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Unravelling the antimicrobial 
action of antidepressants on gut 
commensal microbes
Yasmina Ait Chait1, Walid Mottawea1,2, Thomas A. Tompkins3 & Riadh Hammami1*

Over the past decade, there has been increasing evidence highlighting the implication of the gut 
microbiota in a variety of brain disorders such as depression, anxiety, and schizophrenia. Studies 
have shown that depression affects the stability of gut microbiota, but the impact of antidepressant 
treatments on microbiota structure and metabolism remains underexplored. In this study, we 
investigated the in vitro antimicrobial activity of antidepressants from different therapeutic 
classes against representative strains of human gut microbiota. Six different antidepressants: 
phenelzine, venlafaxine, desipramine, bupropion, aripiprazole and (S)-citalopram have been tested 
for their antimicrobial activity against 12 commensal bacterial strains using agar well diffusion, 
microbroth dilution method, and colony counting. The data revealed an important antimicrobial 
activity (bacteriostatic or bactericidal) of different antidepressants against the tested strains, with 
desipramine and aripiprazole being the most inhibitory. Strains affiliating to most dominant phyla of 
human microbiota such as Akkermansia muciniphila, Bifidobacterium animalis and Bacteroides fragilis 
were significantly altered, with minimum inhibitory concentrations (MICs) ranged from 75 to 800 μg/
mL. A significant reduction in bacterial viability was observed, reaching 5 logs cycle reductions with 
tested MICs ranged from 400 to 600 μg/mL. Our findings demonstrate that gut microbiota could be 
altered in response to antidepressant drugs.

The gut microbiota represents a diverse community relatively stable during the adult age1 that plays a crucial role 
in host physiology, homeostasis, development, and metabolism2–4. Over the past decade, there has been increas-
ing evidence highlighting the implication of the gut microbiota in a variety of brain disorders such as depression, 
anxiety, and schizophrenia5,6. Studies have shown that depression affects the stability of gut microbiota, but the 
impact of antidepressant treatments on microbiota structure and metabolism remains underexplored7. Indeed, 
gut microbiota could be altered during major depressive episodes7 or in response to antidepressant treatments, 
which could be undervalued confounding factors8–10.

Antidepressant drugs have been increasingly shown to possess antimicrobial properties with possible implica-
tions in the microbiota-gut-brain axis. The anti-tuberculosis agent iproniazid was first to be used in the treatment 
of depression in the 1950s due to its euphoriant effects on tuberculosis patients, reviewed in10. Since then, several 
classes of antidepressants, including monoamine oxidase inhibitors (MAOIs), selective serotonin reuptake inhibi-
tors (SSRIs), N-methyl-d-aspartate (NMDA) receptor antagonists, and tricyclic antidepressants (TCAs) have been 
assessed for their antimicrobial potency, with their mechanism of action being poorly investigated. For instance, 
SSRIs such as sertraline, fluoxetine and paroxetine are efflux inhibitors in bacteria cell walls and are effective on 
Gram-positive bacteria such as Enterococcus and Staphylococcus11. In addition, several studies highlighted the 
antifungal potential of SSRIs fluoxetine, sertraline, and paroxetine against Aspergillus spp., Candida parapsilosis, 
and Candida albicans11–13. In addition, several SSRIs have been reported to have antimicrobial properties at 
high concentrations while having antimicrobial enhancer properties at lower concentrations. This synergistic 
effect is confirmed by decreases in the minimum inhibitory concentrations of antibiotics when combined with 
antidepressants14. Likewise, Ketamine, an NMDA antagonist, was shown effective against Staphylococcus aureus, 
S. epidermidis, Enterococcus faecalis, Streptococcus pyogenes, and Pseudomonas aeruginosa, and Candida albicans15. 
Another class of antidepressant drugs, the TCAs, was reported to have anti-plasmid effects and to prevent the 
growth of intestinal pathogens such as E. coli, Yersinia enterocolitica, Giardia lamblia, Plasmodium falciparum, 
and Leishmania spp, reviewed in10.
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Besides, other evidence gathered from animal studies suggested that the antidepressants modulate the com-
position of the intestinal microbiota9,16–18. Administration of TCA desipramine causes important side effects 
and results in a higher incidence of infections generating gingivitis and dysbiosis of oral microbiota19. A prior 
study revealed that ketamine also modulates the fecal microbiome in the susceptible mice after chronic social 
defeat stress, suggesting an antidepressant mechanism partly mediated by the modulation of gut microbiota20. 
However, all the existing previous studies were carried out in animal models or using isolated strains (references 
or clinical isolates) that do not necessarily represent the human gut microbiota to enhance the efficacy of exist-
ing chemotherapeutic agents such as antibiotics. Limited studies have investigated the effect of antidepressant 
medications on the growth of commensal microbial residents of the human gut microbiota. For instance, of 
1000 non-antibiotics drugs, oral antipsychotics were able to reduce the in vitro growth of gut bacterial strains21. 
Likewise, Cusotto et al.9 reported the in vitro sensitivity of two commensal bacteria, notably Escherichia coli 
APC105 and Lactobacillus rhamnosus 6118 toward two SSRIs, fluoxetine and escitalopram.

