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Late life depression is an important public health problem, which associates with 
increased risk of morbidity and mortality. Selective serotonin reuptake inhibitors (SSRIs), 
including fluoxetine, are often prescribed to treat geriatric depression. There is increasing 
evidence that fluoxetine and other SSRIs exert a wide range of cardiovascular side effects. 
Furthermore, there is evidence that aging may increase plasma level of SSRIs. In this 
overview, the potential role of side effects of treatment with fluoxetine and other SSRIs 
in the pathogenesis of age-related cardiovascular diseases, including atherogenesis, 
cardiac pathologies, and cerebromicrovascular impairment, is discussed.
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INTRODUCTION

Major depression occurs in 1% to 3% of older adults and an additional 8% to 16% of elderly 
patients present with clinically significant depressive symptoms (Blazer, 1989; Reynolds et al., 
1993; Cole and Dendukuri, 2003). The prognosis of geriatric depression is poor (Cole and 
Dendukuri, 2003). Geriatric depression associates with poorer functioning, impairs cognition, 
increases risk of death from illness, reduces an elderly person’s ability to rehabilitate, increases 
the perception of poor health and the utilization of medical services, and results in significant 
increase in health care costs (Cole and Dendukuri, 2003). Despite the clinical and societal 
importance of geriatric depression, it is estimated that only 10% to 20% of patients are 
diagnosed and adequately treated. Numerous antidepressant drugs have been tested for the 
treatment of geriatric depression. Among them, selective serotonin reuptake inhibitor (SSRI) 
drugs, including the potent SSRI fluoxetine, are widely prescribed to treat depression in 
geriatric patients.
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In this overview, the potential vascular side effects of treatment 
with fluoxetine and other SSRIs in geriatric patients are considered 
in terms of both the potential proatherogenic effects of the drug and 
its ability to impair vascular autoregulatory mechanisms (Figure 1).

AGE-RELATED CHANGES IN 
PHARMACOKINETICS OF FLUOXETINE 
AND OTHER SSRIS

With aging, absorption, distribution, metabolism, and excretion 
of drugs frequently change. Older depressed patients treated with 
tricyclic antidepressants have been reported to be sensitive to drug 
toxicity resulting from age‐related pharmacokinetic changes and 
polypharmacy. Despite a large body of evidence documenting the 
efficacy and safety of fluoxetine (Prozac) and other SSRIs, there are 
relatively few published data characterizing age-related changes in 
pharmacokinetics of fluoxetine and other SSRIs in older patients.

Fluoxetine is well absorbed after oral intake, but it is extensively 
affected by first-pass metabolism in the liver (Altamura 
et al., 1994). Its active metabolite, norfluoxetine, is formed by 
demethylation of fluoxetine. The cytochrome P450 enzymes 
CYP2D6, CYP2C19, CYP2C9, CYP3A4, and CYP3A5 have been 
implicated in the biotransformation of fluoxetine to norfluoxetine 
(Margolis et al., 2000; Ring et al., 2001). Despite abundant evidence 
from preclinical studies demonstrating aging-induced reduction 
in CYP content, activity, and/or inducibility, human studies have 
yielded mixed results and failed to demonstrate a consistent 
decline in CYP in older adults (Kinirons and O’Mahony, 2004). 
The primary route of elimination of fluoxetine/norfluoxetine is 
predominantly through oxidative metabolism and conjugation 

(Gram, 1994). Fluoxetine/norfluoxetine is mainly excreted in 
urine. The elimination half-life of fluoxetine and norfluoxetine is 
approximately 1 to 4 days and 7 to 15 days, respectively (Altamura 
et al., 1994). Fluvoxamine has no active metabolites.

The extent of absorption of other SSRIs, including paroxetine, 
sertraline, and citalopram, from the gastrointestinal tract is generally 
good (van Harten, 1993). Following absorption paroxetine is almost 
completely metabolized in the liver (van Harten, 1993). Sertraline also 
undergoes extensive metabolism (van Harten, 1993). Known pathways 
for metabolism of citalopram include N-demethylation, deamination, 
and N-oxidation to less lipophilic compounds to be excreted in urine 
(van Harten, 1993) (~12% of a 40-mg dose of citalopram was reported 
to have been recovered in urine as citalopram, 12% as the main 
metabolite demethyl-citalopram, 1.5% as amino metabolite, and 4.3% 
as conjugated propionic acid metabolite (van Harten, 1993)). While 
paroxetine, sertraline, and citalopram do have pharmacologically 
active metabolites, these are not believed to contribute significantly 
to the overall clinical effect profile of these SSRIs (van Harten, 1993).

The metabolism of paroxetine, citalopram, and sertraline is 
impaired in older adults. Steady-state plasma concentrations in the 
elderly are about twice those measured in younger subjects, and the 
half-life of paroxetine is twice as long in older adults as in younger 
individuals (van Harten, 1993). The steady-state pharmacokinetics of 
citalopram are significantly affected by aging. Steady-state citalopram 
plasma concentrations after a once-daily 20-mg dose in older 
individuals were reported to be approximately four times higher 
than in younger subjects (van Harten, 1993). Plasma concentrations 
of sertraline were also reported to be higher in older subjects 
than in young individuals (van Harten, 1993). In contrast with its 
effect on the pharmacokinetics of other antidepressants, initial 
studies reported no major age-dependent differences in fluoxetine 
pharmacokinetics (Bergstrom et al., 1983; Altamura et al., 1994). 
However, in subsequent studies, it was reported that in older adults 
following oral treatment with fluoxetine the plasma concentration 
of its active metabolite norfluoxetine reaches higher levels than in 
younger individuals (Preskorn, 1993; Ferguson and Hill, 2006). The 
terminal half-life of norfluoxetine was also reported to be longer in 
patients older than 75 years (Ferguson and Hill, 2006). There appears 
also a sex difference in pharmacokinetics, as elderly women tend to 
exhibit higher serum levels of norfluoxetine than men (Ferguson 
and Hill, 2006). The long half-lives of fluoxetine and norfluoxetine 
likely promote insidious drug accumulation and manifestation of 
side effects. Polypharmacy is a common practice in geriatric patients, 
and potential drug–drug interactions may also affect plasma levels of 
fluoxetine and norfluoxetine in this patient group.

VASCULAR SIDE EFFECTS OF 
FLUOXETINE AND OTHER SSRIS: 
POTENTIAL PATHOGENIC ROLE OF 
IMPAIRED MYOGENIC CONSTRICTION OF 
RESISTANCE ARTERIES

The main mechanism of action of SSRIs, including fluoxetine, depends 
on their effect to increase the extracellular level of the neurotransmitter 
serotonin by limiting its reuptake into the presynaptic neurons. This 

