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Abstract

Although atypical antipsychotics are widely known to induce alterations in lipid and glucose metabolism,

the mechanisms by which these alterations occur remain unknown. Several recent studies have shown

that atypical antipsychotics induce oxidative stress and oxidative cell injury by increasing levels of lipid

and protein oxidation. In this study, a novel proteomic approach was used to identify specific proteins

oxidized after clozapine treatment. Differentiated neuroblastoma SKNSH cells were treated with 0, 5 or

20 mM clozapine for 24 h and protein extracts were labelled with 6-iodoacetamide fluorescein (6-IAF). The

lack of incorporation of 6-IAF to cysteine residues is an indicator of protein oxidation. Labelled proteins

were exposed to 2D electrophoresis, and differential protein labelling was assessed. Increased oxidation

after clozapine treatment was observed in 10 protein spots (p<0.05), although only four of them remained

significant after correcting for analysis with two drug concentrations. Five proteins, corresponding

to nine of the spots, were identified by HPLC–electrospray ionization tandem mass spectrometry

(HPLC–ESI–MS/MS) as mitochondrial ribosomal protein S22, mitochondrial malate dehydrogenase,

calumenin, pyruvate kinase and 3-oxoacid CoA transferase. The latter four proteins play important roles

in energy metabolism. These results suggest that oxidative stress may be a mechanism by which

antipsychotics increase the risk for metabolic syndrome and diabetes.
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Introduction

Antipsychotics are widely used for the treatment of

many psychiatric disorders due to their ability to al-

leviate positive symptomatology (hallucinations and

delusions). However, despite years of intensive re-

search, the biological mechanisms underlying their

therapeutic properties remain largely unknown. In

fact, our understanding of the mode of action of these

drugs goes little beyond the targeting of neuro-

transmitter receptors. The typical antipsychotics are

known to act primarily as D2 dopamine receptor

antagonists. The high affinity of these drugs for the

dopamine receptor is associated with increased risk

of extrapyramidal symptoms such as tardive dyski-

nesia (Galili et al., 2000). The atypical antipsychotics

have relatively lower affinity for the dopamine D2 re-

ceptors and higher affinity for other receptors, includ-

ing the serotonin, muscarinic and histamine receptors

(Miyamoto et al., 2005). Even though atypical anti-

psychotics are associated with fewer extrapyramidal

symptoms, they are known to cause other severe side-

effects such as weight gain, hyperglycaemia and

metabolic alterations (Haupt, 2006; Newcomer, 2005 ;

Rettenbacher, 2005). Although the biological mech-

anisms through which these side-effects occur re-

main unknown, it is known that different atypical

antipsychotics differ in their risk to cause these side-

effects. Clozapine and olanzapine are associated with

greater weight gain compared to quetiapine, risper-

idone, ziprasidone and aripiprazole, with ziprasidone

and aripiprazole causing the least weight gain.
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Likewise, clozapine and olanzapine are associated

with a greater risk for hyperglycaemia, ketoacidosis

and insulin resistance, compared to the other atypicals

(Newcomer, 2005 ; Rettenbacher, 2005). A recent study

in rats showed that changes in insulin resistance

can occur after a single-dose treatment with either

olanzapine or clozapine, but not ziprasidone, indi-

cating that antipsychotics may have a direct effect

in glucose metabolism, in the absence of weight gain

(Houseknecht et al., 2007).

Oxidative stress and the concomitant production of

reactive oxygen species (ROS) have been implicated

in the clinical side-effects of antipsychotics. Both

haloperidol and clozapine induce oxidative stress in

rat brain. Decreased levels of antioxidant enzymes and

increased membrane lipid peroxidation (caused by

ROS) occur following treatment with these drugs

(Polydoro et al., 2004 ; Reinke et al., 2004). These same

alterations occur after long-term treatment with other

atypical antipsychotics (risperidone, and ziprasidone)

in rats (Pillai et al., 2007).

Oxidative stress has been implicated in the patho-

genesis of both type 1 and type 2 diabetes (Kaneto

et al., 2007). It is possible that antipsychotic-induced

oxidative stress may be an underlying factor in the

mechanism by which antipsychotics elicit increased

risk for adverse metabolic side- effects.