The chronic use of antidepressant drugs presenting antimicrobial effects may be related to the development 
of adaptive alterations in gut microbiota, with potentially deleterious effects10. The purpose of the present study 
was to investigate the antimicrobial effect of some oral commonly prescribed antidepressants from different 
therapeutic classes against commensal bacteria representative of the predominant phyla found in the human 
gut microbiota.

Results
Antibacterial activity on solid media.  The antibacterial activity of different doses (0.625–10 mg/mL) of 
the tested antidepressants was first assessed by the well diffusion method. As shown in Fig. 1, these drugs display 
a dose- and drug-dependent antibacterial effect. Desipramine and aripiprazole showed the most inhibitory effect 
against all the tested strains with respective diameter of inhibition zone ranging from 13 to 35 mm and 15 to 
31 mm (Table S2). At lesser extent, phenelzine and (s)-citalopram showed moderate antibacterial activity against 
some intestinal strains with diameter inhibition zone going from 9 to 19 mm (Table S3). Besides, minimal inhi-
bition zone (around 9 mm) was observed in some strains with bupropion; however, no zone was detected with 
venlafaxine (data not shown). Akkermansia muciniphila and Clostridium leptum were the most sensitive strains 
to tested antidepressants (Fig. 1), while Lactobacillus rhamnosus being the most resistant (Table S3).

Growth kinetics and determination of minimum inhibitory concentrations (MICs).  The antimi-
crobial activity of tested antidepressants against 12 commensal intestinal strains was quantified using the micro-
broth dilution method. Figures 2, 3 and 4 illustrate the growth kinetics of some commensal gut bacteria. In the 
presence of increasing concentrations of antidepressants, the growth curves were dose-dependent, with strains 
being totally or partially inhibited. Desipramine was very active against most of the tested intestinal strains 
(10/12) with MIC values varying from 75 to 800 μg/mL (Table 1). For instance, 75 μg/mL of desipramine was 
enough to inhibit the growth of A. muciniphila partially, while higher concentrations (> 150 μg/mL) inhibited 
its growth completely. Faecalibacterium prausnitzii and Eubacterium rectale were the least susceptible to desip-
ramine (MIC > 800 μg/mL). The tested strains were also sensitive to aripiprazole at MIC values ranging from 
200 to 800 μg/mL. Beside A. muciniphila which was highly sensitive to aripiprazole (MIC = 200 μg/mL), other 
bacteria including, Lactobacillus casei, Enterococcus faecium, Bacteroides fragilis, and C. leptum were all inhibited 
at a dose of 300 μg/mL (Table 1). Comparatively, phenelzine exhibited a higher inhibitory effect against E. rectale 
and F. prausnitzii with respective MIC values of 300 and 400 μg/mL, while (s)-citalopram inhibited E. rectale at 
MIC value of 300 μg/mL. At the highest tested concentration (800 μg/mL), venlafaxine and bupropion presented 
MICs > 800 μg/mL or no inhibitory activity against the tested strains.   

