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Abstract

Since amitriptyline is a very frequently prescribed antidepressant drug, it is not 

surprising that amitriptyline toxicity is relatively common. Amitriptyline toxic systemic 

effects include cardiovascular, autonomous nervous, and central nervous systems. To 

understand the mechanisms of amitriptyline toxicity we studied the cytotoxic effects of 

amitriptyline treatment on cultured primary human fibroblasts and zebrafish embryos, 

and the protective role of coenzyme Q10 and alpha-tocopherol, two membrane 

antioxidants. We found that amitriptyline treatment induced oxidative stress and 

mitochondrial dysfunction in primary human fibroblasts. Mitochondrial dysfunction in 

amitriptyline treatment was characterized by reduced expression levels of mitochondrial 

proteins and coenzyme Q10, decreased NADH:cytochrome c reductase activity, and a 

drop in mitochondrial membrane potential. Moreover, and as a consequence of these 

toxic effects, amitriptyline treatment induced a significant increase in apoptotic cell 

death activating mitochondrial permeability transition. Coenzyme Q10 and alpha-

tocopherol supplementation attenuated ROS production, lipid peroxidation,

mitochondrial dysfunction, and cell death, suggesting that oxidative stress affecting cell 

membrane components is involved in amitriptyline cytotoxicity. Futhermore, 

amitriptyline-dependent toxicity and antioxidant protection was also evaluated in 

zebrafish embryos, a well established vertebrate model to study developmental toxicity. 

Amitriptyline significantly increased embryonic cell death and apoptosis rate, and both

antioxidants provided a significant protection against amitriptyline embryotoxicity.
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Introduction

Amitriptyline is a commonly prescribed tricyclic antidepressant (TCA) drug that is well 

known to death investigators, forensic pathologists, and toxicologists. Amitriptyline has

sedative effects and is frequently prescribed for patients experiencing symptoms of 

depression. Amitriptyline, have also been used for therapeutic treatment of neuropathic 

and inflammatory diseases such as fibromyalgia, chronic fatigue syndrome, migraine,

irritable bowel syndrome, and atypical facial pain (Gruber et al., 1996). Besides its 

anxiolytic properties, amitriptyline has central anticholinergic effects (Burks et al., 

1974). Amitriptyline inhibits serotonin and noradrenaline uptake in presynaptic nerve 

ending (Maubach et al., 1999). However, toxicity of amitriptyline has been observed 

during standard treatments, and frequently during suicidal or accidental overdosage.

TCA overdosage has toxic effects over cardiovascular, autonomous nervous, and central

nervous systems, and may result in cardiotoxicity, cardiac conduction delays, 

dysrhythmia, hypotension, altered mental status, and seizures (Glassman and 

Preud'homme, 1993; Thanacoody and Thomas, 2005; Kiyan et al., 2006). 

In vitro administration of amitriptyline to cell cultures induces several signs of 

toxicity. Amiriptyline treatment induces alteration of cellular permeability based on its 

detergent nature (Corona et al., 1973; Kitagawa et al., 2006). Furthermore, amitriptyline

causes alterations in the glucidic metabolism of neurons resulting in a decrease of both 

uptake and transport of glucose (Mannerstrom and Tahti, 2004). Additionally, 

amitriptyline provokes an increase of intracellular lipid peroxidation in mouse 3T3 

fibroblasts (Viola et al., 2000), and many of these toxic effects are prevented by 

antioxidants (Slamon and Pentreath, 2000). Recently, our group has shown that 

amitriptyline induced toxicity is caused through a mitochondria dysfunction, and 

increased oxidative stress (Moreno-Fernandez et al., 2008). Amitriptyline reduced 

significantly the number of cultured cells, and enhanced the production of lipid 

peroxidation, inverting the lipid reduced/oxidized ratio, decreased catalase protein 

levels, and decrease of cytochrome c, ! !"# $%&# ’()*$)+# ,-%).$,+# $’)(/()-0# *+/+$1(%2#

mitochondrial damage.

