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Abstract: Selective serotonin reuptake inhibitors (SSRIs) are a first line treatment for depressive and 

anxiety disorders. They function by selectively binding and blocking the serotonin transporter 

(SERT) and preventing reuptake of serotonin into the presynaptic terminal; however, the 

downstream changes and that determine the therapeutic effects remain largely unknown. There is 

growing evidence showing that serotonergic signalling and SERT blockade influences 

mitochondrial biogenesis and activity, suggesting that this may be an important downstream effect 

to consider in understanding the mechanism of action of these drugs. The aim of this study was to 

review the literature investigating mitochondrial biogenesis and activity as a result of SSRI 

treatment. Publications investigating SSRI treatment and mitochondrial function between 2007 and 

2021 were identified by literature search using the PubMed database. Publications were categorised 

by whether mitochondrial biogenesis and activity was increased, decreased, restored following a 

disruption, or whether effects were mixed. Effects of SSRI treatment on mitochondrial biogenesis 

and function were dependent on the chosen dose and model. While cell culture based-studies 

showed mixed outcomes, the majority of animal studies showed that mitochondrial biogenesis and 

oxidative phosphorylation was increased, while oxidative stress was decreased. Collectively, the 

studies in this review suggest that SSRI treatment within the therapeutic dose range has the capacity 

to enhance mitochondrial biogenesis and function. Given that reduced oxidative capacity has been 

implicated in the pathophysiology of depressive and anxiety disorders, this may be important for 

understanding how SSRIs function to alleviate symptoms of these disorders. 

Keywords: serotonin; mitochondria; SSRI; neuropsychiatric disorders 

 

Introduction 

Serotonergic signalling has a long-standing association with depressive and anxiety disorders, 

largely owing to its role in the regulation of mood. The serotonin transporter (SERT) functions to 

control synaptic concentrations of serotonin (5-hydroxytryptamine; 5-HT), and therefore has an 

essential role in the regulation of 5-HT signalling. SERT is also the target of selective serotonin 

reuptake inhibitors (SSRIs), a class of drugs included on the World Health Organisation List of 

Essential Medicines as a first line treatment for depressive and anxiety disorders (World Health 

Organisation 2021). They selectively bind and block SERT, preventing reuptake of 5-HT into the 

presynaptic terminal. In the short term, this reduces clearance of 5-HT from the synapse, promoting 

increased serotonergic signalling. However, most patients tend to experience a therapeutic delay, 

where the improvement of symptoms often occurs weeks to months after starting the medication 

(Trivedi et al. 2006). The cause of this delay remains largely unknown but may be attributed to 

downstream changes in 5-HT receptor expression and sensitivity (Commons and Linnros 2019). 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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Additionally, a study by Erb et al. (2016) suggested that SSRI treatment promotes the translocation 

of G-proteins away from lipid rafts, allowing the activation of the cAMP signalling cascade and that 

this may account for the therapeutic delay.  

Mitochondrial dysfunction is also implicated in the pathophysiology of numerous 

neuropsychiatric and neurodevelopmental disorders, and there is increasing evidence to suggest that 

signalling through multiple 5-HT receptors drives mitochondrial biogenesis (Valenti et al. 2017; 

Scholpa et al. 2018; Fanibunda et al. 2019). Interestingly, there is also some evidence to suggest that 

SERT may be found on the outer mitochondrial membrane; however, its function there remains 

unclear (Mukherjee et al. 1998; Haase et al. 2017). Given the gap in our understanding of the long-

term changes that drive remission with antidepressant treatments, this begs the question of whether 

modulation of mitochondrial function by SSRIs treatment may influence therapeutic outcomes.  

This review provides a systematic review of the literature investigating the effect of SSRI 

treatments on mitochondrial abundance and function, with a view to determining whether the 

literature is in consensus over whether these drugs are beneficial or detrimental to mitochondrial 

function. Understanding the relationship between serotonergic signalling and mitochondrial 

function may be important for understanding the pathophysiology of neuropsychiatric and 

neurodevelopmental disorders, and consequently this may highlight a pathway important for future 

dug development.   

Methods 

Publications studying SSRI treatment and mitochondrial abundance, biogenesis, or function 

between 1 January 2007 and 31 December 2021 were identified by literature search using the PubMed 

database; search terms were (“SSRI” OR “SELECTIVE SEROTONIN REUPTAKE INHIBITOR”) AND 

“MITOCHONDRIA”. Review articles, conference abstracts, and papers not relevant to this review 

were excluded. Studies of animals, cultured cells (human-and animal-derived), and isolated 

mitochondria were included, as well as studies of both chronic and one-off treatments.  

There are many drugs that are classes as SSRIs, and all were eligible for inclusion in this review. 

Studies were read and the main findings were summarised. Mitochondria have a diverse range of 

cellular functions and as a result of this, the literature in this field employs a diverse range of 

experimental outputs to quantify mitochondrial biogenesis and function. To simplify this, studies 

were classified such that an “increase” in function refers to increased mitochondrial biogenesis, 

tricarboxylic acid (TCA) cycle activity, electron transport chain (ETC) activity, ATP production, 

oxygen consumption, or decreased reactive oxygen species (ROS) production. Studies were 

categorised by whether mitochondrial function or abundance was increased (↑) decreased (↓), mixed 

(↑↓), or neutral (↔). If mitochondrial function or abundance was returned to baseline with SSRI 

treatment following a disruption, studies were classified by whether the return to baseline was an 

increase (*↑) or a decrease (*↓). The search ended on 1 July 2022; all articles were screened for 

eligibility, briefly summarised and classified based on their findings twice by BT.  

As mitochondrial function, serotonergic signalling, and SSRI efficacy also show sexual 

dimorphisms, publications utilising animal tissue or primary cultured cells were also analysed for 

sex bias. For this, studies were classified by the following categories: sex not stated, male, female, 

sexes combined (without sex comparisons), sex comparison (comparative data shown), and sex 

comparison (comparative data not shown). Papers that included both sexes but used them for 

separate experiments meaning that they could not be compared were included in the sexes combined 

category. 

Risk of Bias Assessment 

Table 1 shows a risk of bias assessment for this review as directed by the Risk of Bias in 

Systematic Reviews Tool (ROBIS). 
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Table 1. Risk of bias. Judgement of bias risk in this systematic review using the ROBIS tool. 

Domain Concern Rationale for Concern 

Concerns regarding specification of study 

eligibility criteria 

Year of publication, 

language 

Scientific studies published 

outside of the date range or in 

languages other than English 

may have been missed. 

Concerns regarding methods used to 

identify and/or select studies 
Database Search 

It is possible that the database 

searched did not contain an 

exhaustive list of the published 

literature in this field. 

Concerns regarding methods used to 

collect data and appraise studies 
Single author review 

Studies were identified and 

reviewed twice by one author, 

and this may have resulted in 

bias and/or error.   

Concerns regarding the synthesis and 

findings 

Primary study quality 

and bias; diversity of 

methods used in 

primary studies.  

Primary studies were not 

classified based on 

methodological robustness – 

each study was equally weighted 

with regard to findings.  