FIGURE 1 | Proposed scheme depicting potential cardiovascular side effects 
of SSRI (e.g., fluoxetine) treatment in depressed geriatric patients. The 
model predicts that due to age-related changes in pharmacokinetics plasma 
concentrations of SSRIs (shown are fluoxetine and its active metabolite, 
norfluoxetine) increase. Fluoxetine and other SSRIs may inhibit voltage-
dependent Ca2+ channels in the vascular smooth muscle cells, attenuating 
myogenic constriction of resistance arterioles, which may promote orthostatic 
hypotension and/or exacerbate pressure-induced microvascular damage 
[promoting disruption of the blood-brain barrier (BBB) and exacerbating 
cerebral hemorrhages]. Cardiac side effects of SSRIs combined with its effect 
on atherogenesis may promote cardiovascular disease and exacerbate heart 
failure in geriatric patients.
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effect results in increased level of serotonin in the synaptic cleft, 
facilitating its binding to its postsynaptic receptor. However, in the 
past two decades, preclinical studies demonstrated that fluoxetine, 
and other SSRIs, also exert significant other cellular effects that are 
independent of their ability to inhibit serotonin reuptake and involve 
antagonism of serotonin receptors and inhibition of L-type and 
T-type voltage-dependent Ca2+ channels, as well as other ion channels 
(Pacher et al., 1998; Pacher et al., 1999a; Ungvari et al., 1999; Deak 
et al., 2000; Pacher et al., 2000; Ungvari et al., 2000; Terstappen et al., 
2003; Traboulsie et al., 2006; Jurkiewicz et al., 2012; Gobin et al., 2015). 
Importantly, fluoxetine, as well as other SSRIs, was shown to exert 
significant vascular effects, including inhibition of pressure-induced 
myogenic constriction of blood vessels (Pacher et al., 1999a; Ungvari 
et al., 1999; Ungvari et al., 2000) (Figure 1). These vascular effects 
appear to be mediated by inhibition of L-type voltage-dependent 
Ca2+ channels in the vascular smooth muscle cells (Pacher et al., 
1999a; Ungvari et al., 1999; Ungvari et al., 2000). These preclinical 
observations have important clinical relevance. First, impaired 
pressure-induced myogenic constriction of peripheral resistance 
arteries has been implicated in the pathogenesis of orthostatic 
hypotension. Orthostatic hypotension is very common in geriatric 
patients and associates with significant morbidity and mortality 
(Gupta and Lipsitz, 2007; Lipsitz, 2017). Adverse consequences of 
orthostatic hypotension include falls, fracture, functional decline, 
and myocardial ischemia. The peripheral vascular effects of 
SSRIs that promote orthostatic hypotension may be exacerbated 
by its ability to cause bradycardia as well (Pacher et al., 1998;  
Pacher et al., 1999b).

Second, pressure-induced myogenic constriction of cerebral 
resistance arteries is critical for normal cerebral autoregulation 
and protection of the vulnerable distal part of the microcirculatory 
network from penetration of high pressure (Toth et al., 2017). Recent 
studies demonstrate that aging impairs myogenic autoregulatory 
protection in the brain (Toth et al., 2013a; Toth et al., 2013b; Toth 
et al., 2014; Springo et al., 2015; Toth et al., 2017), potentially 
exacerbating cerebromicrovascular injury, blood-brain barrier 
disruption, and neuroinflammation. Importantly, fluoxetine was 
shown to significantly attenuate pressure-induced myogenic 
constriction of cerebral arteries (Ungvari et al., 1999). The inhibitory 
effects of fluoxetine on myogenic constriction of cerebral resistance 
arteries are likely mediated by its calcium antagonist effects 
(Ungvari et al., 1999). Indirect evidence suggests that other SSRIs 
may have similar effects on smooth muscle calcium homeostasis 
(Pacher et al., 2001; Matchkov et al., 2015). In addition, fluoxetine 
was shown to inhibit cytochrome P450–mediated metabolism of 
arachidonic acid and reduce the formation of 20-HETE by over 
70%, at least in part, by down-regulating CYP4A proteins (Yuan and 
Rapoport, 2015). These are important findings as genetic deficiency 
in the CYP4A1-mediated formation of 20-HETE was shown to 
contribute to impaired myogenic response in cerebral arteries and 
impaired autoregulation of cerebral blood flow (Fan et al., 2015; Fan 
et al., 2016). Further, there is also evidence that administration of 
drugs that inhibit voltage-dependent Ca2+ channels or biosynthesis 
of 20-HETE abolishes myogenic constriction of cerebral arteries in 
vitro (Toth et al., 2013a; Toth et al., 2013b; Toth et al., 2014; Springo 
et al., 2015) and/or autoregulation of cerebral blood flow in vivo 

(Pearce and Bevan, 1987). Impairment of myogenic constriction 
has been linked to increased incidence of intracerebral hemorrhages 
in aging (Toth et al., 2013b; Toth et al., 2014; Toth et al., 2015b; 
Tarantini et al., 2017c). In that regard, it is significant that there is 
epidemiological evidence suggesting that treatment with SSRIs 
associates with an increased risk of intracerebral hemorrhages 
(Hackam and Mrkobrada, 2012). There is also evidence that 
pathological events traditionally described as “transient ischemic 
attacks” are, in fact, due to cerebral microhemorrhages. Interestingly, 
there are clinical observations that initiation of treatment with SSRIs 
can promote these events (Manos and Wechsler, 2004). Thus, it 
should be determined whether in older individuals higher plasma 
concentrations of SSRIs, including fluoxetine and norfluoxetine, 
have an exacerbated inhibitory effect on cerebral autoregulatory 
protection, potentially promoting cerebromicrovascular injury.

VASCULAR SIDE EFFECTS OF 
FLUOXETINE AND OTHER SSRIS: 
POTENTIAL PATHOGENIC ROLE IN 
ATHEROGENESIS

During the past two decades, increasing evidence has been 
published, suggesting that treatment of older adults with 
antidepressants may exert adverse effects on cardiovascular 
disease outcomes (Cohen et al., 2000; Schlienger et al., 2004; 
Tata et al., 2005). Previous studies reported that treatment with 
non-SSRI tricyclic antidepressants results in an increased risk of 
atherosclerotic vascular disease in older adults (Cohen et al., 2000). 
Importantly, epidemiological studies analyzing participants 
from the ARIC (Atherosclerosis Risk in Communities) study 
treated with SSRI antidepressants (mean age, 63 ± 10 years, 
followed for a median of 13.5 years) report a trend for increased 
risk of cardiovascular disease and stroke (hazard ratios, 1.10 and 
1.07, respectively) as compared to patients treated with non-
SSRI antidepressants (Almuwaqqat et al., 2019). Consistent with 
the aforementioned findings, previous studies demonstrate that 
in depressed monkeys treatment with SSRIs, such as sertraline, 
also significantly increases atherosclerosis in the carotids and 
the coronary circulation (Shively et al., 2015; Shively et al., 
2017; Silverstein-Metzler et al., 2017). Importantly, recent 
studies demonstrate that in mouse models of atherosclerosis 
chronic treatment with fluoxetine also promotes atherogenesis 
by up-regulating vascular inflammation (Rami et  al., 2018) 
(Figure  1). Interestingly, treatment with a different SSRI, 
escitalopram, was shown to reduce atherosclerotic changes 
in high-fat diet–fed rats (Unis et  al., 2014). The mechanisms 
underlying these discordant findings are presently unclear. 
Fluoxetine treatment was demonstrated to induce endothelial 
activation and promote endothelial cell–leukocyte interaction 
(Herr et al., 2014). Citalopram was also suggested to promote 
vascular inflammation by increasing leukocyte binding to 
endothelial cells (Rami et al., 2018). In addition, SSRIs may also 
modulate leukocyte function by interfering with Ca2+ signaling 
mechanisms (Gobin et al., 2015).

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Effects of Fluoxetine in AgingUngvari et al.

4 September 2019 | Volume 10 | Article 898Frontiers in Genetics | www.frontiersin.org

Serotonin is released by activated platelets, contributing to 
enhanced platelet aggregation and vasoconstriction. Platelets play 
complex roles in atherogenesis and vessel occlusion upon plaque 
rupture (Fuster et al., 1990). Importantly, depressed patients often 
exhibit a prothrombotic phenotype, which may be modulated by 
treatment with SSRIs (Lopez-Vilchez et al., 2014). Treatment with 
SSRI affects platelet activation (de Abajo, 2011; Hoirisch-Clapauch 
et al., 2014; Lopez-Vilchez et al., 2017) and release of platelet-derived 
growth factors (Jha et al., 2017) that are important regulators of both 
atherogenic processes and vascular function. Interestingly, treatment 
with the SSRI paroxetine has been associated with induction of 
transient ischemic attack (Manos and Wechsler, 2004), which may 
be due, at least in part, to the effects of SSRIs on platelet function. 
Thus, SSRIs may also interfere with atherogenic processes, thrombus 
formation, and vascular occlusion by modulating platelet function.