The purpose of the present work was to asses the protective capacities of two 

lipophilic antioxidants, coenzyme Q10 (CoQ10) and alpha-tocopherol " -toc), against the 

cytotoxic effects of amitriptyline treatment in cultured human primary fibroblasts and 

zebrafish embryos. The work shows that both lipophilic antioxidants protected against 
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damage caused by amitriptyline suggesting that the toxicity of this commonly 

prescribed tricyclic antidepresant might be caused by oxidative stress.
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Material and Methods

Reagents

Trypsin, amitriptyline, and CoQ10 were purchased from Sigma Chemical Co. (Sigma, 

St. Louis, MO, USA). Hoechst 33342, FITC-labeled goat anti-mouse, and tetramethyl 

rhodamine goat anti-rabbit antibodies, C11-Bodipy, Mitotracker Red CMXRos, 

MitoProbe Transition Pore Assay KiT, mouse anti-Complex I (39kDa subunit), mouse 

anti-Complex III (Core 1 subunit), mouse anti-complex II (subunit II), and MitoSOX 

Red were purchased from Invitrogen, Molecular Probes (Eugene, OR, USA). Anti-

active caspase-3 was obtained from Cell Signaling Technology (Beverly, MA, USA). 

GuttaQuinon
TM

was kindly donated by Dr. F. Enzmann of MSE Pharmazeutika GMBH 

(Bad Homburg, Germany). Anti-cytochrome c antibodies were purchased from 

PharMingen (BD Bioscience, San Jose, CA). The Immun Star HRP substrate kit was 

from Bio-Rad Laboratories Inc. (Hercules, CA).

Cell Culture

Fibroblasts from skin of healthy volunteers were cultured in D-MEM media (4500 

mg/L glucose, L-glutamine, piruvate; Invitrogen) supplemented with 20% fetal bovine 

serum (FBS, Linus) and antibiotics (Sigma Chemical Co., St. Louis, MO, USA). Cells 

were incubated at 37ºC in a 5% CO2 atmosphere. Amitriptyline (Sigma Chemical Co., 

St. Louis, MO, USA) used for treatments of cell cultures was diluted with fetal bovine 

serum.

Treatments

Cells were cultured with 50 #M amitriptyline in the absence or presence of 30 #M 

CoQ10 or 30 #M  -toc for 24 h. Amitriptyline  used for treatments of cell cultures was 

diluted with fetal bovine serum.

Proliferation rate

Two hundred thousand cells were cultured with amitriptyline (50 #M), in the absence or 

presence of CoQ10 (30 #M) or  -toc (30 #M) for 24 h. After discharging supernatant 

with dead cells, cell counting was performed from 3 high power fields using an inverted 

microscope and a 40X objective.  
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Mitochondrial ROS production

Mitochondrial ROS generation was assessed by MitoSOX™, a red mitochondrial 

superoxide indicator. MitoSOX™ Red reagent is live-cell permeant and is rapidly and 

selectively targeted to the mitochondria. Once in the mitochondria, MitoSOX™ Red 

reagent is oxidized by superoxide and exhibits red fluorescence.

Fluorescence microscopy. Cells grown on microscope slides in 6-well plates for 24 h 

were incubated with MitoSox for 30 min at 37°C, washed twice in PBS, fixed with 4% 

paraformaldehyde in PBS for 0.5–1 h at room temperature, and washed twice with PBS, 

incubated for 10 min at 37°C with anti-COX II subunit (Invitrogen) to label 

mitochondria. Slides were analyzed using a DeltaVision system (Applied Precision; 

Issaquah, WA) with an Olympus IX-71 microscope (MitoSOX
TM

: Excitation 

wavelentht=555/28; emission wavelentht=617/73). 

Recently, it has been reported that the specificity of MitoSOXTM for superoxide is 

limited by autooxidation as well as by nonsuperoxide-dependent cellular processes. For this 

reason, the specificity of MitoSOX™ oxidation by superoxide was examined shifting the 

excitation wavelength from 532 to 405 nm (emission wavelentht=580-600) in a Leika TCS 

SPE confocal microscope as it has been recently described by Robinson et al (Robinson et 

al., 2008). 

Flow cytometry. Approximately 1 x 10
6

cells were incubated with 1#M MitoSox for 30 

min at 37°C, washed twice with PBS and resus3+%&+&#(%#455#61#78#9:;#$%&#$%$1-<+&#=-#

flow cytometry (excitation at 510 nm and fluorescence detection at 580 nm).