Bacteria viability in the presence of different antidepressant concentrations.  The logarithmic 
reductions of the viable bacteria (colony forming units: CFU) in presence of antidepressants after 16 h incuba-
tion is presented in Fig. 5. Increased doses of antidepressants significantly reduced CFU counts (P < 0.05). For 
instance, desipramine strongly and significantly (P < 0.05) affected the viability of tested intestinal strains, being 
strain-dependant. Indeed, colonies of A. muciniphila and E. coli was completely inhibited at respective concen-
trations of ≥ 300 and 200 μg/mL of this drug (Fig. 5). No viable A. muciniphila colonies were detected in sam-
ples treated with either desipramine or aripiprazole at 600 or 800 μg/mL compared to initial inoculum counts 
(5.58 ± 0.19 log10 cfu/mL), suggesting a bactericidal effect of these drugs (Figure S2C). At concentrations up to 
300 μg/mL of desipramine, the CFU decreased significantly (P < 0.05) by more than 5 log cycles (i.e. L. reuteri 
and B. fragilis at 800 μg/mL), 4 log cycles (i.e. C. leptum at 800 μg/mL and L. reuteri at 600 μg/mL), 3 log cycles 
(i.e. B. animalis at 600 μg/mL), 2 log cycles (i.e. P. aeruginosa at 600 μg/mL), 1 log cycle (i.e. L. casei at 400 μg/
mL) or less than 1 log (i.e. B. animalis at 300 μg/mL). No reduction was detected against the two strains E. rectale 
and F. prausnitzii. Likewise, aripiprazole completely inhibited the colonies of E. coli at 800 μg/mL and A. mucin-
iphila at 800 and 600 μg/mL (Fig. 5; Figure S2C). Reductions of 5 log cycles were obtained for some of the other 
intestinal strains. The number of E. rectale and F. prausnitzii was not affected by the different concentrations of 
aripiprazole. Comparatively, phenelzine and (s)-citalopram (Fig. 5) were more active towards E. rectale and F. 
prausnitzii, with reductions varying from 2 to 5 logs when tested at 400 μg/mL or up. No significant reductions 
were obtained in the presence of different concentrations of venlafaxine and bupropion (Figure S1).

Discussions
There is an increasing interest on how therapeutic drugs could affect and alter the human gut microbiota com-
position and function21. While some knowledge is accumulating on the antimicrobial impact of some anti-
depressants on isolated strains or the gut microbiota of animal models, information about other classes of 
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antidepressants and representative species from the human gut is poorly investigated. There is an urgent need to 
clarify the real contribution of the antimicrobial role of antidepressants and the subsequent consequences to gut 
microbiota structure and metabolism. In this study, we investigated the in vitro effect of commonly prescribed 
antidepressants from different classes on commensal bacterial strains members of the human gut microbiota. 
The results clearly demonstrated that most of the tested antidepressants exerted an important dose-dependent 
inhibitory effect (bactericidal in some cases) on the growth of the tested bacterial strains.