Fluoxetine and other SSRIs may also impair function of 
leukocytes that are critical for organismal defenses against 
viral infections (Gobin et al., 2013). Importantly, there 
are studies extant suggesting that chronic infection with 
cytomegalovirus (CMV), which exhibits endothelial tropism, 
promotes atherogenesis. Age-related immunosenescence is 
thought to contribute to increased prevalence and severity 
of CMV infection in older adults. Further studies are needed 
to determine the causal link between SSRI treatment in 
geriatric patients, immunosenescence, CMV infection, and 
exacerbation of age-related vascular pathologies.

Antidepressants may also promote weight gain and 
metabolic disturbances, which may also affect risk of 
cardiovascular diseases.

POTENTIAL PROGERONIC EFFECTS 
OF FLUOXETINE

Molecular screening studies on the model organism 
Caenorhabditis elegans have identified a range of compounds, 
including several clinically approved antidepressants, which 
regulate lifespan and/or cellular resilience to oxidative stressors 
(Petrascheck et al., 2007; Petrascheck et al., 2009; Ye et al., 
2014). Interestingly, several compounds that exert similar 
antidepressant effects in humans exhibit markedly different 
effects on cellular aging processes in C. elegans. While the 
structurally related antidepressants mianserin and mirtazapine 
extend lifespan and increase cellular oxidative stress resistance, 
fluoxetine exerts marked progeronic effects (Rangaraju et al., 
2015). Despite recent advances in geroscience (Ashpole et al., 
2017; Bennis et al., 2017; Fang et al., 2017; Fougere et al., 2017; 
Kim et al., 2017; Konopka et  al., 2017; Podlutsky et al., 2017; 
Urfer et al., 2017) presently its unknown, which pathways 
involved in regulation of longevity and cellular resilience are 
modulated by SSRIs. The evolutionarily conserved mTOR 
(mechanistic target of rapamycin) pathway plays an integral 
role in the coordination of metabolism, protein synthesis, 
cell growth, and inflammation and thereby regulates cellular 
stress resistance, modulates aging processes, and determines 
mammalian lifespan (Harrison et al., 2009; Lin et al., 2013; Dai 
et al., 2014; Fok et al., 2014; Lesniewski et al., 2017). Inhibition 

of mTOR signaling by rapamycin treatment was shown to 
extend rodent lifespan (Harrison et  al., 2009). Interestingly, 
there is initial evidence that fluoxetine activates mTOR (Liu 
et al., 2015). Further studies are warranted to determine how 
fluoxetine alters critical cellular mechanisms of aging in humans 
and to elucidate whether its action on mTOR may potentially 
exert progeronic effects. Studies testing the effects of fluoxetine 
treatment on a wide range of basic cellular mechanisms of 
aging as well as age-related changes in physiological functions 
(Beauchet et al., 2017; Belghali et al., 2017; Blodgett et al., 2017; 
Callisaya et al., 2017; Csiszar et al., 2017; Grimmig et al., 2017; 
Liu et al., 2017; Tarantini et al., 2017a; Tarantini et  al., 2017b; 
Tarantini et al., 2017c; Ungvari et  al., 2017) would be quite 
informative in that regard. Another evolutionarily conserved 
mechanism of aging involves dysregulation of IGF-1 signaling 
(Ashpole et al., 2017). Several studies have demonstrated that 
age-related decline in IGF-1 levels contributes significantly to 
brain and cerebromicrovascular aging (Mitschelen et al., 2011; 
Ungvari and Csiszar, 2012; Sonntag et al., 2013; Toth et al., 2014; 
Toth et al., 2015a; Tarantini et al., 2016; Tarantini et al., 2017c). 
Importantly, there is initial evidence that fluoxetine may affect 
IGF-1 levels in the central nervous system (Engesser-Cesar 
et al., 2007; Grunbaum-Novak et al., 2008), but the functional 
consequences of this effect are not well understood. Increased 
oxidative stress is a hallmark of aging, including vascular aging. 
Interestingly, chronic fluoxetine treatment was shown to induce 
increased oxidative stress in multiple organs (Zlatkovic et al., 
2014) and aging-like phenotypic changes in vascular endothelial 
function in preclinical models (Simplicio et al., 2015).

CARDIAC SIDE EFFECTS OF SSRIS 
IN AGING

An increasing numbers of older patients with heart failure who 
develop depressive symptoms are treated with fluoxetine and 
other SSRIs. The cardiac side effects and toxicity of tricyclic 
antidepressants, manifested as slowing of intraventricular 
conduction, have been well documented in medical literature. 
Although fluoxetine causes significantly fewer cardiac side 
effects, there are reports in the literature on dysrhythmias, 
including atrial fibrillation or bradycardia and syncope 
associated with fluoxetine treatment and overdose (for an 
overview, see References Pacher et al., 1998; Pacher et al., 1999b; 
Pacher and Kecskemeti, 2004). Preclinical studies confirm that 
fluoxetine inhibits cardiac Na+ and Ca2+ channels, which may 
result in cardiac electrophysiological effects that are similar 
to those induced by tricyclic antidepressants (Pacher et al., 
2000; Magyar et al., 2003). Experimental studies also suggest 
that chronic treatment with fluoxetine and other SSRIs may 
also compromise autonomic regulation of cardiac function in 
chronic heart failure (Henze et al., 2013). On the basis of the 
aforementioned observations, the age-related changes in the 
pharmacokinetics of SSRIs, and potential drug interactions in 
geriatric patients with cardiac disorders, Electrocardiogram 
(EKG) control may be suggested during SSRI therapy in the 
elderly (Figure 1).
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PERSPECTIVES

The diagnosis and treatment of depression in the elderly 
can be difficult, particularly in the presence of frailty and 
comorbidities. Factors to guide treatment choice can include 
the type of depression, previous response, and concurrent 
conditions (for strategies for selecting and switching 
antidepressants to treat geriatric patients, consult References 
Birrer and Vemuri, 2004; Frank, 2014). Selective serotonin 
reuptake inhibitor drugs, including fluoxetine, are the drug 
of choice for treatment of depression in the elderly: dosage 
adjustments are not required as frequently with SSRIs as with 
tricyclic antidepressants or monoamine oxidase inhibitors. 
Yet, despite the relative safety of SSRIs, these drugs also may 
have unwanted cardiovascular side effects. With advancing 
age, changes in drug metabolism and disposition may result 
in significant increases in the plasma concentrations of SSRIs, 
which may potentially promote, among others, cardiovascular 
and cerebrovascular pathologies. The prescriber should be 
alert to the potential adverse cardiovascular effects of SSRIs 
when treating depressed geriatric patients and consider the 
complex interaction between polypharmacy and potential 
cardiovascular morbidities. Psychological therapies should also 
be considered for geriatric patients with depression because of 
the increased vulnerability of these subjects to adverse effects 
associated with antidepressant treatment.

AUTHOR CONTRIBUTIONS

ZU, ST, AY, and AC provided substantial contributions to the 
conception or design of the work; or the acquisition, analysis or 
interpretation of data for the work; ZU, ST, AY, and AC contributed 
to the drafting the work or revising it critically for important 
intellectual content; ZU, ST, AY, and AC provided approval 
for publication of the content and agree to be accountable for 
all aspects of the work in ensuring that questions related to the 
accuracy or integrity of any part of the work are appropriately 
investigated and resolved.

