
Accepted Manuscript

Gene expression profiling of rotenone-mediated cortical neuronal death: evi‐

dence for inhibition of ubiquitin-proteasome system and autophagy-lysosomal

pathway, and dysfunction of mitochondrial and calcium signalling

Yann Wan Yap, Minghui Jessica Chen, Zhao Feng Peng, Jayapal Manikandan,

Jian Ming Jeremy Ng, Roxana M. Llanos, Sharon La Fontaine, Philip M. Beart,

Nam Sang Cheung

PII: S0197-0186(12)00372-5

DOI: http://dx.doi.org/10.1016/j.neuint.2012.11.011

Reference: NCI 3286

To appear in: Neurochemistry International

Please cite this article as: Yap, Y.W., Chen, M.J., Peng, Z.F., Manikandan, J., Ng, J.M.J., Llanos, R.M., Fontaine,

S.L., Beart, P.M., Cheung, N.S., Gene expression profiling of rotenone-mediated cortical neuronal death: evidence

for inhibition of ubiquitin-proteasome system and autophagy-lysosomal pathway, and dysfunction of mitochondrial

and calcium signalling, Neurochemistry International (2012), doi: http://dx.doi.org/10.1016/j.neuint.2012.11.011

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



  

1 

Gene expression profiling of rotenone-mediated cortical neuronal death: 

evidence for inhibition of ubiquitin-proteasome system and autophagy-lysosomal 

pathway, and dysfunction of mitochondrial and calcium signalling. 

 

Yann Wan Yap
¶1

, Minghui Jessica Chen
¶2

, Zhao Feng Peng
3,4

, Jayapal Manikandan
5,6

, 

Jian Ming Jeremy Ng
2
, Roxana M. Llanos

1
, Sharon La Fontaine

1
, Philip M. Beart*

7
, 

Nam Sang Cheung*
1,2 

 
1
Centre for Cellular and Molecular Biology, School of Life and Environmental 

Sciences, Deakin University, Burwood, Victoria 3125, Australia. 

 

2
Menzies Research Institute, University of Tasmania, Hobart, Tasmania 7000, 

Australia. 

 

3
Department of Biochemistry, Yong Loo Lin School of Medicine, National University 

of Singapore, 8 Medical Drive, Singapore 117597. 

  

4
Key Laboratory of Biogeology and Environmental Geology of the Ministry of 

Education, University of Geosciences, Wuhan 430074, P.R. China 

 

5
Center of Excellence in Genomic Medicine Research (CEGMR), King Fahad 

Medical Research Center, King AbdulAziz University, Jeddah 21589, Saudi Arabia 

 

6
School of Anatomy, Physiology and Human Biology, The University of Western 

Australia, M309, 35 Stirling Highway, Crawley WA 6009, Australia. 

 

7
Florey Institute of Neuroscience and Mental Health, and Department of 

Pharmacology, University of Melbourne, Victoria 3052, Australia 

 

¶
 Yann Wan Yap and Minghui Jessica Chen contributed equally to this study. 

* Joint-corresponding authors and to whom proofs and reprint requests should be 

addressed: Dr Steve Nam Sang Cheung, School of Life and Environmental Sciences, 



  

2 

Deakin University, Burwood, Victoria 3125, Australia. Tel: +613 92446100, E-

mail: steve.cheung@deakin.edu.au 

 

 

 

 

Abstract 

 

Mitochondrial dysfunction and oxidative stress are currently considered two key 

mechanisms contributing to pathobiology in neurodegenerative conditions. The 

current study investigated the temporal molecular events contributing to programmed 

cell death after treatment with the mitochondrial complex I inhibitor rotenone. 

Microarray analysis was performed using cultured neocortical neurons treated with 10 

nM rotenone for 8, 15, and 24h. Genes showing at least ± 1.2-fold change in 

expression at one time point were considered significant. Transcriptomic analysis of 

the 4178 genes probes revealed major changes to nine biological processes, including 

those eliciting mitochondrial dysfunction, activation of calcium signaling, increased 

expression of apoptotic genes, and downplay of chaperones/co-chaperones, ubiquitin-

proteasome system and autophagy. These data define targets for intervention where 

mitochondrial complex I dysfunction plays a substantial role, most notably 

Parkinson’s disease.  
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1. Introduction 

 

Mitochondria are vital energy-producing cellular organelles that generate energy by 

oxidative phosphorylation (OXPHOS) in the inner mitochondrial membrane (IMM). 

