have been useful for assessing Pretreatment atherosclerosis and 

longitudinally following progression across the Treatment phase. 

Secondary analysis of the atherosclerosis risk factors, body composition and carbohydrate metabolism, 

revealed independent sertraline and depression effects on body weight, fat, and insulin.  The mechanisms 

by which sertraline might influence body composition and carbohydrate metabolism cannot be 

determined by this study.  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 present study and represents a key limitation to this study.  Altered gastrointestinal motility might 

have also affect nutrient absorption and is known to be regulated by serotonin interactions with receptors 

and transporters (Gershon 2004).  Additionally gastrointestinal motility is highly integrated with intestinal 

microbiota (Kashyap et al.), which in turn is highly interconnected to the gut-brain serotonin network 
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(Yano et al. 2015) and is known to affect host metabolism (Tremaroli and Bäckhed 2012).  Gut motility 

and microbiome were not assessed in this study.  Finally more detailed information regarding glucose 

utilization, such as glucose and insulin tolerance testing, was not included in this study and would have 

been useful to better understand and confirm the effects of sertraline on carbohydrate metabolism.   

Despite having beneficial effects on body composition and carbohydrate metabolism, sertraline appears to 

exacerbate both coronary and carotid artery atherosclerosis, particularly in depressed subjects.  Linear 

regression analysis revealed that sertraline and depression effects on atherosclerosis were not mediated by 

effects on behavioral and physiological risk factors.  These findings suggest that SSRIs promote carotid 

artery atherosclerosis independent of traditionally measured cardiovascular risk factors.  Interestingly, 

atherosclerosis extent in several carotid arteries was associated with echocardiography measures and in 

the LIC atherosclerosis extent was best predicted by echocardiographic measures related to diastolic 

filling and aortic flow velocity.  Hemodynamic factors are known to significantly influence 

atherosclerosis progression in the carotid arteries (Hall and Bassiouny 2012) and, in humans, systolic 

hypertension is one of the best predictors of carotid artery atherosclerosis (Solberg and Strong 1983; 

Crouse et al. 1987).  This study is limited in that only anesthetized blood pressures were obtained.  

Indirect, awake blood pressures are not feasible in nonhuman primates.  In the future, direct blood 

pressure measurements via an implanted telemetry system would be useful for assessing blood pressure 

effects on carotid artery atherosclerosis.  Furthermore a better understanding of the localization and 

quantification of serotonin receptors and transporters in the cynomolgus macaque carotid arteries would 

be useful to address a role for SSRI-induced serotoninergic modulation of arterial tone in promoting 

atherosclerosis.  This study does not identify a mechanism of action for SSRI exacerbation of 

atherosclerosis, which is needed to better understand patient risk. 

Another limitation of this study is the inability to measure the actual clinical event of interest – ischemic 

stroke.  While stroke has been documented in macaques (Prusty et al. 1988), stroke has an annual 

prevalence of 2.6% (Mozaffarian et al. 2015) making it an unpredictable and impractical study outcome.  
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As a result we studied the antecedent cause of ischemic stroke, carotid artery atherosclerosis.  Still, this 

study could have been improved by also assessing plaque composition (Hall and Bassiouny 2012) which 

can occur independently of plaque size and contribute to plaque vulnerability leading to a clinical event 

(Figure 1).   It would have also been useful to measure cerebrovascular atherosclerosis, however the 

intracranial vasculature was not preserved in such a manner that would allow for the processing needed to 

obtain atherosclerosis measures.  Additionally there are other clinical consequences of carotid artery 

atherosclerosis and the effects of SSRI treatment on these outcomes could have been assessed.  Arterial 

spin labeling and T2-weighted magnetic resonance imaging have utility in evaluating changes in cerebral 

blood flow and perfusion. 
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Finally, this study focused on atherosclerosis development during the late premenopausal years during 

which there is a high rate of SSRI use by women.  Generalizability of the findings across age, sex, 

ethnicity, and indication for use remains to be assessed.  While the highest rate of antidepressant use in 

middle-aged to older women, use in children and adolescents is also growing.  This increase has been 

predominantly observed in girls aged 15-19 years (Cox et al. 2008) and appears to have been driven 

primarily by greater use of SSRIs (Delate et al. 2004), although only fluoxetine has been approved for 

pediatric depression (CMS Medicaid Integrity Program August 2013).  This is concerning considering the 

potential effects of long-term use beginning early in life have not been assessed.  Our study would 