Desipramine, belonging to tricyclic antidepressants class, showed the most potent antibacterial activity and 
significant (P < 0.05) growth reduction, with A. muciniphila (Verrucomicrobia family) and E. coli (Proteobacteria 
group) being the most sensitive microorganisms at MIC values of 75 and 150 μg/mL, respectively. Information 
about the antimicrobial activity of desipramine, in particular toward human gut strains, is missing from the 
literature. In an in vivo study17, reported that desipramine was able to reduce the richness and increase beta 
diversity of Male BALB/c mice gut microbiota. Also, the same authors found a reduction in abundance at the 
genus level of Ruminococcus, Adlercreutzia, and an unclassified Alphaproteobacteria in mice treated with desip-
ramine. Likewise, administration of desipramine was also shown to cause important side effects and results in 
a higher incidence of infections generating gingivitis and dysbiosis of oral microbiota19. Other representatives 
of the tricyclic antidepressants group were previously shown to possess an in vitro antimicrobial effect toward 
human pathogenic species, such as amitriptyline against Staphylococcus spp., Bacillus spp., and Vibrio cholerae22; 
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Figure 1.   Inhibition zone of desipramine (A), aripiprazole (B) and phenelzine (C) against some intestinal 
bacteria strains. Lc: L. casei, Am: A. muciniphila, Bf: B. fragilis, Cl: C. leptum, Ec: E. coli, Ef: E. faecium, Er: E. 
rectale, Fp: F. prausnitzii. (1: 10 mg/mL; 2: 5 mg/mL; 3: 2.5 mg/mL; 4: 1.25 mg/mL; 5: 0.625 mg/mL).
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Figure 2.   Growth of some intestinal strains in the presence of (A) Desipramine and (B) Aripiprazole. 
Concentrations (μg/mL) of antidepressants were 0 (circle), 800 (square), 600 (triangle), 400 (diamond), 300 
(star), 200 (inverted triangle) and 150 (cross).
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Figure 3.   Growth of some intestinal strains in the presence of (A) Phenelzine and (B) (S)-citalopram. 
Concentrations (μg/mL) of antidepressants were 0 (circle), 800 (square), 600 (triangle), 400 (diamond), 300 
(star), 200 (inverted triangle) and 150 (cross).
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Figure 4.   Growth of some intestinal strains in the presence of (A) Venlafaxine and (B) Bupropion. 
Concentrations (μg/mL) of antidepressants were 0 (circle), 800 (square), 600 (triangle), 400 (diamond), 300 
(star), 200 (inverted triangle) and 150 (cross).
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and imipramine, which inhibited the growth of E. coli and Yersinia enterocolitica23. Another FDA-approved 
TCA drug, maprotiline, has shown the potential to reduce the severity of Francisella infection by decreasing 
virulence without being bactericidal24. Maprotiline and chlorpromazine have strong antibiofilm activity against 
Francisella24. Besides its antibiofilm inhibitory activity in Salmonella Typhimurium and Francisella novicida, 
chlorpromazine is strongly inhibitory to F. novicida growth24. Moreover, TCA amoxapine was demonstrated to 
resensitize methicillin-resistant S. aureus to oxacillin in vitro25. In addition, members of TCA drugs were reported 
to possess anti-plasmid effects and to inhibit intestinal pathogens such as E. coli, Yersinia enterocolitica, Giardia 
lamblia, Plasmodium falciparum, and Leishmania spp, reviewed in10.

Interestingly, aripiprazole and bupropion, belonging both to the atypical group of antidepressants, displayed 
different effects, with aripiprazole having a pronounced antibacterial activity and bupropion exhibiting no sig-
nificant growth inhibition. Some previous studies have shown that aripiprazole exerts an inhibitory effect on 
gut microbiota9,21. For instance, Maier et al.21 demonstrated, in an in vitro large-scale study, that several non-
antibiotics drugs inhibit the growth of human gut bacteria, with Akkermansia levels being reduced in the pres-
ence of atypical antipsychotics (including aripiprazole). Our study revealed a high antibacterial sensitivity of 
Akkermansia to aripiprazole and desipramine, with bactericidal effects at tested concentration range. In rats, the 
administration of aripiprazole for 4 weeks was associated with modulation of the relative abundance of firmicutes 
genera, including Clostridium, Ruminiclostridium, Intestinibacter and Eubacterium coprostanoligens9.

Being the most commonly prescribed class of antidepressants to treat the major depressive disorder, the selec-
tive serotonin reuptake inhibitors (SSRIs) tested in this study, (S)-citalopram was found to be more active against 
E. rectale and F. prausnitzii, both belonging to the Firmicutes phylum. Many isolated in vitro studies conducted 

Table 1.   Minimal inhibitory concentration (MICs) of antidepressants against commensal gut bacteria. NI no 
inhibition at the maximal tested concentration (800 μg/mL).