The OXPHOS machinery is composed of five multi-subunit complexes (complex I-V) 

with complex I playing an important role in ATP production and mitochondrial 

function. Mitochondria are also involved in intracellular calcium regulation and act as 

transducers of intracellular signalling pathways for programmed cell death (PCD; 

Fannjiang et al., 2004; Young et al., 2008; Nagley et al., 2010). On the other hand, 

mitochondria are also the main sites of reactive oxygen species (ROS) generation 

within the cell (Lenaz et al., 2002) as natural byproducts of OXPHOS, which is 

essential for the high energy demands of neurons. Numerous cellular processes in 

neurons such as synaptic transmission, cellular remodelling and cell death are tightly 

associated with mitochondrial function (Nagley et al., 2010; von Bernhardi & 

Eugenin, 2012). 

 

In neurodegeneration, mitochondrial dysfunction, oxidative stress, autophagy 

dysfunction and cellular death are frequently observed (Lin & Beal, 2006; Higgins et 

al., 2010; Janda et al., 2012). Several studies have shown mitochondrial dysfunction 

and reduced activity of mitochondrial complex I in substantia nigra pars compacta, 

frontal cortex, skeletal muscle and platelets in Parkinson’s disease (PD) patients 

(Mizuno et al., 1989; Schapira et al., 1989; Mann et al., 1992). Therefore, complex I 

impairment is likely to be of pathogenic importance. In addition, intoxication of 

experimental animals with inhibitors of complex I (rotenone, pyridaben, MPTP and 
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its metabolite MPP
+
) reproduce the clinical symptoms of PD in humans (Higgins et al., 

2010).  

 

Rotenone is a classical, high affinity inhibitor of mitochondrial complex I that 

increases complex I in its reduced state and precipitates the leakage of electrons, 

which combine with O2 to generate superoxide (Martinez & Greenamyre, 2012). Due 

to the multiple roles of mitochondria, the consequences of inhibition of mitochondrial 

complex I by rotenone are multifarious. Generation of ROS, which drives further 

oxidative stress, is thought to be a result of the accumulation of electrons that occurs 

upon complex I inhibition, and indeed, rotenone-induced toxicity secondary to 

oxidative stress has been extensively studied and is attenuated by antioxidants in vitro 

(Higgins et al., 2010). Additionally, inhibition of complex I may lead to aberrant 

opening of the mitochondrial permeability transition pore, which can cause 

depolarization of mitochondria, and facilitate mitochondrial-mediated programmed or 

necrotic cell death (Nagley et al., 2010). In fact, nanomolar concentrations of rotenone 

have been shown to selectively cause caspase-3 activation in dopaminergic neurons 

and the caspase-3 inhibitor DEVD-fmk can attenuate rotenone-induced death of 

dopaminergic neurons in vitro (Ahmadi et al., 2003). Likewise, overexpression of 

Bcl-2, a mitochondria-resident anti-apoptotic protein that regulates the permeability of 

the outer mitochondrial membrane (OMM) (Chipuk & Green, 2008), was shown to 

dramatically inhibit rotenone-induced changes in mitochondrial potential, further 

confirming involvement of mitochondrial dysfunction in rotenone-induced PCD 

(Tada-Oikawa et al., 2003). Our own work indicates that rotenone can elicit caspase-

independent PCD (Lim et al., 2007) consistent with contemporary evidence of the 

parallel recruitment of different modes of death signalling (Nagley et al., 2010). 
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Moreover, low nanomolar concentrations of rotenone have been shown to 

significantly increase NMDA receptor-mediated Ca
2+

 influx (Wu & Johnson, 2007, 

2009). Thus, the mechanisms of ATP depletion, Ca
2+

 overload and oxidative stress 

may converge as a result of rotenone-induced inhibition of complex I.  