FUNDING

This work was supported by grants from the American Heart 
Association (ST), the Oklahoma Center for the Advancement 
of Science and Technology (to AC, AY, ZU), the National 
Institute on Aging (R01-AG055395, R01-AG047879), the 
National Institute of Neurological Disorders and Stroke (NINDS; 
R01-NS100782, R01-NS056218), the Oklahoma Shared Clinical 
and Translational Resources (OSCTR) program funded by the 
National Institute of General Medical Sciences (U54GM104938, 
to AY), the Presbyterian Health Foundation (to ZU, AC, AY). 
The authors acknowledge the support from the NIA-funded 
Geroscience Training Program in Oklahoma (T32AG052363).

REFERENCES

Almuwaqqat, Z., Jokhadar, M., Norby, F. L., Lutsey, P. L., O’Neal, W. T., 
Seyerle,  A.,  et  al. (2019). Association of antidepressant medication type with 
the incidence of cardiovascular disease in the ARIC study. J. Am. Heart Assoc. 8, 
e012503. doi: 10.1161/JAHA.119.012503

Altamura, A. C., Moro, A. R., and Percudani, M. (1994). Clinical 
pharmacokinetics of fluoxetine. Clin. Pharmacokinet. 26, 201–214. 
doi: 10.2165/00003088-199426030-00004

Ashpole, N. M., Logan, S., Yabluchanskiy, A., Mitschelen, M. C., Yan, H., 
Farley, J. A., et al. (2017). IGF-1 has sexually dimorphic, pleiotropic, and time-
dependent effects on healthspan, pathology, and lifespan. Geroscience 39, 
129–145. doi: 10.1007/s11357-017-9971-0

Beauchet, O., Launay, C. P., Sekhon, H., Barthelemy, J. C., Roche, F., Chabot, J., et al. 
(2017). Association of increased gait variability while dual tasking and cognitive 
decline: results from a prospective longitudinal cohort pilot study. Geroscience 
39 (4), 439–445. doi: 10.1007/s11357-017-9992-8

Belghali, M., Chastan, N., Cignetti, F., Davenne, D., and Decker, L. M. (2017). 
Loss of gait control assessed by cognitive-motor dual-tasks: pros and cons in 
detecting people at risk of developing Alzheimer’s and Parkinson’s diseases. 
Geroscience 39, 305–329. doi: 10.1007/s11357-017-9977-7

Bennis, M. T., Schneider, A., Victoria, B., Do, A., Wiesenborn, D. S., Spinel, L., 
et al. (2017). The role of transplanted visceral fat from the long-lived growth 
hormone receptor knockout mice on insulin signaling. Geroscience 39, 51–59. 
doi: 10.1007/s11357-017-9957-y

Bergstrom, R. F., Farid, K. Z., McClurg, J. E., and Lemberger, L. (1983). The 
pharmacokinetics of fluoxetine in elderly subjects. Paper presented at: II World 
Conference on Clinical Pharmacology and Therapeutics, Washington, 31 July 
5 August, 1983. 

Birrer, R. B., and Vemuri, S. P. (2004). Depression in later life: a diagnostic and 
therapeutic challenge. Am. Fam. Physician 69 (10), 2375–2382. 

Blazer, D. (1989). Depression in the elderly. N. Engl. J. Med. 320, 164–166. 
doi: 10.1056/NEJM198901193200306

Blodgett, J. M., Theou, O., Howlett, S. E., and Rockwood, K. (2017). A frailty index 
from common clinical and laboratory tests predicts increased risk of death 
across the life course. Geroscience 39, 221–229. doi: 10.1007/s11357-017-9993-7

Callisaya, M. L., Launay, C. P., Srikanth, V. K., Verghese, J., Allali, G., and 
Beauchet,  O. (2017). Cognitive status, fast walking speed and walking speed 
reserve—the Gait and Alzheimer Interactions Tracking (GAIT) study. 
Geroscience 39, 231–239. doi: 10.1007/s11357-017-9973-y

Cohen, H. W., Gibson, G., and Alderman, M. H. (2000). Excess risk of 
myocardial infarction in patients treated with antidepressant medications: 
association with use of tricyclic agents. Am. J. Med. 108, 2–8. doi: 10.1016/
S0002-9343(99)00301-0

Cole, M. G., and Dendukuri, N. (2003). Risk factors for depression among elderly 
community subjects: a systematic review and meta-analysis. Am. J. Psychiatry 
160, 1147–1156. doi: 10.1176/appi.ajp.160.6.1147

Csiszar, A., Tarantini, S., Fulop, G. A., Kiss, T., Valcarcel-Ares, M. N., Galvan, V., 
et al. (2017). Hypertension impairs neurovascular coupling and promotes 
microvascular injury: role in exacerbation of Alzheimer’s disease. Geroscience 
39 (4), 359–372. doi: 10.1007/s11357-017-9991-9

Dai, D. F., Karunadharma, P. P., Chiao, Y. A., Basisty, N., Crispin, D., Hsieh, E. J., 
et al. (2014). Altered proteome turnover and remodeling by short-term caloric 
restriction or rapamycin rejuvenate the aging heart. Aging Cell 13, 529–539. doi: 
10.1111/acel.12203

de Abajo, F. J. (2011). Effects of selective serotonin reuptake inhibitors on platelet 
function: mechanisms, clinical outcomes and implications for use in elderly 
patients. Drugs Aging 28, 345–367. doi: 10.2165/11589340-000000000-00000

Deak, F., Lasztoczi, B., Pacher, P., Petheo, G. L., Valeria, K., and Spat, A. 
(2000). Inhibition of voltage-gated calcium channels by fluoxetine in rat 
hippocampal pyramidal cells. Neuropharmacology 39, 1029–1036. doi: 10.1016/
S0028-3908(99)00206-3

Engesser-Cesar, C., Anderson, A. J., and Cotman, C. W. (2007). Wheel running 
and fluoxetine antidepressant treatment have differential effects in the 
hippocampus and the spinal cord. Neuroscience 144, 1033–1044. doi: 10.1016/ 
j.neuroscience.2006.10.016

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1161/JAHA.119.012503
https://doi.org/10.2165/00003088-199426030-00004
https://doi.org/10.1007/s11357-017-9971-0
https://doi.org/10.1007/s11357-017-9992-8
https://doi.org/10.1007/s11357-017-9977-7
https://doi.org/10.1007/s11357-017-9957-y
https://doi.org/10.1056/NEJM198901193200306
https://doi.org/10.1007/s11357-017-9993-7
https://doi.org/10.1007/s11357-017-9973-y
https://doi.org/10.1016/S0002-9343(99)00301-0
https://doi.org/10.1016/S0002-9343(99)00301-0
https://doi.org/10.1176/appi.ajp.160.6.1147
https://doi.org/10.1007/s11357-017-9991-9
https://doi.org/10.1111/acel.12203
https://doi.org/10.2165/11589340-000000000-00000
https://doi.org/10.1016/S0028-3908(99)00206-3
https://doi.org/10.1016/S0028-3908(99)00206-3
https://doi.org/10.1016/j.neuroscience.2006.10.016
https://doi.org/10.1016/j.neuroscience.2006.10.016


Effects of Fluoxetine in AgingUngvari et al.

