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Assessment of antipsychotic-induced cytotoxic effects on 
isolated CD1 mouse pancreatic beta cells

Introduction

Antipsychotic (APs) medications are widely prescribed 
medications for psychiatric disorders.[1,2] They are classified 
as old typical preparations, such as haloperidol (HAL) and 
chlorpromazine (CPZ), and newer atypical APs, such as 
olanzapine (OLZ), and risperidone (RIS) with both types 
having certain differences in their mechanisms of action and 
their common side effects and toxic manifestations.[3] Published 
data have reported that APs have major side effects, such as 
Parkinsonian-like movements, muscarinic antagonism, obesity, 
and diabetes mellitus (DM).[4,5]

DM is a worldwide disease with reported metabolic 
abnormalities and serious complications. The relationship 
between APs and DM was reported as early as the 1960s, but 
the underlying mechanisms remain obscure. Conventional 

APs have been reported to induce DM or aggravate already 
manifested cases and their complications, such as diabetic 
ketoacidosis.[6-8] Similar findings were reported for the newer 
preparations, especially CLZ and OLZ.[9-12]

Many mechanisms have been proposed to explain the 
diabetogenic effects of APs.[13-15] At the receptor level, 
AP inhibition of serotonin, dopamine, histamines, and 
acetylcholine muscarinic receptors was proposed to have a 
role in the AP-induced diabetogenic effect.[16] At the molecular 
level, CPZ, CLZ, and HAL inhibit glucose transport into 
PC12 cells in culture.[17] OLZ decreases insulin secretion and 
induces apoptosis in pancreatic cells.[18]

Oxidative stress mainly originates due to a disturbance in 
the production of Reactive oxygen species (ROS) that leads 
to the alterations in the activities of antioxidant systems.[19] 
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Apoptosis has an essential role in removing damaged and 
infected cells and is characterized by a special biochemical 
sequence of events that leads to morphological changes in 
the cell.[20] Inflammation is a biological response of cells to 
irritants, including toxicants,[21] and some APs are thought to 
induce cytotoxic effects on different cell lines through different 
mechanisms. Therefore, the study aims to assess inflammation, 
apoptosis, and oxidative stress as potential underlying 
diabetogenic mechanisms of three APs (CPZ, HAL, and CLZ).

Materials and Methods

Animal and ethical considerations
This study was approved by the local Bioethics Committee of 
Northern Border University (RC/2022/003) upon meeting the 
required ethical standards related to dealing with experimental 
animals according to the Declaration of Helsinki. Adult male 
CD1 mice were selected as a source of beta cells.

Chemicals
All chemicals, unless other sources are mentioned, were 
purchased from Sigma-Aldrich Chemical Corporation. The 
stock solutions of APs were prepared in DMSO and PRMI-
1640 media. Insulin concentrations were assessed using an 
Enzyme-linked immunosorbent assay (ELISA) kit from 
Crystal Chem., Downers Grove. Lactate dehydrogenase 
(LDH) and Caspae-3 activities were measured by assay kits 
purchased from Clontech Laboratories, Inc. (Palo Alto, CA). 
Interleukins-6 (IL-6) and Tumor necrosis factor-alpha (TNF-α) 
were determined using Abcam mouse ELISA kits (Cambridge, 
MA, USA).

Cell isolation and culture conditions
All experimental animals were immediately sacrificed under 
anesthesia at the completion of the experiment. Beta cells 
were isolated following Smelt et al.[22] The isolated cells were 
filtered and pre-incubated in 10 mM glucose MEM media at 
37°C for an hour to increase the beta cell autofluorescence. 
The purity of the isolated cells was estimated as described by 
Clardy et al.[23]

Determination of AP cytotoxicity
The cytotoxicity of AP was determined using the MTT 
assay according to the manufacturer’s protocol (Promega, 
Madison, Wisconsin, USA). Cells were seeded at a density 
of 5 × 104 cells/well in 96-well plastic plates and incubated 
overnight. APs were tested with different concentrations (0.1, 
1, 10, and 100 µM) at 3, 6, 12, 24, and 48 h post-treatment. 
10 µL of MTT reagent solution was added to all wells, and 
the cells were incubated for a further 2 h, followed by the 
addition of 100 µL solubilizing reagent and a further 1 h 
incubation. The absorbance was read at 590 nm after 30 s of 
medium-speed shaking. The MTT absorbance values of the 

blanks were subtracted from the wells. Each experiment was 
repeated 3 times.