Figure 1.  Plaque composition and 

vulnerability.  Plaque can complications 

occur independently of intimal area 

resulting in different levels of 

vulnerability in comparatively sized 

lesions.  A, Large, concentric plaque 

(intimal area = 1.40 mm
2
) composed of 

primary macrophage foam cell cells 

with focal areas of fibrous cap 

deposition (thick arrowhead).  B, Large 

plaque (intimal area = 1.75 mm
2
) 

considerable vulnerable to luminal 

surface disruption and thrombosis as 

evidenced by definitive shoulder-

regions (thin arrowheads), focal lipid 

accumulation with necrosis located near 

the luminal surface (*), and remnants of 

calcium crystals indicative of a necrotic 

core also located near the luminal 

surface (arrows). C. Large plaque 

(intimal area 1.90 mm
2
) considered 

vulnerable to disruption due to the 

abundance of macrophage foam cells 

present at the luminal surface.  This 

plaque additionally shows evidence of 

medial infiltration (circled) resulting 

compromised structural integrity and 

loss of elasticity. 
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indicate that SSRIs may benefit body composition and carbohydrate metabolism in mature subjects.  We 

cannot answer from this study if the same would occur during developmental life stages.  We also cannot 

definitely determine the effects of SSRIs in patients taking them for non-depressive, psychiatric 

indications (generalized anxiety disorder, obsessive compulsive disorder, eating disorders, premenstrual 

dysphoric disorder, etc.) or non-psychiatric indications (hot flushes, neuropathies, migraine headaches, 

irritable bowel syndrome, etc.) (Stone et al. 2003).  We demonstrated SSRI exacerbation of carotid artery 

atherosclerosis in depressed subjects only, suggesting that those taking SSRIs for other indications may 

be spared; however studies in defined populations are necessary to delineate indication-specific risks. 

Study Strengths  

The results of this dissertation research are compelling due to the use of a well-defined population and 

drug dosing protocol.  We used a stratified randomization design to assign individuals to antidepressant 

treatment groups while controlling for pretreatment atherosclerosis extent and depressive behavior, thus 

preventing confounders in clinical trials.  This is an important strength since sertraline and other SSRIs 

are prescribed for a variety of non-depressive disorders which could bias the outcomes of clinical trials.  

Unlike observational studies, we examined the effects of a single SSRI drug.  There is evidence that 

individual SSRI drug effects on cardiometabolic outcomes may vary widely (Beyazyuz et al. 2013; Fava 

et al. 2000; Michelson et al. 1999; Raeder et al. 2006) and we were able to avoid the masking of any 

effects that may occur when combining drugs into a single category.  We chose to study the SSRI 

sertraline in part because it is not associated with long-term weight gain in monkeys (Higley et al. 1998) – 

a critical consideration since the monkeys were dosed according to body weight.  The fact that this was a 

long-term study is another critical strength since the long-term effects of SSRI treatment on a variety of 

health outcomes are unknown despite chronicity of use by patients. 