6 September 2019 | Volume 10 | Article 898Frontiers in Genetics | www.frontiersin.org

Fan, F., Geurts, A. M., Murphy, S. R., Pabbidi, M. R., Jacob, H. J., and Roman, R. J. 
(2015). Impaired myogenic response and autoregulation of cerebral blood flow 
is rescued in CYP4A1 transgenic Dahl salt-sensitive rat. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 308, R379–R390. doi: 10.1152/ajpregu.00256.2014

Fan, F., Ge, Y., Lv, W., Elliott, M. R., Muroya, Y., Hirata, T., et al. (2016). 
Molecular mechanisms and cell signaling of 20-hydroxyeicosatetraenoic acid 
in vascular pathophysiology. Front. Biosci. (Landmark Ed.) 21, 1427–1463. 
doi: 10.2741/4465

Fang, Y., McFadden, S., Darcy, J., Hill, C. M., Huber, J. A., Verhulst, S., et  al. 
(2017).  Differential effects of early-life nutrient restriction in long-lived 
GHR-KO and normal mice. Geroscience 39, 347–356. doi: 10.1007/
s11357- 017-9978-6

Ferguson, J. M., and Hill, H. (2006). Pharmacokinetics of fluoxetine in elderly men 
and women. Gerontology 52, 45–50. doi: 10.1159/000089825

Fok, W. C., Bokov, A., Gelfond, J., Yu, Z., Zhang, Y., Doderer, M., et al. (2014). 
Combined treatment of rapamycin and dietary restriction has a larger effect 
on the transcriptome and metabolome of liver. Aging Cell 13, 311–319. 
doi: 10.1111/acel.12175

Fougere, B., Goisser, S., Cantet, C., Soriano, G., Guyonnet, S., De Souto Barreto, P., 
et al. (2017). Omega-3 fatty acid levels in red blood cell membranes and physical 
decline over 3 years: longitudinal data from the MAPT study. Geroscience 
39 (4), 429–437. doi: 10.1007/s11357-017-9990-x

Frank, C. (2014). Pharmacologic treatment of depression in the elderly. Can. Fam. 
Physician 60, 121–126. 

Fuster, V., Stein, B., Ambrose, J. A., Badimon, L., Badimon, J. J., and Chesebro, J. H. 
(1990). Atherosclerotic plaque rupture and thrombosis. Evolving concepts. 
Circulation 82, II47–II59. 

Gobin, V., Van Steendam, K., Fevery, S., Tilleman, K., Billiau, A. D., Denys, D., 
et al. (2013). Fluoxetine reduces murine graft-versus-host disease by induction 
of T cell immunosuppression. J. Neuroimmune Pharmacol. 8, 934–943. doi: 
10.1007/s11481-013-9463-7

Gobin, V., De Bock, M., Broeckx, B. J., Kiselinova, M., De Spiegelaere, W., 
Vandekerckhove, L., et al. (2015). Fluoxetine suppresses calcium signaling in 
human T lymphocytes through depletion of intracellular calcium stores. Cell 
Calcium 58, 254–263. doi: 10.1016/j.ceca.2015.06.003

Gram, L. (1994). Fluoxetine. N. Engl. J. Med. 331, 1354–1361. doi: 10.1056/
NEJM199411173312008

Grimmig, B., Kim, S. H., Nash, K., Bickford, P. C., and Douglas Shytle, R. (2017). 
Neuroprotective mechanisms of astaxanthin: a potential therapeutic role in 
preserving cognitive function in age and neurodegeneration. Geroscience 39, 
19–32. doi: 10.1007/s11357-017-9958-x

Grunbaum-Novak, N., Taler, M., Gil-Ad, I., Weizman, A., Cohen, H., and 
Weizman, R. (2008). Relationship between antidepressants and IGF-1 system 
in the brain: possible role in cognition. Eur. Neuropsychopharmacol. 18, 431–
438. doi: 10.1016/j.euroneuro.2007.08.004

Gupta, V., and Lipsitz, L. A. (2007). Orthostatic hypotension in the elderly: diagnosis 
and treatment. Am. J. Med. 120, 841–847. doi: 10.1016/j.amjmed.2007.02.023

Hackam, D. G., and Mrkobrada, M. (2012). Selective serotonin reuptake inhibitors 
and brain hemorrhage: a meta-analysis. Neurology 79, 1862–1865. doi: 10.1212/
WNL.0b013e318271f848

Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., Flurkey, K., et al. 
(2009). Rapamycin fed late in life extends lifespan in genetically heterogeneous 
mice. Nature 460, 392–395. doi: 10.1038/nature08221

Henze, M., Tiniakov, R., Samarel, A., Holmes, E., and Scrogin, K. (2013). Chronic 
fluoxetine reduces autonomic control of cardiac rhythms in rats with congestive 
heart failure. Am. J. Physiol. Heart Circ. Physiol. 304, H444–H454. doi: 10.1152/
ajpheart.00763.2012

Herr, N., Mauler, M., Witsch, T., Stallmann, D., Schmitt, S., Mezger, J., et al. (2014). 
Acute fluoxetine treatment induces slow rolling of leukocytes on endothelium 
in mice. PLoS One 9, e88316. doi: 10.1371/journal.pone.0088316

Hoirisch-Clapauch, S., Nardi, A. E., Gris, J. C., and Brenner, B. (2014). Are the 
antiplatelet and profibrinolytic properties of selective serotonin-reuptake 
inhibitors relevant to their brain effects? Thromb. Res. 134, 11–16. doi: 10.1016/j.
thromres.2014.02.028

Jha, M. K., Minhajuddin, A., Gadad, B. S., and Trivedi, M. H. (2017). Platelet-derived 
growth factor as an antidepressant treatment selection biomarker: higher levels 
selectively predict better outcomes with bupropion-SSRI combination. Int. J. 
Neuropsychopharmacol. 20, 919–927. doi: 10.1093/ijnp/pyx060

Jurkiewicz, N. H., da Silva Junior, E. D., de Souza, B. P., Ferreira Verde, L., 
Drawanz Pereira, J., Mendes Sobrinho, C., et al. (2012). Changes of cytosolic 
calcium and contractility of young rat vas deferens by acute treatment with 
amphetamine, fluoxetine or sibutramine. Eur. J. Pharmacol. 691, 52–60. doi: 
10.1016/j.ejphar.2012.07.027

Kim, S., Myers, L., Wyckoff, J., Cherry, K. E., and Jazwinski, S. M. (2017). The 
frailty index outperforms DNA methylation age and its derivatives  as 
an indicator of biological age. Geroscience 39, 83–92. doi: 10.1007/
s11357- 017-9960-3

Kinirons, M. T., and O’Mahony, M. S. (2004). Drug metabolism and ageing. Br. J. 
Clin. Pharmacol. 57, 540–544. doi: 10.1111/j.1365-2125.2004.02096.x

Konopka, A. R., Laurin, J. L., Musci, R. V., Wolff, C. A., Reid, J. J., Biela, L. M., 
et al. (2017). Influence of Nrf2 activators on subcellular skeletal muscle protein 
and DNA synthesis rates after 6 weeks of milk protein feeding in older adults. 
Geroscience 39, 175–186. doi: 10.1007/s11357-017-9968-8

Lesniewski, L. A., Seals, D. R., Walker, A. E., Henson, G. D., Blimline, M. W., 
Trott, D. W., et al. (2017). Dietary rapamycin supplementation reverses age-
related vascular dysfunction and oxidative stress, while modulating nutrient-
sensing, cell cycle, and senescence pathways. Aging Cell 16, 17–26. doi: 10.1111/
acel.12524

Lin, A. L., Zheng, W., Halloran, J. J., Burbank, R. R., Hussong, S. A., Hart, M. J., 
et al. (2013). Chronic rapamycin restores brain vascular integrity and function 
through NO synthase activation and improves memory in symptomatic mice 
modeling Alzheimer’s disease. J. Cereb. Blood Flow Metab. 33, 1412–1421. 
doi: 10.1038/jcbfm.2013.82

Lipsitz, L. A. (2017). Orthostatic hypotension and falls. J. Am. Geriatr. Soc. 
65, 470–471. doi: 10.1111/jgs.14745

Liu, X. L., Luo, L., Mu, R. H., Liu, B. B., Geng, D., Liu, Q., et al. (2015). Fluoxetine 
regulates mTOR signalling in a region-dependent manner in depression-like 
mice. Sci. Rep. 5, 16024. doi: 10.1038/srep16024