Primary studies used a wide 

variety of methods to determine 

mitochondrial function  

Results 

Study Selection 

Literature search using the PubMed database identified 90 articles published between 1 January 

2007 and 31 December 2021 which were then assessed for eligibility. Of these publications, 47 were 

excluded as they were either review articles (n = 7) or not relevant to this review (n = 40) (Figure 1). 

Of the 43 relevant publications identified, three studied isolated mitochondria (two of these also 

included cell culture experiments), nine studied cultured cells (primary or immortalised cell lines), 

and the remaining 31 were rodent studies. These studies included the following drugs: fluoxetine 

(30), norfluoxetine (1), fluvoxamine (2), paroxetine (6), sertraline (3), citalopram (4), dapoxetine (1), 

and vortioxetine (1) (Figure 2).  
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Figure 1. PRISMA Flow Chart showing the number of records retrieved, screened and analysed for 

this review. 

 

Figure 2. Overview of drugs and doses in reviewed publications. (A) Publications investigating the 

effect of SSRI treatment on mitochondrial dynamics in isolated mitochondria, cultured cells, and 

animals between 2007 and 2021 (n = 40). (B) Publications investigating any drug classed as an SSRI 

were eligible for inclusion in this review. The most commonly used drug was fluoxetine (65% percent 

of publications), followed by paroxetine (13%), and citalopram (9%). (C, D) Doses and concentrations 

of SSRIs used in reviewed publications (all drugs combined). 

Study Outcomes Varied by Model 

The findings of the reviewed studies pertaining to mitochondrial abundance or function were 

classified as increased, decreased, restored following a disruption, or neutral as indicated in Tables 2 
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and 3. Studies showing that mitochondrial abundance or function was restored following a 

disruption were then further categorised by whether the restoration to baseline involved an increase 

or decrease in the measured parameters. In studies of isolated mitochondria, all three publications 

demonstrated that SSRI treatment was detrimental to mitochondrial function. For the nine studies 

using cultured cells, the outcomes were more varied – five studies demonstrated improved 

mitochondrial function, three showed decreased function, and one demonstrated mixed effects. 

Animal-based studies again showed a different pattern, with 25 out of 31 publications showing that 

SSRI treatment improved mitochondrial function, only three papers demonstrating decreased 

function, and three papers showing mixed effects (Figure 3).  

Table 2. Publications studying the effect of SSRIs in isolated mitochondria and cultured cells. 

Summarised findings of publications investigating the effects of SSRI treatment on mitochondrial 

dynamics in studies of cultured cells and isolated mitochondria. Mitochondrial function or abundance 

was classified as increased (↑), decreased (↓), or neutral (↔).Animal studies. 

Model/Sex Treatment Findings Study 

Pig brain 

mitochondria 

500 μM 

Citalopram 
↓ Citalopram inhibited complex I and II activity. 

(Hroudova 

and Fisar 

2010) 

Rat heart 

mitochondria, 

CHOβ2SPAP cells 

10-50 μM 

Norfluoxetine 

↓ Norfluoxetine caused a decrease in MMP, 

complex I/II/III/IV activity and reduced O2 

consumption. Effects were in cells and isolated 

mitochondria. 

(Abdel-

Razaq et al. 

2011) 

Primary rat 

hepatocytes; 

isolated liver 

mitochondria/Male 

12.5-100 μM 

Sertraline; 0.5 - 

24 hours 

↓ Sertraline impaired complex I and ATP synthase 

but not other ETC complexes; uncoupled OXPHOS 

in mitochondria. Showed ATP depletion in cells. 

(Li et al. 

2012) 

Rat primary 

hippocampal 

neuron cultures/ 

Male 

3 μM 

Fluoxetine 

↔ Treatment promoted anterograde axonal 

transport of mitochondria in hippocampal 

neurons.  

(Chen et al. 

2007) 

PC12 Cells 

15 μM 

Fluoxetine, 24 

hours 

↓ Fluoxetine had an additive effect with rotenone 

and MPP+ toxicity. Induced mitochondrial 

membrane permeability change and oxidative 

stress. Reduced cell viability.  

(Han and Lee 

2009) 

OVCAR-3 and SK-

OV-3 Cells 

15 μM 

Fluoxetine, 24 

hours 

↓ Treatment induced activation of apoptotic 

proteins, cell death, ROS formation, loss of MMP, 

and cytochrome c release. 

(Lee et al. 

2010) 

bEnd.3 and 

EA.hy926 Cells 

10 μM 

Paroxetine, 3 

days 

↑ Paroxetine reduced hyperglycaemia-induced 

mitochondrial ROS formation, DNA damage, and 

protein oxidation without influencing electron 

transport or cellular bioenergetics. 

(Gerö et al. 

2013) 

SK-N-MC Cells 
2-10 μM 

Paroxetine 

↑ Dose-dependent increase in mitochondrial 

biogenesis, mtDNA copy number, TFAM/PGC1a 

mRNA expression, ATP levels, and glucose 

uptake. 

(Jeong et al. 

2015) 

Sprague-Dawley 

Rat, SERT 

Knockout mouse, 

human primary 

neuronal cultures; 

Sprague Dawley 

Rats 

0.01-10 μM 

Paroxetine/ 

Fluoxetine; 10 

mg/kg, 10 or 28 

days 

↑ SSRIs identified as protective against oxidative 

stress. Paroxetine and fluoxetine protected against 

Tat-induced neurotoxicity (paroxetine to a greater 

extent). Paroxetine stimulated proliferation of 

NPCs and generation of newborn neurons. 

Inhibited Ca2+-induced swelling in brain 

mitochondria. 

(Steiner et al. 

2015) 
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Jurkat and HeLa 

Cells; Patient 

PBMCs 

40 μM 

Fluoxetine 

↓ Decreased oxygen consumption, ATP content 

with fluoxetine treatment.  

(Charles et al. 

2017) 

Rat primary 

hippocampal 

neuron 

cultures/Not 

Stated 

5 μM 

Dapoxetine, 

Fluoxetine, 

Citalopram 

↑ Dapoxetine treatment inhibited glutamate-

induced Ca2+ increase, mitochondrial 

depolarisation, and cell death. Effects of 

citalopram and fluoxetine less pronounced.  

(Jeong et al. 

2017) 

HT22 Cells 
20 μM 

Citalopram 

↑ Citalopram treatment enhanced mitochondrial 

biogenesis and mitophagy in HT22 cells. 

Treatment restored impaired mitochondrial 

dynamics in cells transfected with mutant APP. 

(Reddy et al. 

2021) 

Table 3. Publications studying SSRIs in animals. Summarised findings of publications investigating 

the effects of SSRI treatment on mitochondrial dynamics in animal studies. Mitochondrial function or 

abundance was classified as increased (↑), increased/restored following a disruption (*↑), decreased 

(↓), or decreased/restored following a disruption (*↓). 

Model/Sex Treatment Findings Study 

Wistar rats/ 

Male 

0.75 mg/kg 

Fluoxetine, 40 

days 

*↑ Fluoxetine prevented mitochondrial cristolysis in 

the heart under cold stress. 

(Daud et al. 