The thiol (–SH) group in the amino acid cysteine is

particularly sensitive to oxidation and can be oxidized

to several states including irreversible oxidation states

[sulfinic (SO2H) and sulfonic (SO3H) acids]. In the pre-

sent study we used a proteomic approach to perform

an unbiased search of proteins that are irreversibly

oxidized by treatment with clozapine, as representa-

tive of atypical antipsychotics, in order to elucidate the

molecular pathways by which this drug causes its

metabolic side-effects.

Methods

Cell culture

SKNSH neuroblastoma cells (ATCC, Manassas, VA,

USA) were grown as previously described (Pizzi et al.,

2002). Briefly, cells were plated at 37 xC in Dulbecco’s

Modified Eagle’s Medium supplemented with 4 mM

glutamine. Cells were allowed to differentiate to a

neuronal phenotype by incubation with 10 mm retinoic

acid for 2 wk.

Measurement of ROS

Differentiated SKNSH cells were treated with cloza-

pine (Sigma-Aldrich, St Louis, MO, USA) (1, 5, 10 or

20 mM) or vehicle (ethanol only) for 24 h, respectively.

Experiments were performed in triplicate with all

drug concentrations. Cell pellets were collected and

incubated with 10 mM dichlorofluorescin diacetate

(DCFH-DA, Invitrogen, Carlsbad, CA, USA) in PBS

for 20 min at 37 xC. This non-fluorescent compound

is converted to fluorescent dichlorofluorescein (DCF)

upon oxidation by peroxides. Therefore, this probe is

widely used to detect levels of ROS in cells (Sagara,

1998). Fluorescence intensity levels were measured

using an excitation wavelength of 475 nm and an

emission wavelength of 525 nm.

Cell viability and apoptosis assays

The number of live and dead cells was determined

by incubating the treated cells (clozapine-treated and

controls) with Trypan Blue for 5 min and placing a

fraction of the cells in a Neubauer haemocytometer

and counting the number of cells that either incor-

porated or excluded the dye (dead or alive respect-

ively).

Apoptosis was assayed by the terminal deoxy-

nucleotide-transferase-mediated d-UTP-biotin nick

end-labelling (TUNEL) assay using an in-situ cell

death detection kit obtained from R&D Systems

(Minneapolis, MN, USA) and performed according

to manufacturer’s instructions. All assays were per-

formed in triplicate at each drug concentration (5 mM

and 20 mM clozapine) and compared to vehicle (etha-

nol alone)

Labelling of protein thiols by

6-iodoacetamidofluorescein (6-IAF)

Differentiated cells were treated with clozapine (5 mM

and 20 mM) or vehicle (ethanol only) for 24 h, respect-

ively. A 10 mM drug stock was freshly prepared by

dissolving in ethanol. The amount of ethanol added

was equal in all samples (<0.5% in all samples).

Experiments were performed in triplicate with all

drug concentrations. Protein extracts were obtained

by sonication of cells in buffer containing 50 mM pot-

assium phosphate (pH 7.9), 0.5 mM MgCl2, 1 mM

EDTA, Halt protease inhibitor cocktail (Pierce,

Rockford, IL, USA) and were then centrifuged at

6000 g at 4 xC for 1 h (Pierce et al., 2007). The super-

natant was treated with 6 M urea at 37 xC for 1 h fol-

lowed by treatment with 2 mM DTT and sodium

arsenite (20 mM) to reduce the disulfide (S–S) and sul-

fenic acid (SOH), respectively (Saurin et al., 2004).

In this context, it should be noted that sodium arsenite

can not reduce sulfinic and sulfonic acids ; as such

these modifications are considered to be irreversible.
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The extract was then treated with 5 mM 6-IAF

(Invitrogen, Carslbad, CA, USA) and incubated at

37 xC for 1 h in the dark for complete reaction between

thiols and 6-IAF. The proteins were then precipitated

with an equal volume of 20% TCA, centrifuged at

12 000 g for 20 min and washed at least three times

with ethanol/ethylacetate (1 :1, v/v) to remove urea,

DTT, sodium arsenite and free 6-IAF. 6-IAF-labelled

protein pellets were then dissolved in 8 M urea, 2%

Chaps, 0.5% IPG buffer (GE Healthcare, Piscataway,

NJ, USA) and DeStreak reagent (15 mg/ml, GE

Healthcare) ; protein concentrations were assessed

through the use of a BCA assay (Pierce).