Intestinal strains

Minimal inhibitory concentration (μg/mL)

Phenelzine Venlafaxine Desipramine Bupropion Aripiprazole Citalopram

L. reuteri ATCC 23272 > 800 NI 600 NI 800 > 800

L. rhamnosus ATCC 53103 > 800 NI 800 NI 600 > 800

L. casei ATCC 393 > 800 NI 300 > 800 300 800

B. animalis ATCC 25527 800 > 800 200 > 800 400 > 800

E. faecium ATCC 35667 > 800 800 600 > 800 300 > 800

E. rectale ATCC 33656 300 NI > 800 > 800 > 800 300

F. prausnitzii ATCC 27768 400 NI > 800 > 800 > 800 800

B. fragilis ATCC 25285 600 > 800 400 > 800 300 800

P. aeruginosa ATCC 27853 600 800 300 800 600 800

E. coli ATCC 25922 800 NI 150 > 800 600 800

C. leptum ATCC 29065 800 > 800 300 > 800 300 800

A. muciniphila ATCC BAA-835 > 800 > 800 75 > 800 200 > 800

Figure 5.   Logarithmic reductions of the growth of the reference strains in the presence of the antidepressants.
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with SSRI drugs, using reference strains or clinical isolates (not necessarily representing the gut microbes), 
showed an antimicrobial effect10. According to9, Escitalopram, an enantiomer of (S)-citalopram, and fluoxetine 
were able to completely inhibit the growth of E. coli APC105 and L. rhamnosus 6118, both resident of the human 
gut, at a concentration of 600 μg/mL. In addition, citalopram was reported to exert an inhibitory effect against 
some pathogenic strains of E. coli with MIC value over than 800 μM26,27, and against P. aeruginosa strains with 
MIC ranged 4000–6000 mg/mL27. Other studies were demonstrated the antimicrobial effect of more SSRIs drugs 
such as sertraline, fluoxetine, citalopram and paroxetine on Staphylococcus, Enterococcus, Pseudomonas, Bacillus 
and Clostridium strains11,28,29. In addition, several studies highlighted the antifungal potential of SSRIs fluoxetine, 
sertraline, and paroxetine against Aspergillus spp., Candida parapsilosis, and Candida albicans12,13,27. Several SSRIs 
have been reported to have antimicrobial properties in high concentrations while having antimicrobial enhancer 
properties in lower concentrations. This synergistic effect is confirmed by decreases in the minimum inhibitory 
concentrations of antibiotics when combined with antidepressants. For example, sertraline has been shown to 
affect bacterial transcription and increase the susceptibility of resistant Escherichia coli APEC_O2 to tetracycline 
in vitro14. Nevertheless, high-dose treatments with sertraline as an adjuvant for the treatment of antibiotic-
resistant E. coli infections were reported to exacerbate the pathological outcome of infection in chickens30. Other 
studies using animal models provided in vivo evidence for the antimicrobial activity of SSRIs9,17,31.

Venlafaxine from the therapeutic class of serotonin-norepinephrine reuptake inhibitors (SNRIs) did not show 
any antibacterial effect on the growth of tested bacterial strains. This finding is in agreement with9 who tested 
in vitro against L. rhamnosus and E. coli at maximal concentrations of 600 μg/mL. Moreover, venlafaxine was 
found to be inactive when tested against E. coli and P. aeruginosa; however, this drug augmented the antibacterial 
effects of antibiotics towards resistant strains27.

The monoamine-oxidase inhibitor (MAOIs), Phenelzine, showed a remarkable antibacterial effect on some 
strain’s representative of the firmicutes phylum (E. rectale and F. prausnitzii). Little is known about the anti-
microbial activity of phenelzine. This may be explained by the more consideration directed to other classes of 
antidepressants.

Variation in the antibacterial activity of antidepressants between the different therapeutic classes was observed 
in this study, suggesting potential differences in their mechanisms of inhibitory action. Even these latter are 
not fully understood, the one proposed mechanism for the action of SSRIs is inhibition of efflux pumps28 and 
decrease of the activity of DNA gyrase for TCAs antidepressants10. The mechanisms underlining the drug-
induced alterations in gut microbiota are only partly known. Indeed, the findings from this work highlight the 
variability in MIC values of antidepressants towards the strains of different species where some antidepressants 
found to exhibit a bacteriostatic or bactericidal effect. These differences in microbe’s inhibition may facilitate the 
intestinal abundance changes by selecting some bacteria and promote the overgrowth of others, causing a shift 
of microbial communities towards dysbiosis or eubiosis.