2009) 

Wistar rats/ 

Male 

5, 10 mg/kg 

Sertraline, 14 

days 

*↑ Sertraline normalised electron transport complex 

activity and oxidative stress in the brains of a rat 

model of Huntington’s Disease. 

(Kumar and 

Kumar 2009) 

Wistar rats/Male 

10 mg/kg 

Paroxetine, 15 

days 

↑ Paroxetine treatment increased citrate synthase 

and succinate dehydrogenase activity in the 

prefrontal cortex and hippocampus, but not the 

cerebellum. 

(Scaini et al. 

2010) 

Wistar rats/Male 

and Female 

5 mg/kg 

Fluoxetine, 21 

days 

↓↑ Males and females respond differently to 

fluoxetine treatment following chronic stress. ETC 

complex IV mRNA expression and activity were 

altered depending on sex, treatment, and brain 

region.  

(Adzic et al. 

2013) 

Sprague-

Dawley 

Rats/Male 

5 mg/kg 

Fluoxetine, 18 

days 

*↓ Chronic unpredictable stress resulted in 

increased ATP production and antioxidant defence 

in the DRN. Changes were normalised by exercise 

and fluoxetine treatment.  

(Wen et al. 

2014) 

ICR 

Mice/Wistar Rat 

primary 

cardiomyocyte 

cultures 

1 mg/kg 

Fluvoxamine, 4 

weeks; 5 μM in 

culture 

*↑ Fluvoxamine treatment rescued ATP production 

in the hearts of mice that had undergone transverse 

aortic constriction. A similar effect was seen in 

cultured rat primary cardiomyocytes, whereby 

fluvoxamine treatment rescued Ca2+ mobilisation 

and ATP production in cardiomyocytes treated 

with angiotensin II to promote hypertrophy. 

(Tagashira et 

al. 2014) 

CaMKIV Null 

Mice/Male 

2.5 mg/kg 

Fluvoxamine, 1 

mg/kg 

Paroxetine, 14 

days 

*↑ Fluvoxamine normalised ATP production in the 

hippocampus of CaMKIV null mice. Suggested that 

these changes were attributed to the sigma-1 

receptor rather than altered serotonergic signalling, 

as treatment with paroxetine, an SSRI lacking 

sigma-1 receptor affinity, did not show the same 

effects. 

(Moriguchi et 

al. 2015) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2024 doi:10.20944/preprints202412.1472.v1

https://doi.org/10.20944/preprints202412.1472.v1


 7 

 

Wistar 

Rats/Male 

10 mg/kg 

Fluoxetine, first 

21 days of life 

↑ Increased O2 consumption and citrate synthase 

activity, reduced ROS production in skeletal muscle 

and hypothalamus with fluoxetine treatment at 

adulthood.  

(da Silva et al. 

2015b) 

Charles Foster 

Rats/Male 

10 mg/kg 

Paroxetine, 24 

days 

*↑ Paroxetine ameliorated stress-induced oxidative 

damage in the brain; no effect on OXPHOS. 

(Garabadu et 

al. 2015) 

Wistar 

Rats/Male 

10 mg/kg 

Fluoxetine, first 

21 days of life 

↑ Fluoxetine increased mitochondrial respiration 

and proton leak increased expression of UCP1, 

decreased ROS production in brown adipose tissue 

at adulthood.  

(da Silva et al. 

2015a) 

Wistar 

Rats/Male 

10 mg/kg 

fluoxetine, first 

21 days of life 

↑ Neonatal fluoxetine treatment increased 

mitochondrial respiratory capacity and membrane 

potential and decreased ROS production in the 

heart at adulthood.  

(Braz et al. 

2016) 

Sprague-

Dawley 

Rats/Male 

10 mg/kg 

Fluoxetine, 21 

days 

↑ Enhanced complex IV activity in non-synaptic 

mitochondria and synaptic “heavy” mitochondria 

isolated from the FC of rats. 

(Villa et al. 

2016) 

Wistar 

Rats/Male  

5 mg/kg 

Sertraline 

*↑ Combined sertraline and narinign treatment 

restored mitochondrial dysfunction and oxidative 

stress in the hippocampus following doxorubicin 

exposure.  

(Kwatra et al. 

2016) 

Sprague-

Dawley Rat 

Hepatocytes/ 

Not Stated 

20 mg/kg in rats; 

500 μM 

Citalopram in 

isolated 

hepatocytes 

↓ In vivo experiments showed that treatment caused 

oxidative damage in the liver, and in vitro 

experiments showed that this dose caused 

oxidative damage and collapse of the mitochondrial 

membrane potential.  

(Ahmadian et 

al. 2017) 

Sprague-

Dawley 

Rats/Male 

10 mg/kg 

Fluoxetine, 21 

days 

↑ Enhanced complex IV, succinate dehydrogenase, 

and glutamate dehydrogenase activity non-

synaptic mitochondria isolated from the 

hippocampus of rats. 

(Villa et al. 

2017) 

Wistar 

Rats/Male 

7.5 mg/kg 

Fluoxetine 

*↑ Treatment rescued decreased complex II activity 

in the brains and hearts of rats affected by social 

isolation stress. Oxidative damage, collapse of the 

mitochondrial membrane potential, and reduced 

ATP production were rescued in the brains only. 

(Sonei et al. 

2017) 

Wistar 

Rats/Male 

15 mg/kg 

Fluoxetine, 21 

days 

↑ Fluoxetine upregulated mitochondrial proteins 

related to OXPHOS and TCA cycle in the 

hippocampus. Upregulation of subunits for 

complexes I, II and III and ATP synthase. 

(Filipovic et 

al. 2017) 

Swiss 

Mice/Male 

10 mg/kg 

Fluoxetine (1 

dose for acute, 7 

days for 

chronic) 

*↑ Chronic but not acute treatment was protective 

against oxidative stress and collapse of the 

mitochondrial membrane potential due to 

glutamate excitotoxicity in the hippocampus.  

(Ludka et al. 

2017) 

Sprague-

Dawley 

Rats/Male 

10 mg/kg 

Fluoxetine, 21 

days 

↑↓ Proteomic study – upregulation and 

downregulation of a variety of proteins involved 

with mitochondrial dynamics, function, and 

maturation in the hippocampus with fluoxetine 

treatment.  

(Głombik et 

al. 2017) 
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Wistar 

Rats/Male and 

Female 

5 mg/kg 

Fluoxetine, 21 

days 

↑ Fluoxetine treatment increased complex IV 

activity in the hippocampus of control males and 

stressed females. 

(Adzic et al. 

2017) 

Sprague-

Dawley 

Rats/Male 

Vortioxetine 1.6 

g/kg in food, 

Fluoxetine 160 

mg/L in 

drinking water, 

7 days 

↑ Vortioxetine treatment increased number of 

mitochondria in total neuropil and axon terminals 

in the hippocampus. No change with fluoxetine 

treatment. 

(Chen et al. 

2018) 

Wistar 

Rats/Male 

15 mg/kg 

Fluoxetine, 21 

days 

*↑ Fluoxetine treatment restored decreased 

expression of proteins involved with mitochondrial 

transport, Krebs cycle, and OXPHOS in the 

hippocampus following chronic stress.  