Lopez-Vilchez, I., Serra-Millas, M., Navarro, V., Rosa Hernandez, M., Villalta, J., 
Diaz-Ricart, M., et al. (2014). Prothrombotic platelet phenotype in major 
depression: downregulation by antidepressant treatment. J. Affect. Disord. 159, 
39–45. doi: 10.1016/j.jad.2014.02.022

Lopez-Vilchez, I., Jerez-Dolz, D., Diaz-Ricart, M., Navarro, V., Zafar, M. U., 
Zamorano-Leon, J., et al. (2017). Escitalopram impairs thrombin-induced 
platelet response, cytoskeletal assembly and activation of associated 
signalling pathways. Thromb. Haemost. 117, 2312–2321. doi: 10.1160/
TH17-04-0288

Magyar, J., Rusznak, Z., Harasztosi, C., Kortvely, A., Pacher, P., Banyasz, T., 
et al. (2003). Differential effects of fluoxetine enantiomers in mammalian 
neural and cardiac tissues. Int. J. Mol. Med. 11, 535–542. doi: 10.3892/
ijmm.11.4.535

Manos, G. H., and Wechsler, S. M. (2004). Transient ischemic attack reported with 
paroxetine use. Ann. Pharmacother. 38, 617–620. doi: 10.1345/aph.1D304

Margolis, J. M., O’Donnell, J. P., Mankowski, D. C., Ekins, S., and Obach, R.  S. 
(2000). (R)-, (S)-, and racemic fluoxetine N-demethylation by human 
cytochrome P450 enzymes. Drug Metab. Dispos. 28, 1187–1191. 

Matchkov, V. V., Kravtsova, V. V., Wiborg, O., Aalkjaer, C., and Bouzinova, E. V. 
(2015). Chronic selective serotonin reuptake inhibition modulates endothelial 
dysfunction and oxidative state in rat chronic mild stress model of depression. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 309, R814–R823. doi: 10.1152/
ajpregu.00337.2014

Mitschelen, M., Yan, H., Farley, J. A., Warrington, J. P., Han, S., Herenu, C. B., 
et al. (2011). Long-term deficiency of circulating and hippocampal insulin-
like growth factor I induces depressive behavior in adult mice: a potential 
model of geriatric depression. Neuroscience 185, 50–60. doi: 10.1016/j.
neuroscience.2011.04.032

Pacher, P., and Kecskemeti, V. (2004). Cardiovascular side effects of new 
antidepressants and antipsychotics: new drugs, old concerns? Curr. Pharm. 
Des. 10, 2463–2475. doi: 10.2174/1381612043383872

Pacher, P., Ungvari, Z., Kecskemeti, V., and Furst, S. (1998). Review of 
cardiovascular effects of fluoxetine, a selective serotonin reuptake inhibitor, 
compared to tricyclic antidepressants. Curr. Med. Chem. 5, 381–390. 

Pacher, P., Ungvari, Z., Kecskemeti, V., and Koller, A. (1999a). Serotonin reuptake 
inhibitor, fluoxetine, dilates isolated skeletal muscle arterioles. Possible role 
of altered Ca2+ sensitivity. Br. J. Pharmacol. 127, 740–746. doi: 10.1038/
sj.bjp.0702571

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1152/ajpregu.00256.2014
https://doi.org/10.2741/4465
https://doi.org/10.1007/s11357-017-9978-6
https://doi.org/10.1007/s11357-017-9978-6
https://doi.org/10.1159/000089825
https://doi.org/10.1111/acel.12175
https://doi.org/10.1007/s11357-017-9990-x
https://doi.org/10.1007/s11481-013-9463-7
https://doi.org/10.1016/j.ceca.2015.06.003
https://doi.org/10.1056/NEJM199411173312008
https://doi.org/10.1056/NEJM199411173312008
https://doi.org/10.1007/s11357-017-9958-x
https://doi.org/10.1016/j.euroneuro.2007.08.004
https://doi.org/10.1016/j.amjmed.2007.02.023
https://doi.org/10.1212/WNL.0b013e318271f848
https://doi.org/10.1212/WNL.0b013e318271f848
https://doi.org/10.1038/nature08221
https://doi.org/10.1152/ajpheart.00763.2012
https://doi.org/10.1152/ajpheart.00763.2012
https://doi.org/10.1371/journal.pone.0088316
https://doi.org/10.1016/j.thromres.2014.02.028
https://doi.org/10.1016/j.thromres.2014.02.028
https://doi.org/10.1093/ijnp/pyx060
https://doi.org/10.1016/j.ejphar.2012.07.027
https://doi.org/10.1007/s11357-017-9960-3
https://doi.org/10.1007/s11357-017-9960-3
https://doi.org/10.1111/j.1365-2125.2004.02096.x
https://doi.org/10.1007/s11357-017-9968-8
https://doi.org/10.1111/acel.12524
https://doi.org/10.1111/acel.12524
https://doi.org/10.1038/jcbfm.2013.82
https://doi.org/10.1111/jgs.14745
https://doi.org/10.1038/srep16024
https://doi.org/10.1016/j.jad.2014.02.022
https://doi.org/10.1160/TH17-04-0288
https://doi.org/10.1160/TH17-04-0288
https://doi.org/10.3892/ijmm.11.4.535
https://doi.org/10.3892/ijmm.11.4.535
https://doi.org/10.1345/aph.1D304
https://doi.org/10.1152/ajpregu.00337.2014
https://doi.org/10.1152/ajpregu.00337.2014
https://doi.org/10.1016/j.neuroscience.2011.04.032
https://doi.org/10.1016/j.neuroscience.2011.04.032
https://doi.org/10.2174/1381612043383872
https://doi.org/10.1038/sj.bjp.0702571
https://doi.org/10.1038/sj.bjp.0702571


Effects of Fluoxetine in AgingUngvari et al.

7 September 2019 | Volume 10 | Article 898Frontiers in Genetics | www.frontiersin.org

Pacher, P., Ungvari, Z., Nanasi, P. P., Furst, S., and Kecskemeti, V. (1999b). 
Speculations on difference between tricyclic and selective serotonin reuptake 
inhibitor antidepressants on their cardiac effects. Is there any? Curr. Med. 
Chem. 6, 469–480. 

Pacher, P., Magyar, J., Szigligeti, P., Banyasz, T., Pankucsi, C., Korom, Z., et al. 
(2000). Electrophysiological effects of fluoxetine in mammalian cardiac 
tissues. Naunyn Schmiedebergs Arch. Pharmacol. 361, 67–73. doi: 10.1007/
s002109900154

Pacher, P., Ungvari, Z., Kecskemeti, V., Friedmann, T., and Furst, S. (2001). 
Serotonin reuptake inhibitors fluoxetine and citalopram relax intestinal 
smooth muscle. Can. J. Physiol. Pharmacol. 79, 580–584. doi: 10.1139/
y01-030

Pearce, W. J., and Bevan, J. A. (1987). Diltiazem and autoregulation of canine 
cerebral blood flow. J. Pharmacol. Exp. Ther. 242, 812–817. 

Petrascheck, M., Ye, X., and Buck, L. B. (2007). An antidepressant that extends lifespan 
in adult Caenorhabditis elegans. Nature 450, 553–556. doi: 10.1038/nature05991

Petrascheck, M., Ye, X., and Buck, L. B. (2009). A high-throughput screen for 
chemicals that increase the lifespan of Caenorhabditis elegans. Ann. N. Y. 
Acad. Sci. 1170, 698–701. doi: 10.1111/j.1749-6632.2009.04377.x

Podlutsky, A., Valcarcel-Ares, M. N., Yancey, K., Podlutskaya, V., Nagykaldi, E., 
Gautam, T., et al. (2017). The GH/IGF-1 axis in a critical period early in 
life determines cellular DNA repair capacity by altering transcriptional 
regulation of DNA repair-related genes: implications for the developmental 
origins of cancer. Geroscience 39, 147–160. doi: 10.1007/s11357-017-9966-x

Preskorn, S. H. (1993). Recent pharmacologic advances in antidepressant therapy 
for the elderly. Am. J. Med. 94, 2S–12S. 