 

Previously, we have shown that 5-25 nM rotenone induced neuronal PCD where 

calpain activation preceded caspase activation and the cell death is non-related to cell 

cycle re-entry (Chen et al., 2006). In this current report, we employed expression 

microarray to examine the transcriptomic profile of rotenone-mediated neuronal 

apoptosis so that we can obtain a more in-depth understanding of the temporal 

recruitment of cellular signaling. Herein, cultured cortical neurons were treated with 

low concentration (10 nM) of rotenone for various time points (8h, 15h, and 24h) and 

were harvested for transcriptomic profiling. This study of global gene profiling 

analyses revealed a list of effected biological pathways including those for PCD, 

mitochondria, calcium signaling, glutathione (GSH) metabolism, unfolded protein 

response (UPR), ubiquitin-proteasome system (UPS) and autophagy-lysosomal 

pathway. Unraveling the molecular mechanisms associated with inhibition of complex 

I will provide new insights into the contributions of this mitochondrial complex to 

oxidative stress and neurodegeneration in PD. 
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2. Materials and methods 

 

2.1 Murine neocortical neuronal cultures 

 

The preparation of cultured neocortical neurons was performed as previously 

described (Cheung et al., 1998). Foetal cortices of Swiss albino mice (gestational days 

15 or 16) were microdissected and were subjected to trypsin digestion and mechanical 

trituration and centrifugation. The pelleted cells were resuspended in Neurobasal
TM

 

medium (NBM) containing 2.5% B-27 supplement, 1% penicillin, 1% streptomycin, 

0.25% GlutaMAX-1 supplement and 10% dialysed foetal calf serum. Cells were 

seeded on poly-D-lysine (100 μg/ml) coated 24-well plates to a density of 2×10
5
 

cells/cm
2
. Cultures were maintained at 37˚C in a humidified 5% CO2 and 95% air 

incubator and were subsequently cultured after day 1 in serum-free medium. More 

than 95% of the cells in day 7 in vitro cultures were neurons with minimal 

contamination by glia as revealed by immunocytochemical staining for microtubule-

associated protein-2 and glia fibrillary acidic protein. All experiments involving 

animals were approved by the National University of Singapore (Protocol no. 727/05) 

and were in accordance with the Ethical principles and guidelines for scientific 

experiments on animals of the Swiss Academy of Medical Sciences. 

 

2.2 Drug preparation and treatment 

 

Rotenone (Sigma-Aldrich) was prepared as 10 mM stock solution dissolved in DMSO 

and stored at -20˚C. On day 7 in vitro the cultured neurons were treated with 10 nM 

rotenone, which was achieved by dilution with NBM. Based upon our previous data 
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(Chen et al., 2006), which demonstrated that rotenone (5 - 25 nM) decreased neuronal 

viability in a concentration-dependent manner (EC50 value 10 nM) with a pattern of 

injury displaying apoptotic-like features (cell shrinkage, membrane blebbing, DNA 

condensation and fragmentation), a concentration of 10 nM was employed for this 

study. 

 

2.3 Total RNA extraction and isolation 

 

RNeasy Mini Kit (Qiagen Cat. No. 74104) was used to extract RNA from 1 × 10
6
 

cultured cells according to the manufacturer’s instructions. RNA concentration was 

determined spectrophotometrically using Nanodrop ND-1000 Version 3.2.1 and RNA 

quality was analysed using E-gene HDA-GT12 genetic analyser. 

 

2.4 Microarray using Illumina Mouse Ref8 Ver.1.1 hybridization beadchips 

 

Microarray was carried out using Illumina® Mouse Ref8 Ver.1.1 arrays and 

Illumina® TotalPrep RNA Amplification Kit. Each RNA sample (500 ng) was used 

to synthesize double-stranded cDNA according to manufacturer’s instructions. 

Double-stranded cDNA was purified and used as a template for biotinylated cRNA 

synthesis. Biotinylated cRNA (5μl, 750 ng) was mixed with 10 μl hybridization buffer 

and incubated at 65˚C for 5 min. After incubation, the mixture was fully loaded onto 

the large sample port of each array on the beadchip that was then incubated in a 

humidified hybridization chamber at 58˚C for 17h. The following day, the IntelliHyb 

seal on the beadchip was removed to expose all the arrays. Beadchips were blocked 

and labelled with streptavidin-Cy3, followed by stringency buffer washes and dried 
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according to the manufacturer’s instruction (Illumina Inc.). Beadchips were scanned 

on the Illumina scanner using Bead Studio software at Scan Factor = 0.8. 