(Peric et al. 

2018) 

Wistar 

Rats/Male 

10 mg/kg 

Fluoxetine, first 

21 days of life 

↑ Increased oxygen consumption in the livers of 

fluoxetine treated animals at adulthood, reduced 

oxidative stress. Increased resistance to mPTP 

opening. 

(Simões-Alves 

et al. 2018) 

Wistar 

Rats/Male and 

Female 

10 mg/kg 

Fluoxetine, 21 

days 

↑ Improved mitochondrial bioenergetics in the 

brainstem of fluoxetine treated males, improved 

antioxidant defence in the brainstem of treated 

females.  

(Silva et al. 

2018) 

BALB/cJ 

Mice/Male  

18 mg/kg 

Fluoxetine, 6 

weeks  

↑ Increased citrate synthase and complex IV activity 

and decreased ROS production in skeletal muscle 

in fluoxetine treated, exercising mice.  

(Tutakhail et 

al. 2019) 

C57/BL6J 

Mice/Male; 

primary 

cultured 

astrocytes 

10 mg/kg 

Fluoxetine, 28 

days; 10 μM in 

culture 

*↑ Mitochondrial structure in the hippocampus 

disrupted following stress, restored with fluoxetine. 

Treatment also promoted mitophagy in primary 

astrocytes. 

(Shu et al. 

2019) 

Wistar 

Rats/Male 

10 mg/kg 

Fluoxetine, 30 

days 

*↑ Fluoxetine ameliorated reduced mtDNA copy 

number and mRNA expression of Ppargc1a, Tfam, 

Nrf1 in the hippocampus of stressed animals. 

(Khedr et al. 

2019) 

Wistar 

Rats/Male 

10 mg/kg 

Fluoxetine, 21 

days 

↑↓ Fluoxetine treatment (PND 39-59) resulted in 

increased oxygen consumption and decreased 

oxidative damage in brown adipose tissue of rats 

overfed as neonates. In normofed rats, oxygen 

consumption was also increased with fluoxetine 

treatment, but there was increased oxidative 

damage.  

(Braz et al. 

2020a) 

Albino 

Rats/Male 

5 mg/kg 

Fluoxetine, 7 

days 

*↑ Fluoxetine ameliorated ultrastructural changes to 

mitochondria in the hippocampus of pups exposed 

to maternal separation stress.  

(Arafat and 

Shabaan 2020) 

Wistar 

Rats/Male 

10 mg/kg 

Fluoxetine, 21 

days 

↑ Fluoxetine administration (PND 39-59) in rats 

overfed as neonates restored mitochondrial 

function, oxidative balance, and mitochondrial 

biogenesis in the hypothalamus. 

(Braz et al. 

2020b) 

Ndufs4GT/GT 

Mice/Male 

15 mg/kg 

Fluoxetine, 21 

days 

*↓ Fluoxetine treatment reduced complex III and IV 

activity in the FC following chronic unpredictable 

stress. 

(Emmerzaal et 

al. 2021) 
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Figure 3. Study outcomes by model used. Publications were classified based on whether SSRI 

treatment increased or decreased mitochondrial abundance or function (from baseline or a 

restoration), or whether the effects were mixed or neutral. Mitochondrial function was decreased in 

100% of mitochondrial studies, 33% of cell culture studies, and 9.7% of animal studies. Function was 

increased in 56% of cell culture studies and 81% of animal studies. 11% of cell culture studies and 

9.7% of animal studies showed a neutral or mixed effect. 

Publications Were Biased Towards Studying Males 

Sex bias in preclinical research is a well-documented issue; however, despite efforts by funding 

bodies, male bias in neuroscience research remains a significant issue (Beery and Zucker 2011; Coiro 

and Pollak 2019; Woitowich et al. 2020; Thorne et al. 2022a), male bias in biological research is a 

significant issue. Given that mitochondrial function and SSRI efficacy both show important sex 

differences (Ventura-Clapier et al. 2017; LeGates et al. 2019), the publications in this review that 

studied animals or cultured primary cells were also analysed for potential sex biases. Of the identified 

articles, only 8.1% addressed sex as a biological variable by comparing males and females. Seventy-

eight percent studied exclusively males, 2.7% studied females, 11% did not state the sex of the animals 

and another 2.7% combined sexes without comparative analysis (Figure 4). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2024 doi:10.20944/preprints202412.1472.v1

https://doi.org/10.20944/preprints202412.1472.v1


 10 

 

 

Figure 4. Male bias in the reviewed publications. Publications included in this review were classified 

by whether they addressed sex as a biological variable. Studies of immortalised cell lines were 

excluded from this analysis. 

SSRI Treatments in Isolated Mitochondria 

Three studies investigated the effects of SSRI treatments in isolated mitochondria. All three of 

these studies demonstrated some level of mitochondrial dysfunction with SSRI treatment; however, 

all of these studies also utilised high drug concentrations that are well above therapeutic ranges 

(Magalhães et al. 2017). Hroudova and Fisar (2010) investigated the effect of citalopram (among 

additional antidepressants and mood stabilisers) on the activity of citrate synthase and ETC 

complexes in mitochondria isolated from the pig brain cortex. The concentration of citalopram used 

in this study was very high (500 μM). While this concentration of citalopram did not influence 

complex IV activity, citrate synthase activity was increased and the activity of complexes I and II 

were decreased with treatment. Abdel-Razaq et al. (2011) showed that treatment with norfluoxetine 

(the active metabolite of fluoxetine) impaired mitochondrial function in isolated mitochondria and 

cultured cells. In isolated rat heart mitochondria, mitochondrial membrane potential (MMP) and 

oxygen consumption in the presence of ADP (state-3 respiration) were reduced with norfluoxetine 

treatment in a dose-dependent manner. Similarly, norfluoxetine reduced activity of ETC complexes 

I, II/III and IV in CHO cells also in a dose-dependent manner. Interestingly, complex IV activity was 

inhibited to the greatest degree, with activity being undetectable at a 50 μM dose. Li et al. (2012) 

investigated the effect of sertraline on isolated rat liver mitochondria and cultured primary rat 

hepatocytes. In isolated mitochondria, the activity of ETC complex I and ATP synthase were reduced 

with sertraline concentrations above 25 μM, while complex II, III, and IV activity was not influenced 

by sertraline treatment at any dose. The authors also demonstrated that cellular ATP was depleted 

when primary rat hepatocytes were treated with sertraline in doses at 37.5 μM and above. Similarly, 

uncoupling of oxidative phosphorylation (OXPHOS) was demonstrated with high doses.  

Collectively these studies suggest that high dose SSRI exposure to isolated mitochondria may be 

toxic; however, the use of isolated mitochondria in these studies bypasses the mechanism by which 

these drugs function in vivo. As such, the toxicity and impairment to mitochondrial function shown 

in these studies are difficult to interpret without further in vivo studies.   
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Effects of SSRI Treatments on Cultured Cells 

Studies that investigated the effects of SSRI treatments on cultured cells showed varied 

outcomes. Some suggested that treatment was detrimental to mitochondrial function, while others 

showed that activity was enhanced. Jeong et al. (2017) investigated the effect of dapoxetine, 

fluoxetine, and citalopram on glutamate-induced excitotoxicity in cultured rat primary hippocampal 

neurons. The authors showed that dapoxetine treatment (5 μM) prevented glutamate-induced Ca2+ 

increases, loss of mitochondrial membrane potential, and cell death. However, similar effects were 

not seen with fluoxetine and citalopram treatments.  