Determination of cell membrane integrity using 
the LDH assay
Cytotoxicity alters cell membrane integrity and causes the 
leakage of cellular enzymes, such as LDH, from the affected 
cells into the culture medium. LDH was detected in the medium 
using the reaction mixture provided in the kit. (Clontech 
Laboratories Inc., USA). Briefly, plates were prepared as 
described for the MTT assay, using DMSO and 2% Triton 
X-100 as vehicle and positive controls. At the tested time 
points, the plates were centrifuged at 2000 rpm for 20 min, and 
100 µL of the supernatant from each well was transferred to 
another 96-well plate. LDH was measured by adding 100 µL 
of the reaction solution from the kit to the wells and incubating 
the cells in the dark for a further 30 min at room temperature. 
The absorption was then read at 490 nm. Cytotoxicity for LDH 
assays was calculated according to the following equation:

( )

Test Sample absorbance 
 Negative control absorbanceCytotoxicity % 100

Positive control absorbance  
Negative control absorbance

−

= ×
−

Detection of ROS production
ROS production was studied using DCFDA assay in 
MIN6 cells treated with APs. The cells were cultured and 
treated with APs for 24 h at their estimated IC50s using the 
assay described by Elmorsy et al.[24] A non-stained cell sample 
was used as a blank, DMSO was used as a control, and 10 mM 
antimycin A was used as a positive control.

Determination of oxidative stress markers
The isolated beta cells were tested with the selected APs at 
their estimated IC50s for 24 h. Nrf2 was assessed according 
to a previous protocol.[25] TBARS were quantified[26,27] and the 
SOD activity was determined following a previous protocol.[28] 
Catalase (CAT) activities were determined according to Singh 
et al.[29] and expressed as µmoles H2O2 consumed/min/mg 
of protein.[30] (Reduced glutathione (GSH) was determined 
according to Ullah et al.[31]

Determination of caspase levels
Approximately 1 × 106 cells were grown and treated with 50, 
250, and 150 µM for APs for 2 h. The assay was conducted 
using a fluorescent assay kit (Clontech Laboratories, USA).

Determination of inflammatory markers
TNF-α (catalog no. ab20348) and IL-6 (catalog no. ab222503) 
were assessed using ELISA kits (Abcam, USA). Cells were 
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treated with APs for 24 h at the MTT-estimated IC50s and 10 µM 
concentrations. The color intensity was measured at 450 nm.

Quantitative polymerase chain reaction (qPCR) 
analysis
RNA was isolated from cell pellets using kit (catalogue 
no. 74104, Qiagen, USA), and then using a cDNA Reverse 
Transcription kit (Applied Biosystems, Thermo Fisher 
Scientific, Inc.), cDNA was synthesized. Quantitative PCR 
was performed using HotStart-IT® FideliTaq™ PCR Master 
Mix (2X) (catalog no. 71156, Affymetrix, USA). The effect 
of Aps on the expression of isolated genes families involved 
in the oxidative stress [Cat, SOD1 (Cu-Zn-SOD), and SOD2 
(Mn-SOD)], inflammation [TNF-α and IL-6], apoptosis [Cas-3, 
Bax, and Bcl2] was investigated. The used primers are shown 
in Table 1. PCR conditions were adjusted according to Huang 
et al.[32] CFX96 real-time system (Bio-Rad Laboratories, Inc.) 
was used for the reaction. Transcript levels were calculated 
and normalized of the expression of the targeted genes to the 
expression of GAPDH (internal reference gene). Experiments 
were conducted in triplicates.