Lipid Peroxidation

>(=*7=1$,),# ?+*+# ’@1)@*+&# 7%# ’7/+*,1(3,# $%&# (%’@=$)+&# ?().# A6B# CAA-Bodipy 

(BODIPY® 581/591 C11) for 30 minutes at 37ºC. Coverslips were then rinsed with PBS 

and mounted onto slides as describe above for analysis with a fluorescence microscope. 

Fluorescent intensity was measured using Image J software.

Measurement of CoQ10 levels. 

Lipid extraction from cells samples was performed as described previously (Brea-Calvo

et al., 2006). Coenzyme Q9 was used as internal standard. Shortly, cell were lysed with 

1% SDS and vortexed for 1 min. A mixture ethanol:isopropanol (95:5) was added and 

samples were vortexed for 1 min. To recover CoQ10, 5 ml of hexane was added and 

samples were centrifuged at 1000 x g for 5 min at 4ºC. The upper phases from three 

different extractions were recovered and dried on a rotatory evaporator. Lipid extract 

were suspended in 1 ml of ethanol, dried in a speed-vac and kept at –20ºC. Samples 
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were suspended in the suitable volume of ethanol prior to HPLC injection. Lipid 

components were separated by a Beckmann 166-126 HPLC system equipped with a 15-

cm Kromasil C-18 column in a column oven set to 40 °C, with a flow rate of 1 ml/min 

and a mobile phase containing 65:35 methanol/n-propanol and 1.42 mM lithium 

perchlorate. CoQ10 levels were analyzed with an UV-detector (System Gold 168, 

Beckman).

Mitochondrial Membrane Potential (!$m).

Cells were cultured in six-well plates (35 mm diameter well) and, at confluence were 

treated with drugs 55# 6B amitriptyline in the absence or presence of membrane 

antioxidants. After 24 h, 100nM Mitotracker was added and the incubation was 

prolonged for 30 min. Once the incubation was finished, cells were harvested, incubated 

with fresh medium, washed, centrifuged (500x g), resuspended in D-MEN medium and 

analyzed by flow cytometry. (ex: 579nm, em: 599nm).

NADH cytochrome C reductase (complex I and III) activity

Activity of NADH:cytochrome c reductase (complex I + complex III) was determined 

in cell extracts using previously described spectrophotometric methods (Sottocasa et al., 

1967). Results are expressed as Units/mg of protein (mean±SD).  Proteins of fibroblasts  

homogenates were analyzed by the Lowry procedure (Lowry et al., 1951).

Mitochondrial permeability transition

Mitochondrial permeability transition was examined using The MitoProbe Transition 

Pore Assay Kit. This assay employs the acetoxymethyl (AM) ester of calcein, a 

colorless and nonfluorescent esterase substrate, and CoCl2, a quencher of calcein 

fluorescence, to selectively label mitochondria. Cells are loaded with calcein AM, 

which passively diffuses into the cells and accumulates in cytosolic compartments, 

including the mitochondria. Once inside cells, calcein AM is cleaved by intracellular 

esterases to liberate the very polar fluorescent dye calcein, which does not cross the 

mitochondrial or plasma membranes in appreciable amounts over relatively short 

periods of time. The fluorescence from cytosolic calcein is quenched by the addition of 

CoCl2, while the fluorescence from the mitochondrial calcein is maintained. When MPT 

is activated, the fluorescence from the mitochondrial calcein is also quenched by 

CoCL2, resulting in reduced fluorescence intensity. As a control, cells that were loaded 

with calcein AM and CoCl2 were treated with a Ca2+ ionophore (ionomycin) to allow 



8

entry of excess Ca2+ into the cells, which triggers MPT activation and subsequent loss 

of mitochondrial calcein fluorescence. This ionomycin response can be blocked with 

cyclosporine A, a compound reported to prevent mitochondrial transition pore 

formation by binding cyclophilin D.