Reddy et al. (2021) investigated the neuroprotective role of citalopram against the effect of 

mutant amyloid precursor protein (APP) in immortalised rat hippocampal cells (HT22 cells). This 

study showed that citalopram treatment enhanced mitochondrial biogenesis and mitophagy in 

control HT22 cells, and additionally rescued these functions as well as mitochondrial fragmentation 

caused impaired by mutant APP transfection.  

Paroxetine Treatments 

Three of the cell culture-based studies utilised paroxetine (Gerö et al. 2013; Steiner et al. 2015; 

Jeong et al. 2015), and each of these studies showed that paroxetine treatment had a beneficial effect 

on mitochondrial function. Gerö et al. (2013) showed that paroxetine reduced hyperglycaemia-

induced mitochondrial ROS production in endothelial cells, having protective effects against 

oxidative damage to DNA and proteins. Interestingly, this effect was evident without any effect on 

electron transport or bioenergetics. Steiner et al. (2015) showed that paroxetine interacted with 

mitochondrial proteins in cultured rat primary cortical neurons where it had neuroprotective effects. 

Treatment was protective against nitrosative stress and mitochondrial swelling due to Ca2+ overload. 

Some of these effects were also seen with fluoxetine treatment, although to a lesser extent. 

Interestingly, these effects were also seen when there was a complete absence of SERT, suggesting 

that the protective effects were not all due to SERT binding. Finally, Jeong et al. (2015) showed that 

paroxetine treatment enhanced mitochondrial biogenesis in a human neuroblastoma cell line (SK-N-

MC cells). The authors demonstrated a dose-dependent increase in mitochondrial mass, mtDNA 

copy number, glucose consumption, and cellular ATP levels (drug concentration between 2 and 6 

μM); however, these effects were less evident with higher dose 10 μM paroxetine.  

Fluoxetine Treatments 

Four studies investigated how fluoxetine impacted mitochondrial dynamics in cultured cells, 

and three of these studies suggested that fluoxetine treatment impaired mitochondrial function. Han 

and Lee (2009) investigated the effect of fluoxetine (15 μM) treatment on MPP+-induced neurotoxicity 

in differentiated PC12 cells. While other classes of antidepressants had protective effects, the authors 

showed that fluoxetine (15 μM) enhanced the effects of MPP+, increasing DNA damage due to 

oxidative stress and exacerbating the loss of mitochondrial membrane potential. Similarly, Lee et al. 

(2010) found that fluoxetine treatment (15 μM) induced the loss of mitochondrial membrane 

potential, and increased ROS production in a dose-dependent manner in an ovarian cancer cell line 

(OVCAR-3 cells). Using Jurkat cells, HeLa cells, and human peripheral blood leukocytes, Charles et 

al. (2017) also showed that high dose fluoxetine treatment (40 μM) resulted in Ca2+ release from the 

endoplasmic reticulum, and consequent accumulation in the mitochondria, resulting in reduced O2 

consumption and ATP production. In contrast to these studies, Chen et al. (2007) investigated the 

effect of fluoxetine treatment on mitochondrial trafficking in cultured primary rat hippocampal 

neurons. This study showed that 3 μM fluoxetine promoted trafficking of mitochondria towards the 

axon terminal. Although these findings do not specifically indicate enhanced or reduced 

mitochondrial function, this suggests that SSRI treatment may stimulate a redistribution of energy 

sources.  

Although some of these studies explored mitochondrial function in non-neural cell lines and are 

therefore not relevant in the context of neuropsychiatric disorders and the mechanism of action of 
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SSRIs, the systemic effects of drugs are important to consider for potential side effects. However, as 

there was substantial variety across the cell types, drugs, and doses, it is difficult to draw any 

meaningful conclusions from these studies as a whole.  

Summarised Findings – Cells and Isolated Mitochondria  

Publications in this review investigated the effect of SSRI treatment on mitochondrial abundance 

or activity in a range of tissues. Twenty three out of 31 animal studies investigated effects in the brain, 

and the most common brain region studied was the hippocampus (studied in 16 out of 23 

publications that studied the brain). Given that SSRIs are prescribed for neuropsychiatric disorders, 

the effects on mitochondria in the brain are most relevant to consider. However, serotonin functions 

systemically and has a role in regulating a range of physiological functions including gastrointestinal 

motility, vasoconstriction, and platelet aggregation (Berger et al. 2009). As such, investigating the 

effect of SSRIs in a range of tissues is also relevant.  

Animal studies were largely consistent in that the majority showed that mitochondrial function 

was either improved or normalised with SSRI treatment. There was only one study that suggested 

that SSRI treatment was detrimental to mitochondrial function, and in this study Ahmadian et al. 

(2017) showed that citalopram treatment (20 mg/kg) resulted in oxidative damage in the livers of rats. 

The authors corroborated these finding in vitro where they showed that 500 μM citalopram resulted 

in oxidative damage and collapse of the mitochondrial membrane potential in cultured rat 

hepatocytes. As this study focussed on the liver, it is less relevant in understanding a potential 

mechanism of actions for SSRIs as a treatment for neuropsychiatric disorders. Although 

hepatotoxicity is an important safety consideration for pharmaceuticals, the toxicity shown in this 

study can likely be attributed to the high doses used both in vivo and in vitro.  

Two additional studies showed that fluoxetine treatment resulted in reduced mitochondrial 

activity in the brain; however, both of these studies showed that treatment normalised activity that 

was raised as a result of chronic unpredictable stress (CUS) paradigms (Wen et al. 2014; Emmerzaal 

et al. 2021). Wen et al. (2014) showed that 5 mg/kg fluoxetine restored the respiratory control ratio, 

ATP production, and antioxidant defence to baseline in the dorsal raphe of stressed animals. 

Emmerzaal et al. (2021) showed that complex III and IV activity were reduced with 15 mg/kg 

fluoxetine treatment in the frontal cortex of stressed animals; however, unstressed animals were not 

included in this study to determine the effect of the CUS paradigm alone on mitochondrial function. 

Although it was assumed that treatment restored ETC activity rather than exacerbating the effects of 

CUS, this is unclear.  