Determination of (GSIS)
104 cells/well were treated for 24 h with the APs at the MTT-
estimated IC50s. The media was removed, and the cells were 
incubated in pre-warmed (37°C) serum-free, glucose-free 
DMEM supplemented with 2 mM L-glutamine, 25 mM 
Hepes (pH 7.4), and 25 mM glucose. After 15 min, the media 
were collected and the cells were lysed in 95% ethanol:acetic 
acid:concentrated HCl (75:23.5:1.5, v/v) for measurement of 
released insulin as well as the total cell insulin content with 
an ELISA kit (catalog no. 90080, Crystal Chem, Downers 
Grove, IL, USA).

Determination of GSH-R, cytokines, and 
caspase-3 inhibitor effects on AP-induced beta 
cell cytotoxicity
MTT and GSIS were repeated using the MTT-estimated 
IC50s and 10 µM concentrations for the tested APs in the 

presence and absence of 10 µM GSH-R, 200 µM of the 
caspase-3 inhibitor z-VAD-fmk, 10 µM of the IL-6 inhibitor 
bazedoxifene, and 150 µg/mL etanercept.

Statistical analysis
The cytotoxic effects of APs in relation to both their exposure 
duration and concentrations were tested using a Two-way 
ANOVA test. For IC50s, non-line curve fitting stats were used 
with variable slope model of fitting. All statistical analyses 
were performed using GraphPad Prism 5.0 statistical software 
package. For comparisons, a one-way ANOVA test was used 
to compare the different sets of APs data with the control 
nontreated samples, followed by Tukey multiple comparisons 
post-test and unpaired Student t-test to check for the effects 
of the antioxidant GSH-R, cytokines, and caspase-3 inhibitor 
on AP-induced beta cell cytotoxicity. Results were expressed 
as mean ± standard deviation with a significance level set at 
P < 0.05.

Results

The MTT assays revealed that APs were cytotoxic to beta 
cells, with effects proportional to their concentrations and 
durations of exposure (up to 48 h) [Figure 1a-c]. No significant 
difference was noted in viability at any tested concentrations at 
24 and 48 h with all tested APs. At a 10 µM concentration, all 
the tested drugs showed significant decreases in the viability 
of the beta cells, even after only a 6 h incubation. CPZ showed 
the most cytotoxic effects, while CLZ showed the safest effects, 
with the highest estimated IC50 [Table 2]. These findings 
were supported by LDH leakage, another well-established 
cytotoxicity assay, as the treated cells showed marked 
concentration-dependent and exposure duration-dependent 
increases in LDH leakage [Figure 1d-f].

All three tested APs affected insulin secretion from the 
pancreatic cells by significantly lowering the GSIS at 24 h 
post-exposure at the MTT-estimated IC50s. At a 10 µM 
concentration, CPZ and CLZ significantly decreased GSIS in 
the treated cells at 24 h after exposure [Figure 1g].

Table 1: List of all forward and reverse primers designed for RT-PCR
Gene Forward primer Reverse primer

Cas-3 5’-GGA TGT GGA CGC AGC CAA-3′ 5’-CCT TCA TCA CCA TGG CTT AG-3′

Bax 5’-CTACAGGGTTTCATCCAG -3′ 5’-CCAGTTCATCTCCAATTCG -3′

Bcl-2 5’-GTGGATGACTGAGTACCT -3′ 5’-CCAGGAGAAATCAAACAGAG-3′

CAT 5’-GCAGATACCTGTGAACTGTC-3’ 5’-GTAGAATGTCCGCACCTGAG-3’

Mn-SOD 5’-GCACATTAACGCGCAGATCA-3’ 5’-AGCCTCCAGCAACTCTCCTT-3’