Another strength of this preclinical trial was the separation of treatment effects due to treatment from 

pretreatment differences in the groups.  This was accomplished through the estimation of individual 
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differences in atherosclerosis before treatment, balancing the treatment groups on pretreatment 

atherosclerosis extent, and covarying pretreatment circulating lipid.  Other study design strengths include 

the use of subjects naïve to antidepressant treatment prior to onset of the study and the control of a 

number of other factors that might affect atherosclerosis progression and metabolism.  These include: sex, 

diet, light/day cycles, housing, and treatment compliance.  Finally, we demonstrated that the drug was 

successfully delivered via oral dosing and produced effects similar to those observed in patients.  Plasma 

concentrations (Reis et al. 2004) and CSF monoamine metabolite changes (Sheline et al. 1997) were 

similar to those observed in human patients (Shively et al. 2014).  Sertraline treatment had no effect on 

depressive behavior (Shively et al. 2015) which was not unexpected given that 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).  

One of the most notable strengths of this study was the use of female nonhuman primates, which are a 

well characterized model that resembles human depression.  This model reflects spontaneously occurring 

depressive behavior, unlike the experimental manipulation of stressors necessary to induce depression in 

rodent models.  Depressive behavior was objectively documented over a long period of time, thus 

avoiding the confounding effects of self-reporting and subjective criteria for diagnosis that is a part of 

patient practice.  Furthermore, studies from our laboratory over the past few decades have resulted in a 

number of publications demonstrating that behaviorally depressed female monkeys exhibit behavioral, 

physiological and neurobiological perturbations similar to depressed patients (Shively et al. 2006; Shively 

et al. 1997; Shively et al. 2009a; Shively et al. 2008; Shively et al. 2005; Shively and Willard 2012; 

Willard and Shively 2012).  With regards to the outcomes measured in this study, depressed monkeys are 

generally dyslipidemic, have lower body weights and BMI, and develop more coronary artery 

atherosclerosis than their non-depressed counterparts (Shively et al. 2009a; Shively et al. 2008; Shively et 

al. 2005).  These findings were all replicated in the current study (Shively et al. 2015). 
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In this study we comprehensively evaluated phenotypes related to behavior and physiology.  Here we 

report for the first time that, compared to their nondepressed counterparts, depressed monkeys also have 

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

addition to body composition and carbohydrate metabolism outcomes, we examined anthropometrics, 

plasma lipid/lipoprotein, ovarian function, heart rate, echocardiographic-derived cardiac 

structure/function, indirect blood pressure, activity/sedentary behavior, aggressive and submissive 

behaviors, and proximity to other animals.  Previously plasma lipid concentrations, regional adiposity, 

and social status were found to associate with carotid artery atherosclerosis extent (Shively et al. 1990; 

Kaplan et al. 1984b; Clarkson et al. 2014).  The current study represents the most comprehensive 

assessment of behavioral and physiological predictors of carotid atherosclerosis in the cynomolgus 

macaque to date. 

An additional strength was that the relationship between risk factors and atherosclerosis extent was 

performed for each individual carotid artery location.  This is important because site-specific location 

differences in carotid artery measures of atherosclerosis may relate to differential plaque progression rates 

(Mackinnon et al. 2004; Selwaness et al. 2014) and subsequent clinical events (Romero et al. 2009).  

Furthermore, the right and left carotid arteries have different anatomic origins, which may also influence 

atherosclerosis progression (Luo et al. 2011).  We were able to identify common and unique predictors of 

atherosclerosis at each site which suggests vulnerability to certain risk factors may be site-specific; an 

important concept to keep in mind considering the genetic and embryological diversity of the body’s 

arteries (Majesky 2007; Chi et al. 2003). 

Implications of the Current Research 

The results presented in Chapter Two suggest that sertraline may have beneficial effects on body 

composition and carbohydrate metabolism.  The results of this reverse-translational study are similar to 

those observed in the few published clinical trials.  Sertraline associated reductions in fasting insulin 
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concentration independent of systemic glucose have been reported in depressed human patients after 12 

weeks of 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. 