There were three studies that suggested that SSRI treatment had mixed effects on mitochondrial 

function, and all three of these studies were fundamentally very different. In their proteomic study, 

Głombik et al. (2017) showed that fluoxetine treatment (10 mg/kg) had a varying effect on the 

expression of proteins associated with mitochondrial biogenesis and function in the hippocampus of 

prenatally stress rats. Of note, fluoxetine treatment resulted in the upregulation of DJ-1, a protein 

involved in sensing oxidative stress and stimulating mitochondrial biogenesis. Braz et al. (2020a) 

investigated the effect of fluoxetine treatment (10 mg/kg) in rats that were overfed in the first 21 days 

of life. The authors showed that overfeeding during this time resulted in decreased oxygen 

consumption and increased oxidative stress in brown adipose tissue, and these changes were 

ameliorated with fluoxetine treatment. Interestingly, fluoxetine treatment had a slightly different 

effect in normofed animals, resulting in increased oxygen consumption and increased oxidative stress 

in brown adipose tissue (BAT). In considering these studies incorporating BAT, it is also important 

to note that mitochondria serve a unique purpose in these cells relative to the rest of the body. BAT 

expresses the uncoupling protein-1 (UCP-1) which causes a proton leak across the inner 

mitochondrial membrane, facilitating the thermogenic properties of BAT. As such, measures of 

mitochondrial function that are employed throughout these papers have a unique meaning in this 

tissue type and should be interpreted as such (Lee et al. 2019).  

The final study showing varied effects on mitochondrial function also demonstrated that these 

differences were sex dependent. As most of the studies in this review were conducted in male animals 
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only, these findings were particularly interesting. Adzic et al. (2013) investigated the effect of 

fluoxetine treatment (5 mg/kg) alongside 21 days of isolation stress, and showed sexually dimorphic 

differences in mRNA expression and activity of ETC components in the brain as a result. Complex 

IV activity and mRNA expression of mitochondrially-encoded subunits for complex IV were 

increased in the prefrontal cortex (PFC) of fluoxetine treated control females, whereas no differences 

were seen in the PFC of male counterparts. They also showed that expression and activity were 

increased in the hippocampus of stressed fluoxetine treated females but decreased in the 

hippocampus of male counterparts. There were only two other studies in this review that included 

sex comparisons, and one of these was conducted by the same group as the study just described. This 

study built on their previous findings and showed that mitochondrial oestrogen receptor β has an 

important role in the sexually dimorphic nature of fluoxetine-induced changes in behaviour and 

complex IV activity. These findings are significant, as it has been demonstrated that sex differences 

in antidepressant effectiveness in humans can also be attributed to sex hormones (Adzic et al. 2017).  

The third publication that incorporated sex as a biological variable also demonstrated interesting 

sex differences. In this study, Silva et al. (2018) showed that fluoxetine treatment (10 mg/kg) during 

the neonatal period improved mitochondrial function in the brainstem at adulthood in a sexually 

dimorphic manner. For males, fluoxetine treatment significantly increased citrate synthase activity, 

ADP-stimulated respiration, and the respiratory control ratio, while also reducing ROS production 

in the brainstem. Whereas for females, improvements in antioxidant capacity were seen without 

significant changes to respiratory capacity. There were six other publications by this group that were 

identified for this review, with these studies making up almost a quarter of animal studies. An 

additional four of these publications investigated the same paradigm described above and they all 

reached a similar consensus, showing that fluoxetine treatment during the first 21 days of life 

improved mitochondrial function at adulthood, with each of these studies exploring the effects in 

different tissues (da Silva et al. 2015b, a; Braz et al. 2016; Silva et al. 2018; Simões-Alves et al. 2018). 

As these effects were seen long after the treatment was stopped, this suggests that fluoxetine 

treatment during an important developmental stage may result in long term or permanent changes 

to mitochondrial bioenergetics. The other two studies by this group investigated how fluoxetine 

treatment from PND 39-59 influences mitochondrial function at adulthood following overfeeding 

during the neonatal period (Braz et al. 2020a, b). They showed that fluoxetine treatment during 

adolescence restores mitochondrial function and oxidative balance in the hypothalamus and brown 

adipose tissue following perturbations due to overfeeding during the neonatal period.  

The most consistent findings across animal studies were that SSRI treatment enhanced ETC 

activity and OXPHOS and was also protective against oxidative stress. These findings were consistent 

in publications studying the effects of SSRIs alone as well as in chronic unpredictable stress and social 

isolation stress models. For example, Villa et al. (2016, 2017) showed that fluoxetine treatment (10 

mg/kg) alone enhanced complex IV activity in mitochondria isolated from the frontal cortex (FC) and 

hippocampus of rats. Using stress-based models, Adzic et al. (2017) showed that reduced complex IV 

activity in the hippocampus of stressed females was restored with fluoxetine treatment, and Wen et 

al. (2014) showed that decreased ATP production in the DRN with chronic unpredictable stress was 

also restored with fluoxetine treatment. Considering oxidative stress, Tutakhail et al. (2019) showed 

that fluoxetine treatment (18 mg/kg) reduced ROS production in skeletal muscle, and Garabadu et al. 

(2015) showed that paroxetine (10 mg/kg) treatment rescued stress-induced oxidative damage in the 

brain. Interestingly, publications by Arafat and Shabaan (2020) and Shu et al. (2019) both showed that 

fluoxetine treatment rescued ultrastructural changes to mitochondria in the hippocampus resulting 

from stress-based paradigms, suggesting that the effect of SSRIs on mitochondrial health and 

function is broad.  

Although the majority of animal studies showed that SSRI treatment increased mitochondrial 

activity or ameliorated mitochondrial function that was impaired by previous conditions, there were 

two publications that showed the opposite effect. Both of these studies showed that chronic 

unpredictable stress resulted in increased ETC activity or ATP production in the brain, and this 

condition was reversed with fluoxetine treatment (Wen et al. 2014; Emmerzaal et al. 2021). Taking 
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these studies into account, it may be that SSRI treatment has the capacity to restore mitochondrial 

function whether this entails an increase or a decrease in activity. In saying this, the studies 

suggesting that treatment increases mitochondrial activity far outnumber those that suggest the 

opposite.  

The focus of this review was to explore the effect of SSRI treatment on mitochondrial biogenesis 

and function in the brain with a view to understanding whether this may be important in the 

treatment of neuropsychiatric disorders. While the majority of reviewed studies investigated effects 

in the brain, there were ten publications that either focussed on effects in peripheral tissues or 

explored this in addition to brain tissue. In the brain, SSRIs prevent reuptake of 5-HT into the 

presynaptic terminal, resulting in increased synaptic 5-HT; however, the effect of SSRIs in peripheral 

tissues is less clear. It is also unclear whether the effects of SSRI treatment reflect increased 

extracellular 5-HT and resultant changes to 5-HT receptor activation, or changes to intracellular 5-

HT. It is possible that SERT blockade results in decreased intracellular 5-HT, thus influencing 

processes such as protein serotonylation or intracellular 5-HT receptor activation (Muma and Mi 

2015; Wang et al. 2016; Bader 2019; Tempio et al. 2020), both of which can have important effects on 

cell function.  

Publications that looked at the effects of SSRIs in peripheral tissue studied the heart, liver, brown 

adipose tissue, and skeletal muscle (Figure 5). SSRI effects in these tissue types may be due to SERT 

binding as SERT expression has been demonstrated in the liver, skeletal muscle, and heart (Ni and 

Watts 2006; Chen et al. 2012; Al-Zoairy et al. 2017); however, whether SERT is expressed in BAT was 

not clear from a review of the literature. As such, there may be additional indirect mechanisms to 

consider. For example, serotonin influences energy expenditure in BAT by increasing sympathetic 

drive, so it is possible that the effects described in BAT may be attributed to this mechanism rather 

than SERT binding in BAT itself (Morrison et al. 2014). However, as previously discussed, 

mitochondrial function in BAT is complex to interpret, adding a further layer of complexity to 

understanding the relationship between 5-HT and mitochondrial function in this tissue.  