Western Blotting for mitochondrial protein

Whole cellular lysates were prepared in a buffer, gentle shaking, composed of 0.9% 

NaCl, 20 mM Tris-ClH, pH 7.6, 0.1% triton X-100, 1 mM 

phenylmethylsulfonylfluoride and 0.01% leupeptine. Electrophoresis was carried out in 

a 10–15% acrylamide SDS/PAGE. Proteins were transferred to Immobilon membranes 

(Amersham Pharmacia). Mouse anti-cytochrome c, mouse anti-Complex I, and mouse 

anti-Complex III antibody were used to detect proteins by Western blotting. Proteins 

were electrophoresed, transferred to nitrocellulose membranes, and after blocking over 

night at 4°C, incubated with the respective antibody solution at 1:1000 dilutions. Then, 

membranes were probed with their respective secondary antibody (1:2500). 

Immunolabeled proteins were detected by using a chemioluminiscence method (Bio-

Rad). Protein was determined by the Bradford method (Bradford, 1976). 

Analysis of apoptosis

Apoptosis was assessed by observing nuclei fragmentation by Hoechst staining (0.05 

62D!1E, cytochrome c release, and caspase 3 activation by inmunofluorescence

microscopy. 10 random fields and more of 500 cells were counted in each experiment.  

Maintenance of fish and embryos

The zebrafish colony was maintained as described by Westerfield (Westerfield, 1994). 

The embryos were staged according to Kimmel and coworkers (Kimmel et al., 1995). 

Adult zebrafish were kept on 14-h light and 10-h dark cycle. Embryos were obtained by 

photo-induced spawning over green plants and were cultured at 28º C in E3 medium 

(5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.3mM MgSO4, 0.1% Methylene Blue).

After incubation for 4 h, unfertilized eggs were removed and fertilized eggs were 

washed several times with E3 medium. These fertilized eggs were then incubated, 20 

eggs per dish, for 24 hours in E3 solution containing 500 #M amitriptyline in the 

absence or presence of 100 #M GuttaQuinon
TM

(MSE Pharmazeutika GmbH, 

Germany), a soluble formulation of CoQ10, or 100 #M  -toc. To confirm that the effects 

of GuttaQuinon were due to its advertised component CoQ10, we verified that the 

vehicle of GuttaQuinon had no effect on viability and apoptosis rate in control and 
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amitriptyline treated fibroblasts. Embryos viability was visualized using an Axiovert 

200 M Zeiss microscope (Carl Zeiss International, Germany).

Acridine orange staining

Embryos were dechorionated using a pair of forceps under a stereomicroscope. The 

dechorionated embryos were transferred to E3 medium containing 5 #g/ml of acridine 

orange. Embryos were stained at 28ºC for 5 min and washed three times with E3 

solution, each for 5 min. Before examination, embryos were anaesthetised with 0.016 M 

tricaine (Sigma, St. Louis, MO, USA). The live animals were anesthetized with tricaine 

and mounted laterally in 1% w/v low melt agarose. A rhodamine filter set mounted to a 

motorized stage on an Axiovert 200 M Zeiss microscope (Carl Zeiss International, 

Germany) was used to visualize acridine orange stained cells. Acridine orange positive 

cells were quantified.

Statistical Analysis

All results are expressed as means ± SD. Parametric tests (Student t test for comparing 

two groups and ANOVA for more than two groups) were used whenever assumptions 

(of normality and homogeneity of variances) were met.
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Results

CoQ10 and  -toc protect against oxidative stress induced by amitriptyline 

treatment

Previous work has shown that amitriptyline induces oxidative stress in cultured primary 

fibroblasts (Moreno-Fernandez et al., 2008). In order to assess the mitochondrial origin 

of ROS production, amitriptyline-treated and control fibroblasts were exposed to 

MitoSOX
TM

Red, a fluorochrome specific to anion superoxide produced in the inner 

mitochondrial compartment. We first demonstrated that MitoSOX
TM

fluorescence co-

localized with mitochondrial cytochrome c oxidase (subunit II) (Figure 1A). Specificity 

of MitoSOX
TM

oxidation by anion superoxide was examined by shifting the excitation 

wavelength from 532 to 405 nm in a confocal microscope as it is recommended by 

Robinson et al. (Robinson et al., 2008) (Figure 1B) . Quantification of ROS production

by flow cytometric analysis demonstrated that amitriptyline treatment induced a 

significant increase in ROS production in mitochondria (Figure 1C). The addition of 

two general membrane antioxidants such us CoQ10, and  -toc attenuated ROS detection. 