Chapter Two also suggests that while sertraline may have beneficial effects on adiposity, it may produce 

deleterious effects on the cardiovascular risk factor adiponectin, which was markedly reduced in 

sertraline-treated depressed monkeys (sertraline x depression interaction effect, p < 0.05).  Adiponectin is 

a potentially insulin–sensitizing and atheroprotective protein.  Adiponectin was the only variable for 

which a significant phase x treatment x 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 (Shively et al. 2015) and carotid artery atherosclerosis (Chapter Three).  

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, neither carotid nor coronary artery atherosclerosis extent was significantly 

correlated with adiponectin, nor were they associated specifically in the sertraline-treated depressed 

monkeys.   However, adiponectin exists in three oligomeric forms, each possessing distinct biological 

activities, which was not differentiated in this study (Hui et al. 2012).   The potential mechanisms 

underlying reduction in adiponectin by sertraline are not known, but may be important for understanding 

why depressed subjects might be at an increased risk for atherosclerosis exacerbated by SSRI treatment. 

This is the first study examining carotid artery atherosclerosis in a nonhuman primate model of 

depression.  Previously it has been determined that compared to their nondepressed counterparts, 

depressed females are dyslipidemic and have exacerbated coronary atherosclerosis (Shively et al. 2009a; 
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Shively et al. 2008; Shively et al. 2005), which was replicated in this cohort (Shively et al. 2015).  Main 

effects of depression or sertraline treatment on carotid artery atherosclerosis were not observed, indicating 

site-specific effects on atherosclerosis progression.  We found that the interaction between sertraline 

treatment and depression significantly affected atherosclerosis extent in the right common carotid artery 

and bifurcation such that atherosclerosis extent was 20-85% greater in sertraline-treated depressed 

monkeys compared to all other groups (Chapter Three).  These results are compelling because they match 

the finding of additive sertraline and depression effects in the coronary arteries.   

It is currently unknown by what mechanisms SSRIs may influence stroke risk, but one possible 

mechanism is via exacerbated carotid artery atherosclerosis.  To date there is only one report of a 

relationship between SSRIs and carotid artery atherosclerosis.  Shah et al. reported at the 2011 American 

College of Cardiology Scientific Sessions that SSRI treatment increased carotid intimal-medial thickening 

in a study of twins discordant for SSRI use.  SSRIs have also been implicated in increasing ischemic 

stroke risk in patient populations (Bak et al. 2002; Chen et al. 2008; Hung et al. 2013; Shin et al. 2014; 

Trifiro et al. 2010; Wu et al. 2014).  Present studies examining the relationship between SSRIs and 

ischemic stroke have all been observational studies.  This adds a level of complexity in interpreting 

results because SSRI users likely differ from nonusers across a range of factors that can affect 

cardiovascular health, including depression.  As a result, investigators have made adjustments for severity 

of depression and/or exclusively selected patients with depression.  Similar to our findings, when Trifiro 

et al. (Trifiro et al. 2010)  restricted analysis to depressed patients only he found a 99% increase in 

ischemic stroke risk among SSRI-users, but those taking SSRIs for any other indication were not at an 

increased risk.   

While these findings suggest that sertraline may increase carotid artery atherosclerosis, particularly in 

depressed subjects, the mechanism remains to be elucidated.  Sertraline did not significantly alter lipids 

(Shively et al. 2015) and had beneficial effects on body composition and carbohydrate metabolism 

(Chapter Two).  Because none of the traditional cardiovascular risk factors examined were worsened by 
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sertraline, we sought to identify unique predictors of carotid artery atherosclerosis and then examine 

whether these relationships were mediated by SSRI treatment.  In agreement with previous studies 

(Kaplan et al. 1984b; Shively et al. 1990), circulating cholesterol was the most significant predictor of 

atherosclerosis in all but the LIC.  Instead LIC atherosclerosis extent was best predicted by 

echocardiographic measures related to diastolic filling and aortic flow velocity, indicating a potential 

relationship between cardiac hemodynamics and downstream effects in the carotid arteries.  Daytime 

sedentary behavior was identified as a predictor of atherosclerosis extent at both bifurcations and 

circulating monocytes uniquely predicted plaque area in the LCB.  Both physical activity (Folsom et al. 