 

2.5 Microarray bioinformatics analysis 

 

The absolute data (signal intensity, detection call and detection P value) were 

exported into GeneSpring
(tm)

 GX 7.3 (Agilent Technologies, San Diego, CA, USA) 

software for analysis by parametric test based on crossgene error model. One-way 

ANOVA approach was used to identify differentially expressed genes. Array data 

were globally normalized using GeneSpring software. After per chip normalizations 

and per gene normalization, genes were filtered on fold change ± 1.2-fold against 

controls in at least one of three time point conditions. Finally, one-way ANOVA 

approach (P < 0.05) and Benjamini-Hochberg FDR Correction were used to find 

differentially expressed genes. Genes which were differentially expressed are 

annotated using Database for Annotation, Visualization, and Integrated Discovery 

(DAVID) V6.7 (http://david.abcc.ncifcrf.gov/) and PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed/) search. All microarray data reported here are 

described in accordance with MIAME guidelines and have been deposited in NCBIs 

Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) and are 

accessible through GEO Series accession number GSE16035, GSE22993, GSE22994 

and GSE19936.  
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2.6 Real-time PCR 

 

Six differentially expressed genes were selected for validation of the microarray 

results in replicate by quantitative real-time PCR in three independent experiments. 

The same total RNAs used for microarray from mouse culture treated with 10 nM 

rotenone were reverse transcribed to cDNA according to steps specified by the 

manufacturer (Applied Biosystems Taqman reverse transcription reagents). The 

experiment set up, briefly, consisted of Taqman master mix (20l) and cDNA or 

water (NTC; both 5l) was added to the designated reaction well. The plate was then 

read using the 7000 Fast Real-Time PCR System with conditions according to the 

manufacturer’s protocol. 

 

2.7 Statistical analysis 

 

Values are mean ± S.E.M. of at least three independent experiments. Data were 

analysed using Tukey test with one-way ANOVA to assess significant differences in 

multiple comparisons. Values of P < 0.05 were considered as statistically significant. 
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3. Result 

 

3.1 Gene expression in rotenone induced neuronal apoptosis 

 

Out of a total of 24,613 well-annotated RefSeq transcripts, 4718 RefSeq transcripts 

with a minimum gene expression of ± 1.2-fold change in at least one of the three 

time-points (8h, 15h and 24h) were considered significantly regulated. As shown in 

Figure 1, the number of down-regulated genes in murine cortical neurons treated with 

rotenone increases substantially after the 8h time-point, while the number of up-

regulated genes remained unchanged across the three-time points. Within these down-

regulated gene probes, the number of genes with fold-change difference above 1.2 

significantly increased from 644 (8h) to 3727 (24h). This tremendous increase was 

attributed to the expansion of the ≥2-fold change category from the initial 14 genes 

(8h) to an escalating 1465 genes (15h), and continued on a slow steady increase to 

1777 genes (24h). As such, it can be inferred that the most significant transcriptional 

regulation occurred between 8h and 15h.  

 

3.2 Functional categorization of neuronal death-related differentially-expressed 

genes 

 

There were nine biological processes affected in rotenone-mediated neuronal injury 

and these are listed in Table 1. As per standard nomenclature, gene symbols in the 

text are in italics and proteins are not italicized.  
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3.2.1 Mitochondrial dysfunction 

As a mitochondrial complex I inhibitor, rotenone not only affected the transcripts of 

complex I (Ndufa5, Ndufa9, Ndufb8 and Ndufs3), but also many other mitochondrial 

genes located at IMM and OMM. The downregulation of gene expression started as 

early as 8h for genes functioning at the IMM and at 15h for those genes residing at 

OMM. Genes affected by rotenone also function in electron transport chain (ETC) 

(Atp5o, Cox8b, Cyc1, Uqcrc1 and Uqcrc2) and cell death signalling (Bad, Bcl2l1 and 

Bcl2l2). Therefore, inhibition of complex I by rotenone causes mitochondrial and 

bioenergetic failure, ultimately leading to PCD.  

 

3.2.2 Apoptogenic signaling 

We have described that the form of cell death induced by 10 nM rotenone is 

apoptotic-like (Chen et al., 2006). Here we found that most of the apoptosis-related 

genes (Bcl2, casp8, Nradd, Tnfrsf1a, Tnfrsf6 and Tnfrsf19) remain unaffected (< ±1.2-

fold) at 8h but their expression was increased at 15h.  Changes in the expression of 

caspases were not found at early time points. 