2D gel electrophoresis

The labelled protein extracts were subjected to 2D gel

electrophoresis as follows: 100 mg of protein was sub-

jected to isoelectric focusing overnight on 13 cm strips

(pH 3–10) using the IPGphor system (GE Healthcare).

After the first dimension, strips were equilibrated

for 15 min in buffer containing first DTT (100 mg/ml)

and then iodoacetamide (250 mg/ml). The second

dimension was then run using precast Criterion

12% SDS–PAGE gels (Bio-Rad, Hercules, CA, USA),

after which 6-IAF fluorescence was assessed using

a Typhoon 9400 variable mode imager (GE Health-

care) with excitation at 490 nm. Gels were then

stained with SYPRO Ruby (Invitrogen) overnight,

after which they were washed twice with water and

then soaked in water for 15 min. Gel images were then

acquired using the Typhoon 9400 with excitation at

532 nm.

Quantitative assessment of gel images

Spot intensities on 6-IAF and SYPRO Ruby gel images

were quantified separately using Imagequant version

5.0 software (GE Healthcare). To obtain the 6-IAF flu-

orescence relative to total protein fluorescence, the

pixel intensity/area of 6-IAF fluorescence was divided

by the pixel intensity/area of SYPRO Ruby fluor-

escence for each spot. Because 6-IAF does not bind

to irreversibly oxidized cysteine residues, a decrease

in fluorescence intensity in protein spots of treated

compared to untreated samples is an indication of

greater oxidation (i.e. less labelling of 6-IAF). To

identify protein spots that showed statistically signifi-

cant (p<0.05) mean differences in fluorescence inten-

sity as a function of clozapine dose, we compared the

5 mM and 20 mM conditions to the control (cells treated

with vehicle only) using t tests for independent

samples with two-sided significance testing and we

performed Dunnett’s tests for group vs. control at

adjusted p=0.05 to correct for testing two drug con-

centrations.

Protein identification by mass spectrometry

Spots exhibiting significant differences in 6-IAF fluor-

escence were excised from the gels and digested in situ

with trypsin. The resulting digests were subjected to

capillary HPLC–electrospray ionization tandem mass

spectrometry (HPLC–ESI–MS/MS) using a Thermo

Fisher LTQ ion trap mass spectrometer interfaced to

an Eksigent NanoLC micro HPLC system (Eksigent,

Dublin, CA, USA) via a New Objective (Woburn, MA,

USA) PicoFrit nanospray interface. Online HPLC sep-

aration of the proteolytic peptides was accomplished

as follows: column, PicoFrit (New Objective ; 75 mm

i.d.) packed to 10 cm with C18 adsorbent (Vydac,

218MSB5; 5 mm, 300 Å) ; mobile phase A, 0.5% acetic

acid/0.005% TFA; mobile phase B, 90% acetonitrile/

0.5% acetic acid/0.005% trifluoroacetic acid ; linear

gradient of 2–42% B in 30 min; flow rate, 0.4 ml/min.

As part of the data-dependent acquisition protocol, the

seven most intense ions in each survey scan were

sequentially fragmented in the ion trap by collision-

induced dissociation using an isolation width of 3.5

and a relative collision energy of 35%. Uninterpreted

tandem mass spectra was searched against published

databases using Mascot (Matrix Science, Boston, MA,

USA; 10 processor in-house license). Cross-correlation

of the Mascot results with X! Tandem and determi-

nation of probabilities of protein and peptide identifi-

cations were made by Scaffold (Proteome Software,

Portland, OR, USA). Assignment of the tandem

MS fragments were verified by comparison with

the predicted ions generated in silico by GPMAW

(Lighthouse Data, Denmark).

Results

Clozapine-induced production of ROS

in neuroblastoma cells

To investigate if treatment of differentiated neuro-

blastoma cells with clozapine led to an increase in ROS

levels, differentiated SKNSH cells were treated with

clozapine (1, 10 or 20 mM) or vehicle (ethanol only)

for 24 h, respectively. Experiments were performed

in triplicate for all drug concentrations. Oxidation of

DCFH-DA by peroxides was assayed by measuring

the fluorescence intensity of the fluorescent oxidized

compound (DCF) as a function of drug concentration.