1994) and monocyte counts (Chapman et al. 2004) have been identified as correlates of atherosclerosis 

extent in humans, but this is the first study to directly relate sedentary behavior and circulating monocyte 

counts to carotid artery atherosclerosis in a nonhuman primate model.  Covarying for sertraline and 

sertraline x depression did not change the relationship between atherosclerosis extent and predictive risk 

factors.  Taken together these data indicate that sertraline and depression effects on atherosclerosis extent 

are not mediated via effects on established behavioral and physiological risk factors.   

While replication and the elucidation of mechanisms of action are needed to understand risk levels in 

defined patient populations, these data suggest that long-term SSRI therapy should be prescribed 

judiciously.  This is the first study to address the long-term effects of sertraline treatment in depressed and 

nondepressed subjects.  Longitudinal, long-term studies are needed to both confirm these findings in 

patient populations but also with regards to other SSRI drugs and indications for use.  We know that 

individual SSRI drugs differentially affect metabolic outcomes, but we do not know whether they 

differentially affect cerebrovascular events.  Additionally we do not know if these effects may differ 

amongst other psychiatric and non-psychiatric clinical patient populations.  Finally, further study is 

critical given the widespread use of these medications. 
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Conclusions 

Data from this dissertation research suggest that long-term SSRI treatment may have beneficial effects on 

body composition and carbohydrate metabolism but deleterious effects on carotid artery atherosclerosis.  

The underlying mechanism remains to be elucidated, but does not appear to be related to effects on 

traditional behavioral and physiological risk factors.  Future mechanistic studies and long-term clinical 

trials are necessary to understand risk levels in patient populations.   
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APPENDIX 

REPRESENTATIVE CAROTID ARTERY PHOTOMICROGRAPHS 

 

Figure 1. Representative Right Common Carotid Artery Atherosclerosis Extent.  A. Placebo-treated, 

non-depressed (group mean intimal area, 0.235 ± 0.043 mm
2
; representative lesion intimal area, 0.208 

mm
2
).  B. Placebo-treated, depressed (group mean intimal area, 0.214 ± 0.051 mm

2
, representative 

lesion intimal area, 0.241 mm
2
).  C. Sertraline-treated, non-depressed (group mean intimal area 0.207 

± 0.052 mm
2
, representative lesion intimal area 0.205 mm

2
).  D. Sertraline-treated, depressed (group 

mean intimal area 0.422 ± 0.17 mm
2
, representative lesion intimal area 0.851 mm

2
) 

 

Figure 2. Representative Right Carotid Bifurcation Artery Atherosclerosis Extent.  A. Placebo-

treated, non-depressed (group mean intimal area, 1.34 ± 0.26 mm
2
; representative lesion intimal area, 

1.46 mm
2
).  B. Placebo-treated, depressed (group mean intimal area, 1.39 ± 0.31 mm

2
, representative 

lesion intimal area, 1.17 mm
2
).  C. Sertraline-treated, non-depressed (group mean intimal area 1.02 ± 

0.15 mm
2
, representative lesion intimal area 0.205 mm

2
).  D. Sertraline-treated, depressed (group 

mean intimal area 1.87 ± 0.41 mm
2
, representative lesion intimal area 1.86 mm

2
). 
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Figure 3.  Representation of unaffected and atherosclerosis affected 

arteries from sertraline-treated, depressed monkeys. A. Right internal 
carotid unaffected B. Right internal carotid affected. C. Left common 

carotid unaffected D. Left common carotid affected E. Left carotid 

bifurcation unaffected F. Left carotid bifurcation affected G. Left 

internal carotid unaffected H. Left internal carotid affected.   
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presented at: 2015 Neuroscience Research Retreat; 2015 April 30; Winston-Salem, NC. 