 

3.2.3 Calcium signaling  

Disruption of mitochondrial membrane potential leads to Ca
2+

 release from 

mitochondria-controlled stores. Blocking mitochondrial ATP production additionally 

raises cytosolic Ca
2+

 levels through the inhibition of ATP-dependent calcium pumps 

such as plasma membrane Ca
2+

-ATPase (PMCA) and sarco/endoplasmic reticulum 

Ca
2+

-ATPase (SERCA) (Landolfi et al., 1998). Calpain activation, an indirect 

indication of disturbance of calcium homeostasis, was observed as early as 5h in our 

previous study (Chen et al., 2006). However, rotenone does not seem to alter calpain 
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expression at the transcript level. Reduced expression of Calb2, a mobile calcium 

buffering protein at 15h, further supports the disruption of calcium homeostasis. 

Additionally, the transcripts of CaM-kinases (Camk1d, Camk1g, Camk2a, Camk2b 

and Camk2g) were slightly increased at 8h but decreased at 15h while the transcripts 

of annexins (Anxa2, Anxa3 and Anxa5) and S100 calcium binding proteins (S100a1, 

S100a4, S100a6 and S100a11) were downregulated at 8h and upregulated at 15h.  

 

3.2.4 Ubiquitin Proteasome system (UPS) 

As ATP is required by ubiquitin-activating enzymes, decreased ATP production may 

compromise function of the UPS. Rotenone treatment down-regulated the transcripts 

of all the UPS players such as ubiquitin-conjugating enzymes (Ube2d3, Ube2n and 

Ube2z), ubiquitin ligase (Btrc, Ube3b and Ube3c), proteasome (Psma1, Psmb1 and 

Psmd8), proteasome regulator (Psme2), and deubiquitinating enzymes (Usp12 and 

Usp21) at 15h.  

 

3.2.5 Chaperones/co-chaperones 

Protein misfolding has been implicated in the pathophysiology of several 

neurodegenerative disorders (Jellinger, 2012). Most of the transcripts of genes 

encoding chaperones (Hsp105, Hspa8 and Hspb3) and co-chaperons (DnaJ family 

and FKbp) were significantly downregulated after 15h.  

 

3.2.6 Unfolded protein response (UPR) 

Accumulation of damaged or unfolded protein as a result of oxidative stress and 

dysfunction of UPS can lead to UPR (Nagley et al., 2010). Previous studies have 

shown activation of the UPR after oxidative stress was induced in neuronal cells using 
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high toxin concentrations that resulted in 50% cell death within 24h (Holtz et al, 2006; 

Ryu et al., 2002). We observed similar effects, with 10 nM rotenone causing 

upregulation of Atf4, Cebpb, Ddit3, Ern2 and Myd116 indicating the activation of 

UPR in neurons as early as 8h after treatment.  

 

3.2.7 Autophagy-lysosomal pathways 

In addition to UPS, autophagy, a lysosome-mediated degradative pathway, is a 

cellular mechanism responding to bioenergetic crisis, damaged organelles and 

misfolded proteins. Inhibition of autophagy has been shown to cause 

neurodegeneration in mice (Hara et al., 2006; Komatsu et al., 2006). Here, we 

demonstrated that lysosomal proteins such as cathepsins, CD antigens, 

metallothioneins, Fnbp1, Asah1, Lamp2, Laptm5 and NPC2 were upregulated at 15h. 

Surprisingly, autophagy machinery components such as Atgs, AMBRA1, Becn1, 

Dapk1, Crmp1, Gabarapl1, Map1lc3a, Map1lc3b and Rab24 were down-regulated at 

15h. These diverse changes suggest considerable adaptations in the UPS-autophagy 

interface subsequent to disruption of mitochondrial complex I (Nagley et al., 2010). 

 

3.2.8 Glutathione (GSH) metabolism  

Consistent with reports that inhibition of complex I increases ROS production and 

leads to oxidative stress, the expression of genes involved in GSH metabolism such as 

Gclm, Gst and Ugt1a6a was decreased at 8h and significantly upregulated after 15h. 