The results in Figure 1 show that clozapine exhibited

a dose-dependent pattern of ROS generation : ROS

levels were seen to increase from baseline after
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D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/11/8/1097/695962 by guest on 22 M

ay 2023



treatment with 1 mM and reached maximum levels at

10 mM (18% increase). However, the concentrations of

clozapine used did not cause significant differences in

cell viability or apoptosis in SKNSH cells after 24 h of

treatment. The percentage of dead cells was 10.7, 11.4

and 18.5% for 0, 5 and 20 mM clozapine respectively, as

measured by the Trypan Blue assay. The TUNEL in-

dices were 0.109¡0.012, 0.098¡0.014 and 0.092¡0.001

in 0, 5 and 20 mM clozapine respectively. These results

indicate that SKNSH cells are sensitive to clozapine-

induced oxidative stress, without an appreciable effect

in cell viability.

Differences in protein oxidation

SKNSH neuroblastoma cells were differentiated to

cells with a neuronal phenotype by incubation with

10 mm retinoic acid. Differentiated cells were treated

with clozapine (vehicle only, 5 mM and 20 mM) for 24 h,

respectively. Experiments were performed in triplicate

for all drug concentrations. These concentrations were

chosen based on the results obtained above, that they

would induce generation of ROS. Protein extracts

were obtained and proteins were incubated with the

fluorescent probe 6-IAF and subjected to 2D gel elec-

trophoresis as described in the Methods section, after

which an image of the gels was obtained. Gels were

then treated with SYPRO Ruby to assess total protein,

and a second gel image was obtained. A total of 153

spots labelled with SYPRO Ruby were matched across

all nine gels [three control (vehicle only) gels, three

low-drug concentration and three high-drug concen-

tration]. Figure 2 shows gel images for 6-IAF and

SYPRO Ruby fluorescence in a representative 2D gel

electrophoresis separation of proteins isolated from

SKNSH cells.

Differences in 6-IAF incorporation in individual

proteins were then assessed by calculating the ratio of

6-IAF/SYPRO Ruby fluorescence in each of the spots

seen in the gels before and after treatment with drug.

Statistical analyses using t tests for independent

samples revealed significant changes (p<0.05) in

fluorescence intensity in 10 protein spots (73, 79, 91,

110, 118, 119, 120, 124, 125, 126), at either the 5 mM or

20 mM dose. After correcting for testing of two drug

doses, only four spots (79, 119, 120 and 124) remained

statistically significant at p<0.05. All of these spots

indicated greater irreversible protein oxidation (re-

duced 6-IAF fluorescence) at both doses compared to

controls. However, only spot 79 exhibited a significant

difference after treatment with the 5 mM dose. The

other three spots exhibited significant differences only

after treatment with the 20 mM dose. Figure 3 shows

an expanded view of a selected protein spot that

exhibited altered 6-IAF labelling after treatment with

clozapine.

Identification of oxidized proteins

We have identified 9 of the 10 spots that exhibited

altered oxidation when treated with clozapine (as as-

sessed by 6-IAF labelling) by using HPLC–ESI–MS/

MS. These nine spots corresponded to five different

proteins, as some of the spots (118, 119, 120 and 124,

125, 126) were identified as the same protein which

may represent different post-translational modifi-

cations. The proteins with the highest number of

identified unique and total spectra are listed in Table

1. Additional minor proteins identified are listed in

Table 2.

Discussion

We used a proteomic approach to identify proteins in

differentiated SKNSH cells that are oxidized after

treatment with the antipsychotic clozapine. The over-

all concept is to identify irreversible protein oxidation

by using a modification of a cysteine-labelling method

initially described by Baty et al. (2002). Cysteine

residues are remarkably sensitive markers of cellular

oxidation status. In the approach used for our studies,

the level of formation of irreversibly oxidized thiols

(conversion of thiols in proteins to either sulfinic or

sulfonic acids) is measured by quantifying the incor-

poration of 6-IAF to the cysteine residues of proteins.