The antimicrobial activity of antidepressant against gut microbiota could be considered as a side effect, but 
also possibly as mechanism of antidepressant action in the gut. Indeed, while lanicemine does not exhibit anti-
depressant effects in treatment-resistant depressed patients, ketamine shows rapid and sustained antidepressant 
effects, both being NMDAR antagonists20. Ketamine modulates the fecal microbiome in the susceptible mice 
after chronic social defeat stress, suggesting an antidepressant mechanism partly mediated by the modulation of 
gut microbiota20. Therefore, the antimicrobial effect of antidepressants could be also an important mechanism 
for alleviating intestinal dysbiosis observed in patients with MDD10.

Importantly, we should also take into consideration that the concentrations below the MICs or the sub-
inhibitory MICs, even they did not inhibit the growth of the intestinal strains, they delayed their growth in the 
first hour of incubation triggering the reduction of the growth rate. It was proved in case of antibiotics that the 
continuous growth in the presence of sub-inhibitory concentrations could select resistant bacteria and promote 
the evolution of resistance development32. Moreover, the antidepressants impaired differentially specific micro-
biota genera that are commonly correlated with human health and dysbiosis. For example, B. fragilis member 
of Bacteroidetes family has been shown to have beneficial roles such as stimulating immune development33. 
Bifidobacteria are known for their ability to protect the gut, boost the immune system, and control inflamma-
tory responses34.

An important aspect of the current study is to extrapolate the in vitro findings to the human gut level in a 
way to understand the link between antipsychotic-induced microbiota dysbiosis and metabolic dysfunction. 
In fact, very few observational studies in humans have examined the behaviour of the gut microbiome follow-
ing antidepressant treatment. The chronic use of the atypical antipsychotic, risperidone, in children, gradually 
decreased the Bacteroidetes: Firmicutes ratio, which is associated with a mass body gain35. Additionally, Flowers 
et al.36 demonstrated that, in adult subjects with bipolar disorder, the atypical antipsychotic (AAP) class increased 
significantly Lachnospiraceae family abundance and decreased Akkermansia genus. This latter species is known 
to have beneficial anti-inflammatory properties and can protect against gut barrier dysfunction and fat mass 
development37. More recently, an increase in fecal microbiota biodiversity, mainly alpha diversity was shown in 
human patients after six weeks of concomitant therapy using 5–20 mg of escitalopram38.

To convert the in vitro observations to in vivo human gut level, we need to understand whether the antipsy-
chotics medications reach the gastrointestinal tract (GIT) at sufficient concentrations to exert an antimicrobial 
effect. It is difficult to estimate the real concentrations of orally administered psychotropics in the human GIT 
since these drugs are affected by many factors like dose, solubility, distribution of fluids volume, transit time and 
uptake and metabolization by human cells and by bacteria. In this work, we focused on the effective concen-
trations in the colon (specifically ascendant colon), a part of the GIT that grows the most abundant microbial 
populations and essential site of fermentation39, and the colon concentrations were estimated based on fecal 
excretion data gathered from previously published works and DrugBank40, and the maximal daily doses for each 
antidepressant (please refer to Table S4). To calculate the approximative colonic concentrations, we assumed 
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the volume of the colon from two different studies. Schiller et al.41 reported the mean fluid colon volume after 
a meal being 18 mL, while Pritchard et al.42 reported a volume of 480 mL. As we can observe from Table S4and 
according to41, the estimated concentrations are higher than the tested concentrations in this study. For example, 
if we assumed the minimum daily concentration for desipramine as 25 μg/mL, and the remaining amount in 
feces as 30%, the approximative concentration in the colon will be 1389 μg/mL, 16-fold higher than the highest 
concentration tested for desipramine in this work. Despite the difference in colonic volume reported in reference 
studies41,42, the real drug concentration depends on how much of free-water available to dissolve the chemicals 
and should be somewhere in between, thus requiring more research. Another point to take into consideration 
is that the proportions excreted in feces given for the different antidepressants do not reflect the real remaining 
amount of these drugs, because of the gradual solubilization through the passage from the different sections 
of the colon. This means that higher exposure will be in the ascendant colon, which represent the microbial-
enriched regions39. Also, the exposure time and the cumulative effect of drugs in the colon may be a determinant 
factor to increase the risk of antimicrobial activity, since the antidepressants are taken daily and for an extended 
period. Indeed, according to Pratt et al.43, 25% of individuals in the USA have used antidepressants for more than 
10 years between 2011 and 2014. In addition, considering the clinical context, where polypharmacy and comor-
bidities play an important role, combination of several drugs even at low concentration could influence the gut 
microbiota structure and function44. Beside antibiotics, non-antibiotic drugs can also contribute to antimicrobial 
resistance21,44. This impact on resistome profile seems likely considering the long-term use of antidepressants.