Arl6ip5 has been reported to negatively and dominantly regulate cellular GSH content 

(Watabe et al., 2007), and was found here to be down-regulated at 15h while the cells 

attempted to increase other genes involved in GSH metabolism. However, Slc1a1 

expression (neuronal cysteine transporter) was decreased throughout the treatment.  
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3.2.9 Endogenous defence against oxidative stress via nuclear factor erythroid 2-

related factor 2 (Nfe2l2) pathway 

The transcription factor Nfe2l2 and the Nrf2 anti-oxidant response element are at the 

forefront against oxidative stress (Kanninen et al., 2011). During oxidative stress, 

Nfe2l2 induces the gene expression of detoxifying enzymes and antioxidants. The 

activation of Nfe2l2 pathway is clearly evident in Table 1. Nfe2l2 was increased 3.5-

fold at 15h while its inhibitor, Keap1, was downregulated. In addition, some of the 

well-characterized cytoprotective genes controlled by Nfe2l2, including Gclm, Gss, 

Hmox1, Nqo1 and Srxn1, were found upregulated at 15h. Our findings indicate that 

Nfe2l2 pathway was activated at 15h as a protective mechanism against oxidative 

stress.  

 

 

3.3 Validation of microarray analysis 

 

Real-time PCR using gene-specific probes was performed on the same rotenone-

treated neuronal samples used in microarray analysis. Six genes (Anxa2, Atf3, Hmox1, 

Hspb8, Ier3 and Srxn1) were selected for validation. These selected genes probes 

demonstrated identical/similar transcriptional trends at the 15h and 24h time points 

(Figure 2 & Table 2).  
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4. Discussion 

 

Based on our temporal transcriptomic profiling of rotenone-induced neuronal injury 

indicated a novel pattern of recruitment of diverse biological processes linked to key 

homeostatic functions, including those for mitochondrial function, PCD, calcium 

signaling, UPS, UPR, autophagy, GSH metabolism and endogenous oxidative stress 

defence. Although the expression profile of the cells might not necessarily reflect the 

level of the corresponding proteins, these data are promising for selection of future 

gene therapy and/or drug targets for neurodegenerative diseases that involved 

mitochondrial dysfunction. Furthermore, we were able to postulate an overview of 

rotenone-mediated neuronal PCD devised from bioinformatic analyses of the pattern 

of gene expression changes based on a time-course of global transcriptomic profiling 

(Figure 3). 

 

4.1 Early events (≤8h)  

 

Mitochondrial complex I is a large 850 kDa protein complex composed of about 40 

polypeptide units kept together by non-covalent hydrophobic bonds and van der 

Waals’ weak bonds. Rotenone inhibits complex I electron transfer activity by 

disrupting the hydrophobic bonds, thereby dampening ATP production and increased 

rate of ROS formation (Martinez & Greenamyre, 2012). We found that rotenone-

treated neurons displayed a dramatic decrease in OXPHOS transcripts. This 

observation suggested that the cells have reached the advanced stage of complex I 

inhibition (Greene et al., 2010) at 8h.  
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As well as producing energy and regulating cell death, mitochondria also serve 

functions in calcium storage. Inhibition of mitochondrial complex I de-energizes 

mitochondria and cause them to release calcium back to the cytosol. Additionally, 

depletion of ATP also inhibits the function of PMCA and SERCA, and leads to 

release of ER Ca
2+

 and ER stress as evidenced by the increased expression of UPR 

players (Atf4, Cebpb and Ddit3) at 8h. Low dose rotenone (10nM) has been shown to 

increase the intracellular free Ca
2+

 level which was conducive for increased 

expression and activities of Ca
2+

-activated neutral protease calpain and downstream 

caspase-3 (Samantaray et al., 2011). These data are consistent with our previous 

report where calpain was activated within 5h after rotenone treatment (Chen et al., 

2006). On the other hand, several S100 calcium binding proteins were down-regulated. 

Intracellular free calcium overload can lead to over-activation of the downstream 

signalling pathways regulated by calcium. One key signalling pathway that is 

activated by calcium signalling is CaMKII, which has been reported to mediate 

survival of many types of neurons (Ghosh & Greenberg, 1995; Bok et al., 2007) by 

phosphorylating and inhibition of BAD and GSK-3, which in turn leads to inhibition 

of caspase-3 activation. Importantly we failed to find evidence for early changes in 

the expression of caspase-3 consistent with our previous finding that caspase-3 

activation is only noticeable after 21h (Chen et al., 2006). We also have documented 

that rotenone preferentially redistributes the mitochondrial protein apoptosis-inducing 

factor (AIF) indicative of caspase-independent “death” signalling (Lim et al., 2007). 