Cu-Zn-SOD (SOD1) 5’-AAGGCCGTGTGCGTGCTGAA-3’ 5’-CAGGTCTCCAACATGCCTCT-3’

Mn-SOD (SOD2) 5’-GCACATTAACGCGCAGATCA-3’ 5’-AGCCTCCAGCAACTCTCCTT-3’

TNF-α 5′- GAG GCA CTC CCC CAA AAG-3′ 5’-GGG TCT GGG CCA TAG AAC TG-3′

IL-6 5′- GACAACTTTGGCATTGTGG -3′ 5’-ATGCAGGGATGATGTTCTG-3′

GAPDH 5′-TGACGTGCCGCCTGGAGAAA-3′ 5′-AGTGTAGCCCAAGATGC-CCTTCAG-3
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The AP-induced oxidative stress in isolated CD1 mice 
pancreatic beta cells was evaluated by ROS production and by 
other oxidative stress biomarkers, such as Nrf2 gene expression, 
lipid peroxidation, and antioxidant enzyme activities (i.e., CAT 
and SOD) and gene expression. The tested APs significantly 
increased ROS production determined by the DCFDA assay at 
10 µM concentration and their estimated IC50s [Figure 2a], with 
parallel increases in lipid peroxidation TBARS end products 
[Figure 2b] and increased NRf2 gene expression [Figure 2c] 

in the treated cells compared to the controls. Interestingly, the 
reported oxidative stress significantly depleted the reduced 
glutathione stores in the treated cells [Figure 2d]. The APs 
significantly decreased the activities of CAT and SOD enzymes 
[Figures 2e and 2f], as well as their gene expression, as indicated 
by the qPCR data [Figures 3a-c].

The APs affected the inflammatory cascade in isolated 
pancreatic beta cells by increasing the concentrations of IL-6 

Figure 1: MTT and Lactate dehydrogenase assays (a-f) showing the cytotoxic effects of the antipsychotics (APs). Different concentrations of 
APs were tested (0.1, 1, 10, 100, and 1000 µM) at time points 3, 6, 12, 24, 48, and 72 h post-exposure. (g) shows the effect of treatment with 
APs on glucose-stimulated insulin secretion by the treated mouse beta cells
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and TNF-α, at their estimated IC50s. However, the APs had no 
significant effect at the 10 µM concentration [Figure 4a and b]. 
The qPCR and western blot data showed significant increases 
in the gene expression of both cytokines at the mRNA level 
[Figure 4c and d].

Caspases are well-defined markers for the induction of 
apoptosis. Fluorometric assays of caspases 3, 8, and 9 in 
isolated pancreatic beta cells revealed significant increases in 
caspases 3, 8, and 9 when APs were administered at their IC50s 
and at 10 µM concentrations. However, CLZ (10 µM) did not 
significantly increase caspase-9 activity [Figure 5a and b]. 
The fluorometric assay data for caspase activity were also 
supported by the qPCR and western blotting results, which 
both confirmed a significant increase in active caspase-3 
p17 mRNA in response to AP treatment [Figure 5c and d]. 
As further support, as shown in Figure 6, the levels of the 
antioxidant GSH-R and inhibitors of caspase-3, IL-6, and 
TNF-α significantly improved the GSIS and viability of 
cells treated with APs at their estimated IC50s, whereas cells 
treated with APs at10 µM concentrations showed significant 
improvements in cell viability and GSIS when treated with the 
antioxidant or the caspase-3 inhibitor.

Discussion

The use of purified cells was preferred over islet cells, as 
the studied effect would be focused on beta cells, which are 
involved in insulin secretion. In addition, purification helped 
to avoid the effects of somatostatin. Purification was also 
expected to provide more homogeneous and robust data for 
the different experiments.