Little is known about the microbial drug metabolising enzymes in the GIT that could influence both com-
pound structure and microbiome profile. Gut microbiota in general can metabolize xenobiotics either directly, 
mainly through reduction or hydrolysis, or indirectly through affecting host drug metabolism45. Some of the 
bacterial strains employed in our study are known to metabolize other drugs. For example, Lactobacillus, Bacte-
roides, and Enterococcus spp. were capable of metabolizing sulfasalazine via reduction46). However, no evidence 
is available regarding their effect on the tested antidepressants degradation, but we can assume that the bacterial-
xenobiotic crosstalk is bidirectional and can apply to our case of psychotropics.

Finally, multiple studies have reported albeit confusing changes in microbiome abundance in depression. For 
instance, Mason et al.47 have recently reported a depletion of C. leptum and Bacteroides in depression and anxiety, 
but no information is reported about medication. Of note, A. muciniphila, C. leptum, and B. fragilis, important 
anti-inflammatory microbial groups, were found in our study very affected by tested antidepressants. Therefore, 
the impact of antidepressant drugs should be included in the equation as confounding factors when investigating 
microbial biomarkers, knowing that patients with MDD are usually put in long-term antidepressant medication.

Conclusion
Our findings indicate clearly the strong antimicrobial effect of antidepressants from different chemical classes 
against gut commensal bacteria representative of the predominant phyla found in the human gut microbiota. 
The chronic use of antidepressant drugs presenting antimicrobial effects may be related to the development of 
adaptive alterations in gut microbiota, with potential deleterious effects. The antimicrobial activity of antidepres-
sant against gut microbiota could be considered as a side effect, but also possibly as mechanism of antidepressant 
action in the gut. There is an urgent need to clarify the impact and mechanisms of the antimicrobial activity 
of antidepressants and the subsequent consequences to gut microbiota structure and metabolism. The present 
study provides new insights into the existing interplay between psychotropic chemicals and microbiota while 
further investigations are still needed.

Material and methods
Antidepressants.  The six (6) antidepressants tested in this study are listed in Table 2. The choice of these 
drugs was based on their common prescription, mode of action, and therapeutic class. Venlafaxine hydrochlo-
ride, bupropion hydrochloride, aripiprazole and (S)-citalopram oxalate were purchased from TCI America 
(Portland, USA) while phenelzine sulphate salt and desipramine hydrochloride were from Sigma Aldrich (St. 
louis, MO, USA). The stock solutions were prepared following the manufacturer’s recommendations (please 
refer to Table S2) to achieve a concentration of 10 mg/mL, filter sterilized and then stored at − 20 °C until use. 

Table 2.   List of antidepressants tested in this study. Upward arrow signifies increase, 5-HT serotonin, D 
dopamine.

Drug Class Mode of action

Phenelzine Monoamine-oxidase inhibitor (MAOIs) Inhibition of the breakdown of neurotransmitters (norepinephrine, serotonin, dopamine) by blocking the 
monoamine oxidase enzyme

Venlafaxine Serotonin-norepinephrine reuptake inhibitors (SNRI) ↑ synaptic levels of 5-HT and NE by blocking the reuptake of the neurotransmitters into the presynaptic 
neuron

(S)-Citalopram Serotonin-specific reuptake inhibitors (SSRI) ↑ synaptic levels of 5-HT by blocking the reuptake of the neurotransmitter into the presynaptic neuron

Desipramine Tricyclic antidepressants (TCA) Inhibition of noradrenaline and serotonin reuptake by neurons

Bupropion Atypical antidepressants It has predominantly antagonist activity on postsynaptic D2 (Dopamine) receptors and partial agonist 
activity on presynaptic D2 receptors

Aripiprazole Atypical antidepressants It has predominantly antagonist activity on postsynaptic D2 (Dopamine) receptors and partial agonist 
activity on presynaptic D2 receptors
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Working solutions of 1.8 mg/mL and 1.2 mg/mL were prepared from the stock solutions in the respective growth 
media before each experiment.