 

Figure 5. Study outcomes by tissue type in animal studies. Publications of animal studies were 

classified by whether SSRI treatment increased or decreased mitochondrial function, or whether 

effects were mixed or neutral. Mitochondrial function was increased in 20 of 23 studies in the brain, 
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all three studies of the heart, one of two studies in the liver and brown adipose tissue, and both studies 

of skeletal muscle. Function was decreased in one study of the brain and one of the liver, and neutral 

or mixed effects were found in two brain studies, and one study of brown adipose tissue. 

Summarised Findings – Animal Studies  

Discussion 

This review suggests that SSRI treatment influences mitochondrial abundance and function; 

however, the nature of these effects differs substantially depending on the model chosen. Studies in 

isolated mitochondria suggested that SSRIs may be detrimental to mitochondrial function and cell 

culture-based studies showed mixed effects. Animal studies on the other hand showed that SSRI 

treatment mostly enhanced mitochondrial function, and this effect was seen across a variety of tissue 

types.  

Animal Studies Were Most Relevant 

Studies in this review include experiments using isolated mitochondria, cultured cells, and 

animals. None of these models are perfect for understanding how these drugs function in human 

physiology; however, all three provide a unique perspective for understanding the effect of SSRIs on 

mitochondrial function and abundance. Animal models are likely the most physiologically relevant 

as they allow the study of complex effects owing to interactions between different cell types and 

tissues. Most importantly, these studies allow molecular analyses to be conducted on brain tissue – 

something that cannot be easily done in humans. A drawback of animal studies is that rodent brains 

differ to human brains, meaning not all effects that are found in rats and mice will be relevant to 

humans. Cell culture models can overcome this issue as they allow the study of human cells; 

however, in vitro models are limited as they are reliant on immortalised cells or primary rodent cells 

and do not reflect the complex tissue environment and interactions between different cell types. 

Importantly, it is unclear how SERT blockade alters serotonergic signalling in vitro, as extracellular 

levels of 5-HT are defined by the cell culture conditions rather than being dependent on SERT activity.  

Studies of isolated mitochondria are likely the least physiologically relevant, as these 

experiments bypass the mechanism by which drugs function in vivo - in the case of SSRIs, by binding 

and blocking synaptic SERT. However, SSRIs are taken up inside the cell and are found physically 

associated with mitochondria where they may be bound to SERT (Mukherjee et al. 1998; Haase et al. 

2017). As such, studies of isolated mitochondria may be able to elucidate the subcellular effects of 

SSRIs and provide insight into the function of SERT on mitochondria as this is currently unclear.  

Doses Were Variable  

Studies in isolated mitochondria all employed high drug concentrations that were likely not 

physiologically relevant and mostly higher than those seen in cell culture-based studies. In this sense, 

it is unsurprising that all three studies suggested that SSRI treatment impaired ETC complex activity. 

Studies of isolated mitochondria have the potential to elucidate the connection between SERT, 

fluoxetine, and mitochondria; however, this would require the use of physiologically relevant doses. 

Therapeutic plasma concentrations for SSRIs range between 20-200 ng/mL for citalopram (Overø 

1982), 30-120 ng/mL for paroxetine, and 50-500 ng/mL for fluoxetine (Magalhães et al. 2017). These 

drugs tend to accumulate at higher concentrations in the brain, for example, therapeutic fluoxetine 

concentrations sit around 20 times higher in the brain than in the plasma (Karson et al. 1993). 

Although it is difficult to directly translate in vitro concentrations to human doses, this suggests that 

many of the mitochondrial and cell culture-based studies use very high concentrations. In this sense, 

it is not surprising that many of these studies report toxic effects and suggest that SSRIs were 

detrimental to mitochondrial function, especially given that high drug doses increase the likelihood 

of off target effects.  

In a 2016 review, it was proposed that fluoxetine treatment may have detrimental effects on 

mitochondrial function and that more research is needed to investigate the toxicological effects of 
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fluoxetine (de Oliveira 2016). However, the studies presented here collectively suggest that SSRIs 

may have the opposite effect, enhancing mitochondrial function. Signalling through multiple 5-HT 

receptors has been shown to enhance mitochondrial biogenesis (Valenti et al. 2017; Simmons et al. 

2019; Fanibunda et al. 2019), and this is likely an important consideration given that SERT blockade 

increases synaptic 5-HT thus potentially increasing post-synaptic 5-HT signalling.  

In considering the effect of SSRIs on mitochondrial biogenesis and function, there are three main 

factors to consider – the association of SERT with mitochondria and its potential function there, the 

role of intracellular 5-HT, and serotonergic signalling as a promoter of mitochondrial biogenesis. A 

study investigating the localisation of radiolabelled fluoxetine in the rat brain demonstrated that 60-

70% of fluoxetine was found in the mitochondrial/synaptosomal fraction (Mukherjee et al. 1998). 

Although it is unclear what the binding site for fluoxetine is on mitochondria, a more recent 

proteomic study demonstrated that SERT was associated with mitochondrial outer membrane 

proteins, suggesting that the mitochondrial binding site for fluoxetine may be SERT (Haase et al. 

2017). The relationship between 5-HT and mitochondria extends beyond SERT, as monoamine 

oxidase-A, the enzyme responsible for breaking down 5-HT is also located on the outer mitochondrial 

membrane (Naoi et al. 2016). Also, 5-HT receptors 3 and 4 have been shown to be located 

intracellularly on the outer mitochondrial membrane of cardiomyocytes where they serve to regulate 

mitochondrial function and Ca2+ homeostasis (Wang et al. 2016). Similarly, 5-HT7 receptors have been 

localised to the mitochondrial membrane in SH-SY5Y cells where they may function to enhance ETC 

complex IV activity (Tempio et al. 2020). In this sense, it may also be important to consider the 

potential for SERT blockade to decrease intracellular concentrations of 5-HT, thus influencing these 

intracellular 5-HT receptors. This may also impact serotonylation of small G proteins, which results 

in constitutive activation and a myriad of downstream effects (Muma and Mi 2015).   

In addition to this, there is convincing evidence that signalling through multiple 5-HT receptors 

stimulates mitochondrial biogenesis. Fanibunda et al. (2019) determined that signalling through 5-

HT2A receptors in cultured cortical neurons results in increased oxygen consumption, ATP 

production, mtDNA mass, and antioxidant capacity. This effect was regulated by the transcriptional 

coactivator PGC-1α, which was upregulated by 5-HT signalling. 5-HT1F receptor agonists have also 

been shown to induce mitochondrial biogenesis in rodent models of kidney injury, spinal cord injury, 

and Parkinson’s disease (Scholpa et al. 2018; Gibbs et al. 2018; Simmons et al. 2019; Fanibunda et al. 