 

Silverstein MG, Register TC, Appt SE, Shively CA. Sertraline Effects on Body Composition and 

Carbohydrate Metabolism.  Poster session presented at: 14th Annual St. Jude National Graduate Student 

Symposium; 2015 April 7-11; Memphis, TN. 

 

Silverstein MG. Do Selective Serotonin Reuptake Inhibitors Affect Cardiovascular Health?  Paper 

presented at: 14th Annual St. Jude National Graduate Student Symposium; 2015 April 7-11; Memphis, 

TN. 

 

Silverstein MG.  Who, What, and Whys: Stroke and SSRIs.  Three Minute Thesis presentation at: 
Fifteenth Annual Wake Forest University Graduate Student & Postdoc Research Day; 2015 March 20; 

Winston-Salem, NC. 

Silverstein MG. The Interface of Clinical Medicine and Laboratory Animal Research. North Carolina 

State University Student Chapter of the American Society of Laboratory Animal Practioners lunch 
presentation; 2015 February 4; Raleigh, NC. 

 

Silverstein MG, Register TC, Appt SE, Shively CA.  Effects of Selective Serotonin Reuptake Inhibitors 
and Social Stress on Body Composition and Carbohydrate Metabolism in Female Cynomolgus Macaques 

(Macaca fascicularis).  Paper presented at: The 37
th
 Meeting of the American Society of Primatologists 

Scientific Program; 2014 September 12-15; Decatur, GA. 
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Silverstein M, Appt S, Register T, Shively C. The Effect of Social Stress on Potential Benefits and Risks 
of Chronic Anti-Depressant Drug Use. Poster session presented at: Fourteenth Annual Wake Forest 

University Graduate Student & Postdoc Research Day; 2014 March 28; Winston-Salem, NC.   

 

Kavanagh K, Silverstein M, Wylie AT, Files DC, Milligan CE, Kritchevsky SB. Heat therapy preserves 
muscular endurance in aged mice. Poster presented at: The 42

nd
 Annual Meeting of the American Aging 

Association; 2013 May 31-June 3; Baltimore MD. 

 
Silverstein M, Wylie AT, Files DC, Milligan CE, Kritchevsky SB, Kavanagh K. Heat Shock Induction 

Preserves Muscular Endurance in Aged Mice. Poster session presented at: Thirteenth Annual Wake Forest 

University Graduate Student & Postdoc Research Day; 2013 March 21; Winston-Salem, NC.   
 

Silverstein M, Inman A, Waltman L, Monteiro N, Baynes R. Flunixin Meglumine: A Comprehensive 

Approach to Determining Withholding Times in Dairy Cattle. Poster session presented at: Tenth Annual 

Merial-NIH National Veterinary Scholars Symposium; 2010 August 5-8; Athens, GA. 
 

Silverstein M, Morton A, Grosche A, Hamilton A, Polyak M, Freeman D. Characterization of 

Cyclooxygenase 1 and 2 in the Equine Stomach. Poster session presented at: 2008 University of Florida 
University Scholars Symposium; 2008; Gainesville, FL.   

 
TEACHING EXPERIENCE 

2013-2015 Winston Salem State University  

Physical Therapy Department 

School of Health Sciences 

Winston-Salem, NC 

 
Instructor, Pharmacology (DPT 6206) under the supervision of Allyn Howlett, PhD 

Tutor, Physiology (DPT 6403) 

 
 
Lectures: Inflammation and anti-inflammatory drugs, glucocorticoids/asthma drugs, and 

anti-microbial drugs. 

 
Other Teaching Components: Exam question and clinical case preparation for each for 

each lecture topic. 