 

Transcripts related to GSH metabolism (Gclm, Gsr and Gst) were reduced by 

rotenone treatment consistent with reports that inhibition of complex I increases ROS 

production and leads to oxidative stress (Perfeito et al., 2012). GSH synthesis in 
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neurons relies mainly on the transport of extracellular cysteine. The neuronal cysteine 

transporter, Slc1a1, which accounts for ~90% of total cysteine uptake, is also 

downregulated (Aoyama et al., 2006; Chen & Swanson, 2003).  We concluded that 

rotenone induced oxidative stress by triggering GSH loss via inhibition of 

extracellular cysteine import. 

4.2 Later events (≥8h) 

Downregulation of OMM related genes was observed at 15h after rotenone treatment. 

Rotenone treatment might trigger OMM permeabilization by inducing the loss of 

mitochondrial protein constituents. Indeed, OMM permeabilization as a consequence 

of oxidative stress can lead to caspase-independent redistribution of cytochrome c and 

subsequent caspase-3 activation as evidenced by the cleavage of pro-caspase-3 at 21h 

(Chen et al., 2006) could be a downstream consequence of dysfunctional 

mitochondria and calpain activation (Estevez et al., 2010; Martinez et al., 2010). 

 

Once mitochondria were beyond repair, apoptotgenic genes were found to be 

upregulated at 15h. There are two major forms of apoptosis, intrinsic and extrinsic. 

Since rotenone treatment damages mitochondria, we would expect in theory that  

rotenone-mediated PCD take place via the intrinsic pathway (Nagley et al., 2010). 

However, while players in extrinsic apoptotic pathway (Nradd, Tnfrsf1a, Tnfrsf6, 

Tnfrsf19 and casp8) increased in expression, the increase of Bcl2 in parallel with the 

downregulation of players involved in the intrinsic pathway (Bad, Cyc1 and Cycs) 

(Table 1, mitochondrial dysfunction) suggests that the cells attempted to block the 

mitochondrially-mediated PCD pathways.  
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Amongst the later events, Camk2b and other members of calcium/calmodulin kinase 

signalling were downregulated. Ashpole et al. (2012) showed that prolonged 

inhibition (> 8h) of CaMKII produces apoptosis (cleaved caspase-3 was observed) in 

cortical neurons associated with neuronal hyperexcitability and dysregulated calcium 

and glutamate signalling. Concurrently, transcriptional upregulation of apoptosis-

related annexin (Anxa2 and Anxa3) (Huang et al., 2008; Chong et al., 2010) and 

S100A calcium binding proteins such as S100a6 (Hoyaux et al., 2002; Leclerc et al., 

2007) further facilitates the development of PCD.  

 

Prolonged ER stress conditions were found to transcriptional increase ATF4 

expression and consequently induce PCD in part through the ATF4-mediated 

induction of the Ddit3 gene, a transcriptional activator of the C/EBP protein family 

with pro-apoptotic properties. Ddit3 is believed to promote the death of stressed cells 

by increasing the load and oxidation of client proteins in the ER through the up-

regulation of Ern2.  

 

Chaperones act with regulatory co-chaperones to ensure that the synthesized proteins 

are properly folded and to prevent them from forming irreversible intracellular 

aggregation. Proteins that are unsuccessfully folded by chaperones will be targeted to 

and degraded by UPS, a major degradation system for short-lived proteins (Hershko 

& Ciechanover, 1998). Downregulation of all the players of chaperones/co-

chaperones and UPS (Table 1, chaperones/co-chaperones, UPS) leads to accumulation 

of damaged and/or obsolete proteins and also malfunctioning organelles.  
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Unlike the UPS, autophagy is mainly responsible for the degradation of long-lived 

proteins and other cellular contents. Although the proteins targeted for autophagy and 

the UPS are different, the two systems serve a similar purpose degrading proteins and 

recycling amino acids. The two cellular degradation systems are functionally coupled 

and suppression of UPS activates autophagy (Ding et al., 2007). In this context, 

autophagy functions to purge polyubiquitinated proteins induced by proteasome 

inhibitors and alleviate ER stress. However, a decrease in gene expression of 

members of the autophagy machinery (Atg4b, AMBRA1, Becn1, Crmp1 and Map1lc3) 

was observed at 15h of rotenone-mediated apoptosis, suggesting that suppression of 

autophagy can lead to a stronger death signal in the cells. This view is supported by 

other studies where autophagy can be protective against cell death and the toxicity of 

misfolded proteins (Higgins et al., 2010; Janda et al., 2012; Lee et al., 2012).  