In the current study, different concentrations of APs were 
investigated for different reasons. One was that this range 
is expected to cover the therapeutic, supratherapeutic, toxic, 
and lethal concentrations. Blood CPZ concentrations have 
been reported as 1.60, 6.30, and 37.60 µM as therapeutic, 
toxic, and lethal blood concentrations, respectively. HAL 

concentrations between 0.6 and 80 µM were determined as 
therapeutic and toxic concentrations, while concentrations of 
2.30 µM and 6.0 µM were considered therapeutic and toxic 
concentrations for CLZ.[1,33-35] A second reason was that this 
wide range was expected to cover the expected wide range of 
intracellular concentrations, as all three APs have ionization 
constants (pKa’s) >7.4 that promote higher accumulation in 
the relatively acidic cytoplasm.[36] In addition, the presence 
of halogen moieties in their molecular structures provides a 
greater driving force for penetrating the plasma membrane 
and achieving high intracellular levels.[37] A third reason was 
that the cytotoxic effect of APs is lower in normal cells than in 
neoplastic cell lines; therefore, high concentrations were used 
to evoke detectable effects and thus to enable the definition 
of the IC50s. Finally, the chronic effects of these drugs were 
studied using the higher concentrations of APs.

The tested APs proved cytotoxicity to beta pancreatic cells that 
paralleled the decrease in insulin secretion of the treated cells. 
Viability assays (MTT and LDH) were performed at different 
time points up to 72 h, as these drugs have long half-lives. 
AP cytotoxicity is also time-dependent, taking at least 48 h to 
reach the maximum effects in terms of AP effects on the cell 
viability. In this study, the most toxic AP was CPZ, which is 
mainly used for refractory schizophrenia, with the lowest IC50. 
The next most toxic was CLZ, whereas HAL showed a higher 
IC50 but was less cytotoxic. Generally, the typical APs proved 
to be more cytotoxic than the atypical APs, but the toxicity 
for PC12 cells was greater for the CLZ metabolite, desmethyl 
CLZ than for HAL.[38] Previously reported data for HAL 
effects have been contradictory, and some researchers have 
explained its cytotoxicity as a result of its potent neurotoxic 
metabolite, which resembles MPTP.[19] The current findings 
are also similar to the findings of the MTT assay of Dwyer 
et al.,[38] who showed greater cytotoxicity in PC12 cells after 
a 48 h treatment with CPZ and CLZ than with HAL and RIS. 
In normal human fibroblasts, MTT assays conducted 96 h after 
treatment showed cytotoxic effects of APs, with 24 h estimated 
IC50s of 61 µM, 310 µM, and 180 µM for CPZ, HAL, and 

Table 2: MTT and LDH assays for estimation of the IC50s of the antipsychotics (APs). The cytotoxicity assays were conducted using 
different concentrations of APs (0.1, 1, 10, 100, and 1000 µM) at various time points (3, 6, 12, 24, 48, and 72 h) after exposure. IC50s are 
shown as the mean (M), upper limit (UL), and lower limit (LL) of the 95% confidence interval range. Concentrations are expressed as µM
Assay/APs MTT LDH

Time (h) 3 6 12 24 48 72 3 6 12 24 48 72

CPZ 9532 1666 475.9 70.84 24.47 9.844 9532 1666 475.9 101.9 24.47 10.26

6364 1295 388.5 60.39 21.63 8.856 6277 1293 387.4 90.03 21.68 9.076

14280 2145 583 83.1 27.69 10.94 14470 2148 584.7 115.4 27.63 11.61

CLZ 3051 2411 956 162.2 54 23.84 3474 2343 925.8 173.5 106.15 73.42

2508 1973 789.9 129.5 47.47 21.81 2734 1922 754 147.6 100.55 72.08

3707 2942 1154 199.6 61.44 26.06 4412 2854 1135 203 112.52 74.9

HAL 28080 3146 1120 250.7 92.09 33.76 28140 3206 1180 310.7 152.09 93.76

17230 2535 946 210.7 83.42 31.14 16740 2521 992 267.4 142.72 90.85

45710 3898 1322 295.7 101.7 36.61 47280 4073 1401 359.9 162.5 96.94
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CLZ, respectively,[39] which are within the ranges of the IC50s 
determined in the present work.