The reaction chemistry of 6-IAF is specific for free thiol
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Figure 1. Generation of ROS in SKNSH cells by clozapine

treatment. Cells were treated with 0–20 mM drug for 24 h and

the levels of ROS generation were determined by using

DCFH-DA, as described. Experiments were performed in

triplicate for each drug concentration. Each bar represents the

percent increase of the mean of the fluorescence intensities

when compared to untreated cells.
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(–SH), and therefore, 6-IAF can not react with any

oxidized form of cysteines. The loss of incorporation

of 6-IAF to the cysteine residues of proteins, after all

disulfide bonds and sulfenic acids have been reduced,

is the indication of irreversible oxidation. Labelling of

cysteine residues has been used in recent studies to

detect protein oxidation using a proteomics approach

(Pierce et al., 2007 ; Zhang et al., 2007).

Alterations in protein oxidation could be caused by

generation of free radicals and ROS by drug-induced

oxidative stress. Sagara (1998) initially showed, using

cultured neuronal cells, that haloperidol induces ac-

cumulation of ROS in neurons, leading to increased

levels of intracellular Ca2+ and cell death. More recent

studies show that both typical and atypical antipsy-

chotics induce membrane lipid peroxidation and total

protein oxidation (Pillai et al., 2007 ; Polydoro et al.,

2004 ; Reinke et al., 2004). To our knowledge, this is the

first study to directly identify proteins that are oxi-

dized by treatment with antipsychotic drugs.

For the present study we used cultured differ-

entiated neuroblastoma cells as a model to identify

proteins that are affected by antipsychotic-induced

oxidative stress after treatment with clozapine.

Differentiated neuroblastomas express many of the

neurotransmitter receptors that are targeted by anti-

psychotics (Pizzi et al., 2002). Given that this was an

exploratory study, we chose to use two different drug

concentrations (low and high), in order to determine

dose effects on protein oxidation. Increased protein

oxidation (decreased 6-IAF fluorescence) was ob-

served for 10 protein spots (p<0.05), although for

eight of the spots significant differences were only

achieved after treatment with the 20 mM dose.
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Figure 3. Enlargement of a region containing a protein spot (119) that showed changes in 6-IAF fluorescence intensity after

treatment with clozapine. (a) Gel images of cells treated with 0 mM ( ), 5 mM ( ) and 20 mM (%) clozapine. (b) Plot of mean¡S.D.

fluorescence intensity changes as a function of drug concentration. Fluorescence intensity is reported as the ratio of spot intensity

of 6-IAF/SYPRO Ruby. Protein spot 119 corresponds to 3-oxoacid CoA transferase (see Table 1) (* p<0.05).

pl 3–10
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Figure 2. 2D gel electrophoresis of proteins from SKNSH cells. (a) 6-IAF-labelled proteins, (b) the same gel imaged after staining

with SYPRO Ruby (total protein) ; 100 mg of protein was used for each gel.
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Using HPLC–ESI–MS/MS we identified proteins

for 9 of the 10 spots exhibiting significant differences

in 6-IAF fluorescence (Table 1). Four of the identified

proteins are involved in energy metabolism. Mito-

chondrial malate dehydrogenase is a key enzyme in

the malate shuttle system that catalyses the conversion

Table 1. Proteins exhibiting increased oxidation in differentiated SKNSH cells treated with clozapine

Spot

no. Protein

Accession

no.b

Fold change

Identification by MSa

Spectra

Sequence

coverage (%)5 mM 20 mM Total Unique

73c Mitochondrial malate dehydrogenase AAH01917 x2.22 x1.98 91 32 43

79 Calumenin AAK72908 x3.39 x1.66 55 23 26

91c Mitochondrial ribosomal protein S22 AAH09296 x1.57 x2.12 10 4 12

119 3-oxoacid CoA transferase NP000427 x1.41 x2.40 16 11 18

124 Pyruvate kinase muscle AAH07640 x1.26 x2.19 30 5 14

a Protein spots were digested in situ with trypsin and analysed by HPLC–ESI–MS/MS as described in the Methods section.

Identifications were obtained by searching the ?NCBInr database by means of Mascot. Cross-correlation of the Mascot results

with X! Tandem and determination of protein and peptide identification probabilities was obtained with Scaffold. All peptides

listed had a o95% probability of identification, and all proteins a 100% probability, as determined by Scaffold.
b NCBInr accession number.
c The observed increase in oxidation was only significant before correcting for analysis with two drug concentrations.