2019). Additionally, stimulation of the 5-HT7 receptor has been shown to rescue impaired ATP 

production in a the brain of a rat model of Rett Syndrome, further supporting a potential role of 

serotonergic signalling in the regulation of mitochondrial bioenergetics (Valenti et al. 2017). 

However, it remains unclear whether these effects are mediated by 5-HT acting on cell surface 

receptors or via receptors on the outer mitochondrial membrane.  

Non-SERT Related Effects of SSRIs 

SSRIs are typically understood to exert their effects by binding and blocking SERT, preventing 

the reuptake of 5-HT into the presynaptic terminal and consequently altering serotonergic signalling. 

However, there is evidence from studies presented in this review that effects may be mediated by 

non-SERT related activity. Moriguchi et al. (2015) showed that treatment with fluvoxamine 

normalised ATP production in CaMKIV null mice and suggested that these effects were attributed to 

the sigma-1 receptor, rather than SERT binding. The authors showed that the same effect on ATP 

production was not seen when animals were treated with paroxetine, an SSRI without sigma-1 

receptor binding capacity. Interestingly, Steiner et al. (2015) also showed that the neuroprotective 

effects of fluoxetine and paroxetine were maintained in SERT knockout mice, suggesting that these 

effects are likely driven by SERT-independent activity. Interestingly, these are not the only studies to 

suggest that SSRIs may elicit their effects by mechanisms unrelated to SERT binding. There is 

evidence to suggest that antidepressants function by binding TRKB receptors, facilitating their 

activation by brain-derived neurotrophic factor (Casarotto et al. 2021). Additionally, it has been 

shown that antidepressants accumulate in lipid rafts independent of SERT binding, and that the 

consequent translocation of G-proteins away from lipid rafts allows the activation of the cAMP 
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signalling cascade (Erb et al. 2016). These studies collectively suggest that SSRIs may function by 

mechanisms additional to SERT binding, and this may be important for understanding the 

relationship between SSRIs and mitochondrial function, as well as for the development of new and 

effective antidepressants.  

Sex Bias in the Literature 

SSRIs are used to treat a range of psychological conditions, most notably depressive and anxiety 

disorders. Depressive and anxiety disorders are diagnosed in women at around twice the rate of men, 

and symptoms and comorbid conditions associated with these conditions also differ between sexes 

(Eid et al. 2019; Bangasser and Cuarenta 2021). Women diagnosed with MDD are more likely to 

experience comorbid anxiety-related disorders, gastrointestinal disturbances, and eating disorders, 

whereas men diagnosed with MDD are more likely to report substance abuse (Eid et al. 2019). 

Importantly, the efficacy of SSRIs also differs between men and women, and this should be an 

important factor that is considered in studies investigating the effects of these drugs. Fluoxetine 

treatment increased serum tryptophan (5-HT precursor) levels by 83% in women, compared with just 

32% in men (Bano et al. 2004), and further to this, SSRIs are more effective in treating depression for 

women than men. The efficacy of SSRIs is reduced for women after menopause, but this is reversed 

with hormone replacement therapy, again suggesting a role for sex hormones (LeGates et al. 2019).  

Considering that both the efficacy of SSRIs and the conditions that they treat differ between 

sexes, it is interesting that only three of the studies identified in this review addressed sex as a 

biological variable. This is especially important to consider as it is well recognised that many 

parameters of mitochondrial function differ between sexes (Thorne et al. 2022b), and all the studies 

in this review measure mitochondrial abundance or function as a treatment outcome. There is 

increasing recognition of the differences between male and female physiology and appreciation that 

findings in males cannot necessarily be extrapolated to females. This is supported by the finding that 

the three studies comparing males and females described in this review all identified interesting sex 

differences.  

Author Contributions to the Field 

Investigations using animal models are also strongly influenced by the small number of research 

groups working in this area. For example, Claudia Lagranha is listed as a corresponding author on 

seven of the animal studies identified in this review. Work by this author investigated fluoxetine 

treatment in the first 21 days of life and during adolescence, while the remaining animal studies in 

this review largely focussed on SSRI treatments at adulthood. The studies by this author suggest that 

5-HT signalling may be important for regulating mitochondrial function in brain development, with 

these effects persisting to adulthood. This reflects that serotonin has a role in brain development, 

being important in the development of thalamocortical axons and for proper organisation of the 

somatosensory cortex in rodents (Gaspar et al. 2003). Interestingly, studies by this author showed 

that these effects on mitochondrial function are not limited to the brain, showing similar effects in the 

heart, skeletal muscle, and brown adipose tissue as well (da Silva et al. 2015b, a; Braz et al. 2016; Silva 

et al. 2018; Simões-Alves et al. 2018). This suggests that modulation of serotonergic signalling during 

early life stages may have important effects throughout many tissues.   

Limitations  

While comprehensive, this review has limitations which are attributed to the broadness of the 

study. A vast array of methods were employed by the studies in this review, and this variation was 

evident across chosen drugs, doses, treatment duration, method of administration, species, and cell 

type, as well as the range of assays investigating mitochondrial abundance and activity. While some 

focussed on mitochondrial abundance, others chose OXPHOS and ATP production or oxidative 

stress or calcium signalling. Categorising such a broad array of results as either an increase or 

decrease dismisses the number of pathways and functions that mitochondria serve to regulate, and 
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thus minimises the true complexity of mitochondrial biology. However, the many functions of 

mitochondria are intrinsically linked and should also not be viewed in isolation; this review serves 

to give a more generalised overview of the effect of SSRIs on mitochondrial biology. Studies were 

also not weighted based on study design and methodology, this review was instead focussed on 

providing a broad perspective and determining whether the published literature reached consensus 

on the relationship between SSRI treatment and mitochondrial biogenesis and function. Lastly, it is a 

limitation that all analyses were conducted by the same author, and while articles were reviewed 

twice by this author to improve accuracy and reduce bias, this is still a limited approach.  

Conclusions 

This review incorporated a variety of studies to explore the effect of SSRI treatments on 

mitochondrial biogenesis and function. Of these, animal studies likely provide the best insight for 

understanding the effects of SSRIs, as studies in isolated mitochondria or cultured cells are unlikely 

to reflect the complexities of 5-HT physiology. These studies collectively suggest that SSRI treatment 

within the therapeutic dose range may enhance mitochondrial biogenesis, respiratory chain activity, 

and ATP production, while also being protective against oxidative damage. Whether this effect is 

consistent in humans is unclear, and this is largely due to difficulties with studying the human brain. 

However, imaging studies have identified reduced glucose metabolism in the brains of people with 

MDD (Videbech 2000), and shown that these changes can be reversed with paroxetine treatment 

(Kennedy et al. 2001). The mechanism by which SSRIs function remains to be fully elucidated; 

however, there is a growing body of evidence to suggest that their effect on mitochondrial function 

may be important. Within this, consideration should be given to both extracellular 5-HT signalling 

and the effect of 5-HT receptors and SERT on the mitochondrial membrane. While cell surface 5-HT 

receptors have been shown to promote mitochondrial biogenesis, the effect of intracellular 5-HT is 

less clear, and this should be explored.  
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