The current study results confirmed that APs induced apoptosis 
by activating the extrinsic and intrinsic pathways, with increased 
expression of active cleaved caspase-3 and Bax (pro-apoptotic 
gene); and decreased expression of Bcl-2 (anti-apoptotic gene) 
as triggers of apoptotic pathway activations. These findings are 
in accordance with those of Hieronymus et al.,[40] who showed 
an important role for caspases in CPZ-induced apoptosis in 
lymphoblasts. Similarly, Gassó et al.[41] showed that HAL can 
induce apoptosis in neuroblastoma SK-N-SH cells at levels of 
10, 50, and 100 µM. It has been reported that CPZ, HAL, and 
CLZ induce apoptosis in brain microvascular endothelial cells 
and in isolated ovarian theca interstitial cells from albino rats.[24]

Our data also showed that APs induced oxidative stress in the 
treated cells to variable degrees and that reduced glutathione 
alleviated the cytotoxicity and altered functions caused by 
the tested APs. Anthérieu et al.[42] explained CPZ-induced 
cholestasis in HepaRG cells as an induction of oxidative 
stress and a release of ROS that caused the accumulation of 
taurocholic acid. Parikh et al.[43] showed that HAL chronic 
treatment increased oxidative stress, and lipid peroxidation in 
the brain of rats. These findings were in consist with previous 
reports, that showed that chronic treatment with HAL induced 
changes in antioxidant enzyme activities.[19] However, the 
effects of newer APs are contradictory. Parikh et al.[43] showed 
that CLZ, RIS, and OLZ did not induce oxidative stress 
after chronic treatment for up to 90 days, whereas Reinke 
et al.[44] showed that daily injections of 1.5 mg/kg HAL or 

Figure 2: Effect of antipsychotic (AP) on oxidative reactions in isolated CD-1 mouse pancreatic beta cells. Data show the effects on ROS 
production (a), lipid peroxidation (thiobarbituric acid derivatives) (b), Nrf2 gene expression (c), catalase (d), superoxide dismutase activities 
(e), and reduced glutathione levels (f). The Dunnett post-test was used to compare the results of the AP-treated cells to the untreated control 
cells. * for P < 0.05, ** for P < 0.01, and *** for P < 0.001
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(C2C12), after treating the cells with CLZ at concentrations 
up to 75 mM for 24 h.

The current results reveal that inflammation plays a vital role 
in AP-induced cytotoxicity and in the reduction of GSIS levels 
in the treated pancreatic beta cells. This agrees with previous 
reports showing that inflammation has a major role in HAL-
induced tardive dyskinesia through the activation of different 
cytokines.[45,46] Furthermore, HAL treatment at concentrations 
of 20, 30, and 40 µM resulted in a dose-dependent increase in 
the concentrations of pro-inflammatory cytokines in isolated 
macrophages.[47] CLZ is known to increase pro-inflammatory 
cytokine levels, as well as C-reactive protein levels, in the 
1st month of treatment, and these changes may be warning 
signs of internal organ damage by inflammatory processes.[48,49] 
CPZ is known to inhibit inflammation in brain tissues when 
administered at small concentrations.[50] By contrast, CPZ 
caused an increase in the concentrations of cytokines in 
the HepaRG hepatic cell line when administered at high 
concentrations (50 µM) but has no significant effect when 
administered at a lower concentration (25 µM).[51]

Interestingly, the investigated cytotoxicity mechanisms, 
namely oxidative stress, apoptosis, and inflammation, 
were highly integrated with each other. The inflammatory 
cytokines play a crucial role in initiating oxidative stress 
in neurodegenerative diseases by increasing the reactive 
oxygen and nitrogen species,[52] as well as in the pathogenesis 
of atherosclerosis by the induction of oxidative damage and 
endothelial dysfunction.[53] Apoptosis is induced mainly by a 
class of death receptors.[54] TNF-α receptors control and initiate 
apoptosis.[55] Conversely, oxidative stress-activated apoptosis 
pathways.[56,57]