Rami, M., Guillamat-Prats, R., Rinne, P., Salvermoser, M., Ring, L., Bianchini,  M., 
et al.  (2018). Chronic intake of the selective serotonin reuptake inhibitor 
fluoxetine enhances atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 38, 1007–
1019. doi: 10.1161/ATVBAHA.117.310536

Rangaraju, S., Solis, G. M., Andersson, S. I., Gomez-Amaro, R. L., Kardakaris,  R., 
Broaddus, C. D., et al. (2015). Atypical antidepressants extend lifespan of 
Caenorhabditis elegans by activation of a non-cell-autonomous stress response. 
Aging Cell 14, 971–981. doi: 10.1111/acel.12379

Reynolds, C. F., 3rd, Lebowitz, B. D., and Schneider, L. S. (1993). The NIH 
consensus  development conference on the diagnosis and treatment of 
depression in late life: an overview. Psychopharmacol. Bull. 29, 83–85. 

Ring, B. J., Eckstein, J. A., Gillespie, J. S., Binkley, S. N., VandenBranden, M., 
and Wrighton, S. A. (2001). Identification of the human cytochromes p450 
responsible for in vitro formation of R- and S-norfluoxetine. J. Pharmacol. Exp. 
Ther. 297, 1044–1050. 

Schlienger, R. G., Fischer, L. M., Jick, H., and Meier, C. R. (2004). Current use of 
selective serotonin reuptake inhibitors and risk of acute myocardial infarction. 
Drug Saf. 27, 1157–1165. doi: 10.2165/00002018-200427140-00006

Shively, C. A., Register, T. C., Appt, S. E., and Clarkson, T. B. (2015). Effects of long-
term sertraline treatment and depression on coronary artery atherosclerosis in 
premenopausal female primates. Psychosom. Med. 77, 267–278. doi: 10.1097/
PSY.0000000000000163

Shively, C. A., Silverstein-Metzler, M., Justice, J., and Willard, S. L. (2017). The 
impact of treatment with selective serotonin reuptake inhibitors on primate 
cardiovascular disease, behavior, and neuroanatomy. Neurosci. Biobehav. Rev. 
74, 433–443. doi: 10.1016/j.neubiorev.2016.08.037

Silverstein-Metzler, M. G., Justice, J. N., Appt, S. E., Groban, L., Kitzman, D.  W., 
Carr, J. J., et al. (2017). Long-term sertraline treatment and depression effects on 
carotid artery atherosclerosis in premenopausal female primates. Menopause 
24, 1175–1184. doi: 10.1097/GME.0000000000000916

Simplicio, J. A., Resstel, L. B., Tirapelli, D. P., D’Orleans-Juste, P., and Tirapelli, C. R. 
(2015). Contribution of oxidative stress and prostanoids in endothelial 
dysfunction induced by chronic fluoxetine treatment. Vascul. Pharmacol. 
73, 124–137. doi: 10.1016/j.vph.2015.06.015

Sonntag, W. E., Deak, F., Ashpole, N., Toth, P., Csiszar, A., Freeman, W., et al. 
(2013). Insulin-like growth factor-1 in CNS and cerebrovascular aging. Front. 
Aging Neurosci. 5, 27. doi: 10.3389/fnagi.2013.00027

Springo, Z., Toth, P., Tarantini, S., Ashpole, N. M., Tucsek, Z., Sonntag, W. E., 
et  al. (2015). Aging impairs myogenic adaptation to pulsatile pressure in 
mouse cerebral arteries. J. Cereb. Blood Flow Metab. 35, 527–530. doi: 10.1038/
jcbfm.2014.256

Tarantini, S., Tucsek, Z., Valcarcel-Ares, M. N., Toth, P., Gautam, T., Giles, C. B., 
et al. (2016). Circulating IGF-1 deficiency exacerbates hypertension-induced 
microvascular rarefaction in the mouse hippocampus and retrosplenial cortex: 
implications for cerebromicrovascular and brain aging. Age (Dordr.) 38, 273–
289. doi: 10.1007/s11357-016-9931-0

Tarantini, S., Fulop, G. A., Kiss, T., Farkas, E., Zolei-Szenasi, D., Galvan, V., et al. 
(2017a). Demonstration of impaired neurovascular coupling responses in 
TG2576 mouse model of Alzheimer’s disease using functional laser speckle 
contrast imaging. Geroscience 39 (4), 465−473. doi: 10.1007/s11357-017-9980-z

Tarantini, S., Tran, C. H. T., Gordon, G. R., Ungvari, Z., and Csiszar, A. 
(2017b). Impaired neurovascular coupling in aging and Alzheimer’s disease: 
contribution of astrocyte dysfunction and endothelial impairment to cognitive 
decline. Exp. Gerontol. 94, 52–58. doi: 10.1016/j.exger.2016.11.004

Tarantini, S., Valcarcel-Ares, N. M., Yabluchanskiy, A., Springo, Z., Fulop, G. A., 
Ashpole, N., et al. (2017c). Insulin-like growth factor 1 deficiency exacerbates 
hypertension-induced cerebral microhemorrhages in mice, mimicking the 
aging phenotype. Aging Cell 16, 469–479. doi: 10.1111/acel.12583

Tata, L. J., West, J., Smith, C., Farrington, P., Card, T., Smeeth, L., et al. (2005). 
General population based study of the impact of tricyclic and selective 
serotonin reuptake inhibitor antidepressants on the risk of acute myocardial 
infarction. Heart 91, 465–471. doi: 10.1136/hrt.2004.037457

Terstappen, G. C., Pellacani, A., Aldegheri, L., Graziani, F., Carignani, C., Pula, G., 
et al. (2003). The antidepressant fluoxetine blocks the human small conductance 
calcium-activated potassium channels SK1, SK2 and SK3. Neurosci. Lett. 346, 
85–88. doi: 10.1016/S0304-3940(03)00574-3

Toth, P., Csiszar, A., Tucsek, Z., Sosnowska, D., Gautam, T., Koller, A., et al. 
(2013a). Role of 20-HETE, TRPC channels, and BKCa in dysregulation of 
pressure-induced Ca2+ signaling and myogenic constriction of cerebral arteries 
in aged hypertensive mice. Am. J. Physiol. Heart Circ. Physiol. 305, H1698–
H1708. doi: 10.1152/ajpheart.00377.2013

Toth, P., Tucsek, Z., Sosnowska, D., Gautam, T., Mitschelen, M., Tarantini, S., et al. 
(2013b). Age-related autoregulatory dysfunction and cerebromicrovascular 
injury in mice with angiotensin II-induced hypertension. J. Cereb. Blood Flow 
Metab. 33, 1732–1742. doi: 10.1038/jcbfm.2013.143

Toth, P., Tucsek, Z., Tarantini, S., Sosnowska, D., Gautam, T., Mitschelen, M., 
et al. (2014). IGF-1 deficiency impairs cerebral myogenic autoregulation in 
hypertensive mice. J. Cereb. Blood Flow Metab. 34, 1887–1897. doi: 10.1038/
jcbfm.2014.156

Toth, P., Tarantini, S., Ashpole, N. M., Tucsek, Z., Milne, G. L., Valcarcel-
Ares, N. M., et al. (2015a). IGF-1 deficiency impairs neurovascular coupling in 
mice: implications for cerebromicrovascular aging. Aging Cell 14, 1034–1044. 
doi: 10.1111/acel.12372