Additionally, we determined lipid peroxidation as a marker of oxidative stress-induced 

membrane damage in amitriptyline treated fibroblasts. Results indicated that under 

amitriptyline treatment the red fluorescence corresponding to reduced lipids was shifted 

significantly to green fluorescence corresponding to oxidized lipids (Figure 2A). This 

shift was partially prevented by  -toc and CoQ10 (Figure 2B). 

CoQ10 and  -toc attenuate mitochondrial dysfunction induced by amitriptyline.  

To examine mitochondrial dysfunction induced by amitriptyline, we incubated primary 

fibroblasts with amitriptyline 50µM during 24 hours, and we determined the expression 

levels of mitochondrial proteins by Western blotting and CoQ10 by chromatographic 

analysis. We found that amitriptyline treatment induced a significant decrease in 

cytochrome c, Complex I (39kDa subunit), and Complex III (core 1 subunit) expression 

levels, and reduced levels of CoQ10 compared with control fibroblasts (Figures 3A and 

3B). CoQ10 and  -toc suplementation efficiently prevented amitriptyline-induced down 

regulation of mitochondrial proteins. Reduced expression levels of mitochondrial 

electron carriers in amitriptyline treated fibroblasts was associated to a decrease in 

NADH:cytochrome c reductase (complex I + complex III) enzymatic activity that was 

also prevented by  -toc, and CoQ10 (Figure 4A). To further examine mitochondrial 
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dysfunction in amitriptyline treated fibroblasts we determined mitochondrial membrane 

potential (!$m) in both control and amitriptyline treated fibroblasts by flow cytometry 

and fluorescence microscopy. Mitochondrial membrane potential (!$m) was 

significantly reduced by amitriptyline treatment. Flow-cytometry analysis showed a 

decrease of about 35% compared to non-treated fibroblasts (Figure 4B). Amitriptyline-

induced !$m decrease was also partially prevented by  -toc, and CoQ10. All together,

these results suggest that mitochondrial dysfunction is a pathological consequence of 

oxidative stress induced by amitriptyline treatment.

CoQ10 and  -toc prevent amitriptyline induced toxicity in human primary 

fibroblasts

In order to confirm the protective role of CoQ10 and  -toc in amitriptyline toxicity 

we then examined proliferation and apoptosis rate in the presence and absence of CoQ10

and  -toc in control and amitriptyline treated fibroblasts. Fibroblasts proliferation was

decreased about 85% (control: 415.3±4.5 cell/cm²; treated cells: 66.3±6 cell/cm²; 

(P<0,001) under amitriptyline treatment (50µM) for 24 h. Both  -toc (317.6±3 

cell/cm²) and CoQ10 (292.6±4 cell/cm²) partially prevented amitriptyline-induced 

reduced proliferation rate. The reduced proliferation rate was associated to an increase 

of apoptosis in amitriptyline treated fibroblasts (62.7%) compared to control fibroblasts 

(3%). Amitriptyline-induced apoptosis was characterized by activation of MPT, 

cytochrome c release, and caspase activation (Figure 5A, 5B and 5C). As expected,  -

toc (7,8%) and CoQ10 (4.4%) highly prevented amitriptyline-induced MPT activation, 

and apoptosis rate (Fig. 5B  and 5C). All together, these observations strongly suggest 

that CoQ10 and  -toc might play a protective role in amitriptyline toxicity through the 

elimination of ROS generated in dysfunctional mitochondria, and preventing MPT, 

cytochrome c release, and caspase activation.

CoQ10 and  -toc prevent amitriptyline induced toxicity in zebrafish embryos

To further evaluate amitriptyline toxicity, and antioxidant protection in the context of a 

vertebrate multicellular organism, we studied zebrafish embryo viability, and apoptosis 

rate under amitriptyline treatment for 24 hours in the absence or presence of 

GuttaQuinon
TM

(a soluble formulation of CoQ10) or  -toc. In order to achieve

significant toxic effects in zebrafish embryos we increased amitriptyline concentration 

to 100 #M. Following the exposure period, the live embryos were incubated with 
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acridine orange, and visualized. Acridine orange positive cells were quantified.