Mitochondria have a crucial role in the integration of oxidative 
stress and apoptosis. Mitochondria are considered the main 
source of ROS, as these are produced in particular following 
altered functions of mitochondrial complexes I and III and 
subsequent damage to mitochondrial and cellular lipids and 
genetic material. In parallel, mitochondria are the main sites 
of pro-apoptotic and anti-apoptotic factors that interact to 
determine cell survival or apoptosis.[58]

The cytochrome c release from the mitochondria is the main 
trigger for caspase-9 activation,[54] and mitochondria also 
release a second mitochondria-derived activator of caspase 
(Smac) and Omi, which bind to inhibitors of apoptosis 
and block their inhibitory effects on caspase activity.[58] In 
addition, the inner mitochondrial membrane contains factors 
that regulate the apoptosis of neuronal cells.[59] Interestingly, 
mitochondria appear to be the main targets of AP toxicities.[60] 
The imitation of study is the in vitro assays, as the biological 
response in the natural biological system is different from the 
individual isolated cells. Hence, the data require more in vivo 
and human study for data robustness and implementation of 
the findings.

25 mg/kg CLZ for 28 days induced oxidative stress in adult 
male Wistar rats, but OLZ administration with different (2.5, 
5.0, or 10.0 mg/kg) for the same period did not. Contreras-
Shannon et al.[21] reported that CLZ-induced oxidative stress 
associated with altered mitochondrial inter-membrane potential 
in cultured cell lines, including monocytes (RAW 264.7), 
adipocytes (3T3-L1), hepatocytes (FL-83B), and myoblasts 

Figure 3: Effect of antipsychotic administration on antioxidant gene 
expression in isolated CD-1 mouse pancreatic beta cells. Data show 
the effects on the expression of genes coding for CAT (a), SOD1 
(b), and SOD2 (c). For comparing the data of the treated cells to the 
untreated cells, the Dunnett post-test was used. *for P < 0.05, ** for 
P < 0.01, and *** for P < 0.001.
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Figure 4: Effect of antipsychotic administration on inflammatory cytokines in isolated CD-1 mouse pancreatic beta cells. Data show the 
effects on the concentrations of interleukin-6 (IL-6) (a) and TNF-α (b), and on the expression of genes coding for IL-6 (c), and TNF-α (d). 
For comparison between groups, the Dunnett post-test was used. *for P < 0.05, ** for P < 0.01, and *** for P < 0.001.

dc

ba

Figure 5: The effect of antipsychotic (AP) administration of chlorpromazine, clozapine, and haloperidol on caspase and apoptotic gene 
expression in isolated CD-1 mouse pancreatic beta cells. Data show the caspase-3, -8, and -9 activities (a and b) and the expression of genes 
coding for cas-3, anti-apoptotic Bcl-2, and pro-apoptotic Bax genes (c and d). The Dunnett post-test was used to compare the data of the AP-
treated cells to the untreated controls. *for P < 0.05, **for P < 0.01, and *** for P < 0.001
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Conclusion

The findings of the study support the hypothesis that apoptosis, 
inflammation, and oxidative stress play essential roles in the 
diabetogenic potential of APs. The underlying mechanisms 
of all three APs are highly integrated with each other, and 
each can induce the pathways of the others. The findings also 
point to the potential of assays for oxidative stress, apoptosis, 
and inflammation as screening tests for developing new AP 
preparations, for greater clinical outcomes of the future new 
preparations of AP. In addition, the administration of adjuvant 
antioxidants along with APs may decrease the risk of DM in 
patients undergoing prolonged AP therapy. Finally, serum amylase 
can be of value as a biomarker for pancreatitis in patients with 
DM or diabetic complications when maintained on AP therapy.
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