Media, bacterial strains and culture conditions.  De Man, Rogosa and Sharpe (MRS), Brain Heart 
Infusion (BHI) and Fastidious Anaerobe Broth (FAB) media were obtained from Criterion (Santa Maria, CA, 
USA). Mucin from porcine stomach and yeast extract were purchased from Sigma (St. Louis, MO, USA). Twelve 
(12) commensal bacterial strains were purchased from the American Type Culture Collection (Table S1). The 
intestinal strains were selected in a way to represent the main abundant phyla in the human gut, notably Bac-
teroidetes, Firmicutes, Actinobacteria, Proteobacteria and Verrucomicrobia. All strains were cultured in their 
recommended media (Table S1). Frozen stocks of strains were maintained at − 80 °C until use. Bacteria strains 
were grown in their appropriate media a least three times at 37 °C before each experiment to obtain a robustly 
and uniformly growing culture. The enzyme Oxyrase for broth purchased from Sigma Aldrich (St. Louis, MO, 
USA) was added to culture media at 1% to promote the growth of the anaerobic strains.

Determination of the antibacterial activity.  Agar well diffusion method.  The antimicrobial activity of 
antidepressants was determined visually using the agar well diffusion assay, as previously described48. Briefly, ap-
propriate media containing 7.5 g agar/L was cooled to 45 °C, seeded with an overnight culture of each intestinal 
strain at 1% (v/v) and poured into a sterile Petri dish (25 mL). After solidification, 7 mm diameter wells were 
made using the wide end of a sterile glass pipette and filled with 80 μL of ½ dilution series of antidepressant solu-
tions starting from 10 mg/mL to 0.625 mg/mL. The plates were kept at 4 °C for 2 h and then incubated for 24 h 
at 37 °C. The diameter of the inhibition zone around the well was measured.

Broth microdilution method and determination of Minimum Inhibitory Concentration.  The antibacterial effect 
of the antidepressants was performed using the broth microdilution method as described in the approved CLSI 
standard reference method for antimicrobial susceptibility testing by broth diffusion for aerobic49 and anaerobic 
bacteria50. Briefly, a 96-well microplate (Randor, PA, USA) was filled by distributing 100 μL of appropriate media 
(corresponding to each strain). Medium alone and medium with each strain inoculum were used as a negative 
and positive control on the same microplate. Then, 100 μL of each working antidepressant solution was added to 
each well (C1 to C12) and twofold serially diluted to reach final concentrations ranged from 800 to 150 μg/mL. 
Wells thus containing 100 μL of media were inoculated with 100 μL overnight culture of the intestinal strains 
diluted to a concentration of 105–106 CFU/mL. Plates were incubated anaerobically at 37 °C for 24 h. Reading 
of each well was performed with measuring the optical density (OD) at 650 nm in a microplate reader (Tecan 
Spark, Austria)48. The MIC of each antidepressant was determined as the lowest concentration that inhibits the 
growth of the target strain. Also, samples incubated for 16 h were centrifuged to remove the drug-containing 
media and resuspended in the appropriate drug-free media. The viable bacterial strains were then determined 
by standard plate counting method on the appropriate media solidified with agar 1.2% and expressed as colony-
forming units (CFU) per ml.5.4. Statistical analysis.

Statistical analysis was performed using GraphPad Prism v8.3. Data were expressed as the mean ± standard 
deviation (SD) of triplicate experiments. One-way analysis of variance (ANOVA) followed with Tukey’s multi-
ple comparison was applied to determine the statistically significant difference (P < 0.05) among experimental 
variables.
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