Amitriptyline treatment for 24 hours resulted in a significantly higher number of 

embryo mortality and increased apoptosis rate (Figures 6A, 6B, and 6C). Acridine 

orange-labeled cells were consistently located dorsally along the axis of the embryo, 

particularly in the brain and tail region. When embryos were co-exposed to 

amitriptyline and CoQ10 or  -toc, embryo mortality and apoptosis rate was markedly 

reduced. 
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Discussion

TCA remain a common cause of fatal drug poisoning as a result of their 

cardiovascular, autonomous and central nervous systems toxicity. In this work we 

studied the cytotoxic effects of amitriptyline on cultured human primary fibroblasts, and 

zebrafish embryos, and the protective role of both, CoQ10 and  -toc, two well known 

lipophilic antioxidants.

We showed that amitriptyline treatment in cultured fibroblasts provoked increased

oxidative stress, and mitochondrial dysfunction characterized by decreased mitochondrial 

proteins expression and CoQ10 levels, reduced NADH cytochrome C reductase (complex I 

and III) activity, and reduced mitochondrial membrane potential. All these toxic effects 

were attenuated by CoQ10 and  -toc, suggesting that the secondary toxic effects of 

amitriptyline could be caused by increased oxidative stress.

In agreement with the hypothesis that ROS production was caused by a 

mitochondrial dysfunction, we found that ROS were mainly generated in mitochondria of 

fibroblasts treated with amitriptyline. Our results show a significant increase in ROS 

generation in amitriptyline treated fibroblasts that was attenuated by CoQ10 and  -toc

supplementation. Furthermore, we show that oxidative stress in amitriptyline treated 

fibroblasts was associated to high levels of lipid peroxidation.

To study the pathophysiological mechanisms of amitriptilyline-induced 

mitochondrial dysfuntion in cultured primary fibroblasts, we assessed the expression levels 

of critical components of mitochondrial respiratory chain. Amitriptyline treated fibroblasts 

showed a decrease of expression level of proteins of complex I (39 KDa subunit), complex 

III (core 1 subunit), cytochrome c, and reduced CoQ10 levels. These observations suggest 

that amitriptyline treatment affects the activity, organization and assembly of mitochondrial 

complexes. Deficient mitochondrial protein expression levels and reduced levels of CoQ10

may impair normal mitochondrial electron flow and proton pumping, inducing a drop in 

respiratory complexes activity, and mitochondrial membrane potential. Our data showed 

that amitriptyline-treated fibroblasts have reduced NADH:cytochrome c reductase (complex 

I + III) activity, and lower mitochondrial membrane potential, which may contribute to 

impaired mitochondrial protein import and aggravate mitochondrial dysfunction, ROS 

production, and oxidative stress. Generated ROS can be released into cytosol and trigger 

“Reactive Oxygen Species (ROS)-induced ROS-release” (RIRR) in neighbouring 

mitochondria. This mitochondrion-to-mitochondrion ROS-signalling constitutes a positive 

feedback mechanism for enhanced ROS production potentially leading to significant 

mitochondrial injury (Zorov et al., 2006). Recent studies by a number of groups have 



14

demonstrated that ROS can directly modify signaling proteins through different 

modifications, for example by nitrosylation, carbonylation, disulphide bond formation and 

glutathionylation. Moreover, redox modification of proteins permits further regulation of 

cell signaling pathways (England and Cotter, 2005). Thus, It has been proposed that ROS 

damage can induce the mitochondrial permeability transition (MPT) by opening of non-

specific high conductance permeability transition (PT) pores in the mitochondrial inner 

membrane (England and Cotter, 2005; Lemasters, 2005; Rodriguez-Enriquez et al., 2006). 