Toth, P., Tarantini, S., Springo, Z., Tucsek, Z., Gautam, T., Giles, C. B., et al. 
(2015b).  Aging exacerbates hypertension-induced cerebral microhemorrhages 
in mice: role of resveratrol treatment in vasoprotection. Aging Cell 14, 400–408. 
doi: 10.1111/acel.12315

Toth, P., Tarantini, S., Csiszar, A., and Ungvari, Z. (2017). Functional vascular 
contributions to cognitive impairment and dementia: mechanisms and 
consequences of cerebral autoregulatory dysfunction, endothelial impairment, 
and neurovascular uncoupling in aging. Am. J. Physiol. Heart Circ. Physiol. 312, 
H1–H20. doi: 10.1152/ajpheart.00581.2016

Traboulsie, A., Chemin, J., Kupfer, E., Nargeot, J., and Lory, P. (2006). T-type 
calcium channels are inhibited by fluoxetine and its metabolite norfluoxetine. 
Mol. Pharmacol. 69, 1963–1968. doi: 10.1124/mol.105.020842

Ungvari, Z., and Csiszar, A. (2012). The emerging role of IGF-1 deficiency 
in cardiovascular aging: recent advances. J. Gerontol A Biol. Sci. Med. Sci. 
67, 599–610. doi: 10.1093/gerona/gls072

Ungvari, Z., Pacher, P., Kecskemeti, V., and Koller, A. (1999). Fluoxetine dilates 
isolated small cerebral arteries of rats and attenuates constrictions to serotonin, 
norepinephrine, and a voltage- dependent Ca(2+) channel opener. Stroke 30, 
1949–1954. doi: 10.1161/01.STR.30.9.1949

Ungvari, Z., Pacher, P., and Koller, A. (2000). Serotonin reuptake inhibitor fluoxetine 
decreases arteriolar myogenic tone by reducing smooth muscle (Ca2+)i. J. 
Cardiovasc. Pharmacol. 35, 849–854. doi: 10.1097/ 00005344-200006000-00004

Ungvari, Z., Tarantini, S., Hertelendy, P., Valcarcel-Ares, M. N., Fulop, G.  A., 
Logan, S., et al. (2017). Cerebromicrovascular dysfunction predicts 
cognitive decline and gait abnormalities in a mouse model of whole brain 

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1007/s002109900154
https://doi.org/10.1007/s002109900154
https://doi.org/10.1139/y01-030
https://doi.org/10.1139/y01-030
https://doi.org/10.1038/nature05991
https://doi.org/10.1111/j.1749-6632.2009.04377.x
https://doi.org/10.1007/s11357-017-9966-x
https://doi.org/10.1161/ATVBAHA.117.310536
https://doi.org/10.1111/acel.12379
https://doi.org/10.2165/00002018-200427140-00006
https://doi.org/10.1097/PSY.0000000000000163
https://doi.org/10.1097/PSY.0000000000000163
https://doi.org/10.1016/j.neubiorev.2016.08.037
https://doi.org/10.1097/GME.0000000000000916
https://doi.org/10.1016/j.vph.2015.06.015
https://doi.org/10.3389/fnagi.2013.00027
https://doi.org/10.1038/jcbfm.2014.256
https://doi.org/10.1038/jcbfm.2014.256
https://doi.org/10.1007/s11357-016-9931-0
https://doi.org/10.1007/s11357-017-9980-z
https://doi.org/10.1016/j.exger.2016.11.004
https://doi.org/10.1111/acel.12583
https://doi.org/10.1136/hrt.2004.037457
https://doi.org/10.1016/S0304-3940(03)00574-3
https://doi.org/10.1152/ajpheart.00377.2013
https://doi.org/10.1038/jcbfm.2013.143
https://doi.org/10.1038/jcbfm.2014.156
https://doi.org/10.1038/jcbfm.2014.156
https://doi.org/10.1111/acel.12372
https://doi.org/10.1111/acel.12315
https://doi.org/10.1152/ajpheart.00581.2016
https://doi.org/10.1124/mol.105.020842
https://doi.org/10.1093/gerona/gls072
https://doi.org/10.1161/01.STR.30.9.1949
https://doi.org/10.1097/00005344-200006000-00004


Effects of Fluoxetine in AgingUngvari et al.

8 September 2019 | Volume 10 | Article 898Frontiers in Genetics | www.frontiersin.org

irradiation-induced accelerated brain senescence. Geroscience 39, 33–42. doi: 
10.1007/s11357-017-9964-z

Unis, A., Abdelbary, A., and Hamza, M. (2014). Comparison of the effects of 
escitalopram and atorvastatin on diet-induced atherosclerosis in rats. Can. J. 
Physiol. Pharmacol. 92, 226–233. doi: 10.1139/cjpp-2013-0168

Urfer, S. R., Kaeberlein, T. L., Mailheau, S., Bergman, P. J., Creevy, K. E., 
Promislow,  D. E., et al. (2017). A randomized controlled trial to establish 
effects of short-term rapamycin treatment in 24 middle-aged companion dogs. 
Geroscience 39, 117–127. doi: 10.1007/s11357-017-9972-z

van Harten, J. (1993). Clinical pharmacokinetics of selective serotonin 
reuptake inhibitors. Clin. Pharmacokinet. 24, 203–220. doi: 10.2165/ 
00003088-199324030-00003

Ye, X., Linton, J. M., Schork, N. J., Buck, L. B., and Petrascheck, M. (2014). A 
pharmacological network for lifespan extension in Caenorhabditis elegans. 
Aging Cell 13, 206–215. doi: 10.1111/acel.12163

Yuan Z. X., and Rapoport, S. I. (2015). Transient postnatal fluoxetine decreases 
brain concentrations of 20-HETE and 15-epi-LXA4, arachidonic acid 

metabolites in adult mice. Prostaglandins Leukot. Essent. Fatty Acids 101, 9–14. 
doi: 10.1016/j.plefa.2015.07.002

Zlatkovic, J., Todorovic, N., Tomanovic, N., Boskovic, M., Djordjevic, S., Lazarevic-
Pasti, T., et al. (2014). Chronic administration of fluoxetine or clozapine 
induces oxidative stress in rat liver: a histopathological study. Eur. J. Pharm. Sci. 
59, 20–30 doi: 10.1016/j.ejps.2014.04.010.

Conflict of Interest Statement: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2019 Ungvari, Tarantini, Yabluchanskiy and Csiszar. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1007/s11357-017-9964-z
https://doi.org/10.1139/cjpp-2013-0168
https://doi.org/10.1007/s11357-017-9972-z
https://doi.org/10.2165/00003088-199324030-00003
https://doi.org/10.2165/00003088-199324030-00003
https://doi.org/10.1111/acel.12163
https://doi.org/10.1016/j.plefa.2015.07.002
https://doi.org/10.1016/j.ejps.2014.04.010
http://creativecommons.org/licenses/by/4.0/

	Potential Adverse Cardiovascular Effects of Treatment With Fluoxetine and Other Selective Serotonin Reuptake Inhibitors (SSRIs) in Patients With Geriatric Depression: Implications for Atherogenesis and Cerebromicrovascular Dysregulation

	Introduction

	Age-Related Changes in Pharmacokinetics of Fluoxetine and Other SSRIs

	Vascular Side Effects of Fluoxetine and Other SSRIs: Potential Pathogenic Role of Impaired Myogenic Constriction of Resistance Arteries

	Vascular Side Effects of Fluoxetine and Other SSRIs: Potential Pathogenic Role in Atherogenesis

	Potential Progeronic Effects of Fluoxetine

	Cardiac Side Effects Of SSRIs In Aging

	Perspectives

	Author Contributions

	Funding

	References