 

 
VETERINARY EXPERIENCE 

2013-Present Wake Forest University 
Pathology Department/ Comparative Medicine 

School of Medicine 

Winston-Salem, NC 

 
NIH T32 Post-Doctoral Fellowship in Comparative Medicine 

 
Practiced Skills: Highly involved with pre-clinical non-human primate research (see 

research experience) 

 

Didactic Training: Laboratory animal medicine and pathology residency training rounds 
and journal clubs, Animal Models of Human Disease course, and Diseases of 

Laboratory Animals course 
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2014-Present Whiskers and Wine Fundraising Yadkinville, NC 

 
Volunteer Veterinarian 

 
Practiced Skills: Owner education, microchip services, and rabies/core vaccine 

administration during low-cost rabies vaccine clinics. 

2014-Present Animal Adoption & Rescue Foundation Winston-Salem, NC 

 
Volunteer Veterinarian 

 
Practiced Skills: Intake and routine physical exams on rescue animals, rabies/vaccine 

administration, diagnostics and treatment for minor clinical conditions, and education. 

2014-Present Mila Equestrian Center Mocksville, NC 

 
Equine Preventative Care/Reproduction Services 

 
Practiced Skills: Fecal egg counts, deworming, EIA coggins testing, vaccinations, 

reproductive ultrasounds, fertility evaluation/treatment, insemination, and foaling 

2011-2012 North Caroline State University 

College of Veterinary Medicine 

Raleigh, NC 

 
Veterinary Senior Student/Extern 

 
Practiced Skills: Zoo medicine (Jacksonville Zoo and Gardens, North Carolina Zoo), 
sea turtle medicine (Topsail Sea Turtle Hospital), aquatic medicine, nonhuman primate 

medicine (Duke Lemur Center), reproductive medicine (White Oak Conservation, 

NCSU Equine Theriogenology and Reproductive Medicine Service), equine medicine, 
small animal medicine, and small animal ultrasound. 

2009 MARVET Mexico Yucatán Peninsula, Mexico 

 
Marine veterinary medicine workshop participant 

 
Practiced Skills: restraint, physical exam skills, venipuncture, and necropsy procedures 

on marine species (dolphins, manatees, alligators, sea turtles, and marine birds) 

 
LICENSURE AND CERTIFICATIONS 
 

2012-Present North Carolina Veterinary Medical Board Certified Veterinarian  
2012-Present USDA National Veterinary Accreditation – Category II  

2011 ICS-100, Introduction to Incident Command System  

2011 ICS-200, ICS for Single Resources and Initial Action Incident  
2011 IS-700, National Incident Management System Emergency Management Institute  

 

 

ACTIVITIES AND MEMBERSHIPS 

 
2014-Present American Society of Primatologists member 

2015 WFU Western North Carolina Society for Neuroscience post-doctoral representative 

2015 WFU Comparative Medicine Inaugural Research Symposium committee chair 
2009-2011 NCSU Wildlife, Aquatic, Avian, & Zoo Medicine Club marine mammal representative 
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2009-2011 NSCU Student Chapter Society for Theriogenology co-president 

2009-2011 NSCU Student Chapter AVMA open house representative  
2008-2011 NCSU Colic/Foal Team captain 

2008-2011 NCSU Turtle Rescue Team co-captain 

2005-2008 University of Florida equestrian team co-captain 

2005 University of Florida crew team coxswain 
1995-2011 United States Equestrian Federation member 

 

COMMUNITY INVOLVEMENT 

 
2014-Present Animal Adoption and Rescue Foundation veterinarian Winston-Salem, NC 
2014-Present Whiskers and Wine Fundraiser rabies clinic veterinarian Yadkinville, NC 

2013-Present YMCA Les Mills Body Flow® and Yoga instructor Clemmons, NC 

2010 North Carolina Zoo Veterinary Camp counselor Asheboro, NC 
2009, 2010 North Carolina State University pet-a-pony event educator Raleigh, NC 

2009 North Carolina Museum of Natural Science Windows to 

the World presenter 

 

 