This, in turn, leads to a simultaneous collapse of mitochondrial membrane potential. Our 

results verified this hypothesis, showing the presence of MPT in amitriptyline treated 

fibroblasts. The activation of MPT causes mitochondria to become permeable to all solutes 

up to a molecular mass of about 1500 Da (Zoratti and Szabo, 1995; Forte and Bernardi, 

2005). After MPT, mitochondria undergo a dramatic swelling driven by colloid osmotic 

forces, which culminates in the rupture of the outer membrane and release of proapoptotic 

mitochondrial intermembrane proteins into the cytosol, such as cytochrome c, apoptosis 

inducing factor, Smac/Diablo, and others. Cyclosporin A (CsA), and various of its analogs 

inhibit the MPT through interaction with cyclophilin D (CypD)(Waldmeier et al., 2003) . It 

has been reported that ROS can promote MPT by causing oxidation of thiol groups on the 

adenine nucleotide translocase (ANT), which forms part of the MPT pore (Kanno et al., 

2004). Therefore, oxidative stress in amitriptyline treated fibroblasts may cause

mitochondrial damage, MPT activation, and mitochondrial dysfunction. These results 

explain those showing that amitriptyline and related compounds blocked oxygen 

consumption in yeast and human fibroblasts (Wilkie, 1979), and exerted their effect via 

the inhibition of complex III of the mitochondrial respiratory chain (Daley et al., 2005). 

By blocking the mitochondrial electron transport chain, the tricyclics are thought to 

initiate an increase in superoxide production and hence hydrogen peroxide production, 

decreased membrane potential and possibly MPT activation. As a consequence, 

cytochrome c is released and activation of pro-caspase 9, caspase 3 and endonuclease G 

results in DNA degradation and apoptotic death. Previously, it has been demonstrated 

that the tricyclics initiate the intrinsic pathway of caspase-3-dependent apoptosis (Daley

et al., 2005; Pilkington et al., 2008). Our results show that amitriptyline induced 

apoptosis is associated to MPT activation, cytochrome c release, and caspase activation 

suggesting that amitriptyline treatment induces apoptosis by the activation of the 

intrinsic pathway.
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The present study also demonstrated that zebrafish embryos were sensitive to 

amitriptyline treatment, and the use of membrane antioxidants attenuated amitriptilyne-

mediated toxicity. Embryos treated with amitriptilyne resulted in a dramatic increase in 

apoptotic cell death along the dorsal axis of the embryo, particularly around the brain 

region. When co-exposing zebrafish embryos to amitriptyline, and either CoQ10 or  -

toc, these antioxidants significantly protected embryos viability, and reduced apoptosis 

rate. This suggests that amitriptyline-dependent oxidative stress may play an essential 

role in embryotoxicity, and that zebrafish is a suitable model for investigating the 

underlying mechanisms of amitriptyline-mediated developmental toxicity. Zebrafish are 

an excellent vertebrate model to study developmental toxicity because they share many 

molecular, biochemical, cellular and physiological characteristics with higher 

vertebrates (Andreasen et al., 2002a; Andreasen et al., 2002b; Zodrow et al., 2004; 

Reimers et al., 2006). 

In summary, our data suggest that amitriptyline induces impaired respiratory activity, 

increased ROS formation, MPT pore opening, and cell death by apoptosis. But are ROS 

essential for cell toxicity in amitriptyline treatment? To address this question, we tested 

the effect of CoQ10 and  -toc, two general membrane antioxidants, on mitochondrial 

dysfunction, and cell death induced by amitriptyline. Results showed that CoQ10 and  -

toc ameliorated mitochondria dysfunction and reduced cell death both in cultured 

human primary fibroblasts and zebrafish embryos, suggesting that ROS generation is 

crucial in amitriptyline-induced toxicity. Therefore, the use of membrane antioxidants

might reduce the cytotoxic effects induced by amitriptyline.
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FIGURES AND LEGENDS

Figure 1. Effect of amitriptyline on ROS generation. Panel A. MitoSOX Red stain  

revealed increased superoxide anion. MitoSOX Red colocalized with subunit II of 

cytochrome c oxisdase (COX II) in merged images, indicating that superoxide anion 

production was mainly in mitochondria. Panel B. Specificity of MitoSOX™ oxidation by 

superoxide was examined shifting the excitation wavelength from 532 to 405 nm as 

described in Material and Methods. Panel C. Flow cytometry quantification of ROS 

production. Data represent the mean ± SD of three separate experiments. Bar=15 #m.