Table 2. Additional proteins identified by HPLC–ESI–MS/MS

Spot

no. Protein

Identification by MSa

Spectra

Sequence

coverage (%)Total Unique

73 Human muscle L-lactate

dehydrogenase

9 3 9

79 Actin 3 3 7

119 Cytosol aminopeptidase 12 9 12

UDP-glucose dehydrogenase 10 5 8

Histidyl-tRNA synthetase 9 6 7

Fascin-1 8 5 8

MLL septin-like fusion 8 5 8

Tryptophanyl-tRNA synthetase 6 6 11

Peptidase D 3 3 5

124 Acute morphin dependence-

related protein 2

8 5 7

Tyrosyl-tRNA synthetase 8 4 7

Pyrroline-5-carboxylate

dehydrogenase

6 4 2

a Protein spots were digested in situ with trypsin and analysed by HPLC–ESI–MS/

MS as described in the Methods section. Identifications were obtained by searching

the ?NCBInr database by means of Mascot. Cross-correlation of the Mascot results

with X! Tandem and determination of protein and peptide identification probabilities

was obtained with Scaffold. All peptides listed had a 95% probability of identifi-

cation, and all proteins a 100% probability, as determined by Scaffold.
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of malate to oxaloacetate. Antipsychotic-induced

changes in expression of malate dehydrogenase

have been reported by both cDNA microarray and

proteomic studies (La et al., 2006 ; Middleton et al.,

2002). Calumenin is a calcium-binding protein that

regulates activation of several enzymes, including

phosphorylase kinase and glycogen synthase, the en-

zymes involved in regulation of glycogen breakdown

and synthesis. Given that calumenin is present at

very low concentrations in the brain, the irreversible

oxidation of this protein may be very significant in

terms of energy metabolism and other cellular pro-

cesses. Pyruvate kinase catalyses the final reaction of

the glycolytic pathway, by converting phosphoenol-

pyruvate to pyruvate. Olanzapine-induced changes

in expression of pyruvate kinase have been reported

by cDNA microarray studies (Fatemi et al., 2006).

Polymorphisms within the gene coding for pyruvate

kinase have been associated with diabetes (Wang et al.,

2002a). 3-oxoacid CoA transferase is involved in

ketone body metabolism. Mutations of this enzyme

are associated with severe ketoacidosis (Fukao et al.,

2000 ; Kassovska-Bratinova et al., 1996). Cases of dia-

betic ketoacidosis developed during treatment with

clozapine have been repeatedly reported (Lund et al.,

2001 ; Sernyak et al., 2003 ; Wang et al., 2002b). It is

possible that clozapine-induced oxidation of the pro-

teins identified in this study could lead to alterations

of their function, which in turn could be related to the

increased risk of weight gain, hyperglycaemia and

ketoacidosis caused by this drug.

Due to the multiple protein spots analysed in the

present study and the lack of sophisticated statistical

analyses that control for multiple comparisons, it is

possible that some of the proteins identified in this

study are false positives. However, for this initial

screen, we preferred to err on the side of Type I errors

(false positives), rather than risk Type II errors (false

negatives) which might be more costly if a protein of

importance is overlooked. Further studies, preferably

using in-vivo models, need to be performed to cor-

roborate the present results.

It is also important to note that, as this was

an exploratory study, control drugs were not in-

cluded in the design. Further studies with other anti-

psychotics, both typical and atypical, including those

which are not known to cause increased risk for

weight gain or metabolic syndrome, should be per-

formed in order to determine if the current observed

effects are unique to clozapine or to atypical anti-

psychotics and could therefore indeed be causative

of the unique clinical side-effects seen with these

drugs.

In summary, we have used a novel proteomic

approach to identify proteins that are irreversibly

oxidized by clozapine treatment. Our findings of oxi-

dation of enzymes involved in energy metabolism

suggest that protein oxidation may be the mechanism

by which atypical antipsychotics induce increased risk

of metabolic syndrome. Further studies using other

atypical antipsychotics are currently underway. Identi-

fication of proteins that are structurally altered due

to treatment with antipsychotics may lead to design

of specific treatments to counteract the serious side-

effects caused by administration of these drugs.
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