* P<0.01, between control and amitriptyline treated cells; 
a
P<0.01, between the 

absence or presence of  -toc or CoQ10.

Figure 2. Effect of amitriptyline on lipid peroxidation. Panel A. Lipid peroxidation 

assay after administration of 50 #M Amitriptyline, red fluorescence represents non-

oxidized lipids, and green fluorescence represents oxidized lipids. Bar=15 #m. Panel B.

Fluorescence quantification analysis of lipid peroxidation after administration of 50 #M 

Amitriptyline, Amitriptyline +  -toc, and Amitriptyline + CoQ10. Dark grey bars 

correspond to reduced lipids and light grey bars indicate oxidized lipids. Data represent 

the mean ± SD of three separate experiments. *. P<0,001. ** P<0.05, between control 

and amitriptyline treated cells; 
a
P<0.01, between the absence or presence of  -toc or 

CoQ10.

Figure 3. Effect of amitriptyline on mitochondrial components. Panel A. 

Mitochondrial protein expression levels in amitriptyline-treated cells. Proteins (50 6g) 

from control and treated fibroblast extracts were immunostained with antibodies against 

Complex I (39KDa subunit), III (core 1 subunit) and cytochrome c. Protein levels were 

determined by densitometric analysis (IOD, integrated optical intensity) of three 

different Western blots and normalized to GADPH signal. *P<0.05, between control 

and amitriptyline treated cells; 
a
P<0.01, between the absence or presence of  -toc or 

CoQ10. Panel B. CoQ10 level after amitriptyline treatment. Results are expressed as 

pmol of CoQ10 per mg of protein. Data represent the mean ± SD of three separate 

experiments. *P<0.005. 

Figure 4. Effect of amitriptyline on mitochondrial funcionality. Panel A. Effect of 

amitriptyline on NADH:cytochrome c reductase (complex I+III) activity. Fibroblasts 

were treated with 50 #M amitriptyline, 30#M  -toc + 50 #M amitriptyline and 30#M
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CoQ10 + 50 #M amitriptyline for 24h. Cells were harvested and the activity of complex 

I+III was determined as described in Material and Methods. Data represent the mean ± 

SD of three separate experiments. Panel B. Effect of amitriptyline in mitochondrial 

membrane potential (!$m). fibroblasts were treated with 50 #M amitriptyline, 30#M  -

toc + 50 #M amitriptyline and 30#M CoQ10 + 50 #M amitriptyline for 24h. Data 

represent the mean ± SD of three separate experiments. *P<0.05, between control and 

amitriptyline treated cells; 
a
P<0.05, between the absence or presence of  -toc.

b
P<0.01, between the absence or presence of CoQ10.

Figure 5. Amitriptyline induced apoptosis in human primary fibroblasts. Panel A. 

Amitriptyline induced apoptosis was assessed by cytochrome c release, caspase 

activation and nuclear condensation as described in Material and methods. Bar=15 #m.

Panel B. MPT in control and amitriptyline-treated fibroblasts was analyzed as described 

in Material and methods. Panel C. Amitriptlyline induced apoptosis is prevented by 

CoQ10 and  -toc. Fibroblasts were treated with 50 #M amitriptyline in the absence of 

presence of 30#M  -toc or 30#M CoQ10 for 24h. Apoptosis was assessed as described 

in Material and methods. Data represent the mean ± SD of three separate experiments. 

* P<0.005, between control and amitriptyline treated cells; 
a
P<0.01, between the 

absence or presence of  -toc or CoQ10.

Figure 6. Effect of Amitriptyline on zebrafish embryos viability and apoptosis rate. 

Zebrafish embryos were treated with amitriptyline in the absence of presence of 100 #M 

GuttaQuinon
TM

, a soluble formulation of CoQ10, or 100 #M  -toc. The exposure was of 

24 hours posts-fertilization (hpf). Panel A. After treatment, the embryos (n=10) were 

analyzed for viability (translucent embryos=viable; dark embryos=dead). Bar=400 #m.

Panel B. Apoptosis rate was examined using acridine orange as described in Material 

and methods. Bar=150 #m. *P<0.005, between control and amitriptyline treated cells; 

a
P<0.01, between the absence or presence of  -toc or CoQ10.
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