 

While the autophagy machinery was being suppressed, we found that the lysosomal 

cathepsins (CtsB, Ctsc, Ctsd and CtsZ) gene expressions was increased. Therefore, we 

propose that the calpain-cathepsin cascade mechanism of cell death occurs in 

rotenone-treated neurons. The elevated cytosolic calcium lead to the activation of 

calpains, which induces lysosomal rupture and the release of lysosomal proteases, 

mainly the cathepsins, which then degrade the cell constituent proteins, ultimately 

leading to cell death (Yamashima & Oikawa, 2009). In response the cells increase 

lysosomal biogenesis, which is negatively regulated by Mtor (Bove et al., 2011). In 

agreement with this mechanism, Mtor gene expression was decreased at 15h after 

rotenone treatment; thereby, this effect leads to the upregulation of lysosomal 

enzymes at 15h. Similarly, lysosomal hydrolases, such as cathepsin D, has been found 

to upregulated in PC12 cells by rapamycin, an inhibitor of Mtor (Cullen et al., 2011). 
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Additionally, rapamycin was shown to attenuate dopaminergic cell death in MPTP-

treated mice by boosting lysosomal biogenesis (Dehay et al., 2010). Thus, 

downregulation of Mtor and enhanced lysosomal biogenesis might be neuroprotective 

to neurons. 

.  

Cellular efforts to minimize the effect of oxidative stress by reduced expression of the 

Nfe2l2 inhibitor, Keap1 were detected. At 15h, Nfe2l2 was activated and probably 

translocated to the nucleus to induce gene expression of several detoxifying enzymes 

and antioxidants such as Atf3-5, Gsta2, Gclm, Hmox-1, Nqo1, Prdx6 and Srxn1 to 

increase cellular GSH content and thereby overcome cellular oxidative stress.  

However, this defence mechanism faced an obstacle, which was the several fold 

downregulation (-6.48 at 15h; -12.12 at 24h) of Slc1a1 (rate-limiting step of neuronal 

GSH synthesis). Indeed Slc1a1-deficient mice display both a low level of neuronal 

GSH and vulnerability to oxidative stress (Aoyama et al., 2006). In conclusion, the 

cells failed to overcome the oxidative stress by de novo GSH synthesis that is required 

for the activity of many antioxidants.  

 

 

5. Conclusions 

 

Based on the present study, we have put forward a molecular mechanism involved in 

rotenone-mediated neurodegeneration. By inhibiting complex I, rotenone dampened 

ATP energy production leading to ATP depletion and subsequently blocking the 

function of ATP-dependent calcium pumps. Therefore, cytosolic calcium 

concentration increased as an early event resulting in calpain activation. Increase of 
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intracellular calcium concentration led to the activation of Camk2 and subsequently 

turned off the activity of GSK-3 and Bad by phosphorylation. Therefore, caspase-3 

activation was prevented as a protective mechanism. At the same time, complex I 

inhibition also increased ROS production inducing oxidative stress. In addition, 

transcripts involved in GSH metabolism were reduced by rotenone treatment, 

contributing to oxidative stress. Emptying ER calcium stores and accumulation of 

oxidized proteins in the ER led to UPR as a protective mechanism.   

 

At the later stage, OMM protein constituents were affected, such that eventual rupture 

of OMM would release mitochondrial inter-space molecules, especially cytochrome c 

and AIF. The survival Camk2 kinases were all shut down at the mRNA level. 

Prolonged activation of UPR can lead to apoptosis (Nagley et al., 2010). In addition, 

the machineries needed to ensure the proper protein folding and clearance of the 

misfolded protein such as chaperones, UPS and autophagy were also down-regulated. 

Similarly, gene expression of apoptotic players such as Tnfr, casp8 and cathepsins, 

was significantly increased further driving the fate of the cells to PCD.  
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9. Figure Legends 

 

 

 

Figure 1. An overview of total numbers of genes showing at least ± 1.2 fold change 

in rotenone treatment at 8h, 15h and 24h, respectively.  

 

Figure 2. Bar charts showing the correlation between array-derived expression 

profiles and real-time PCR validation of the same gene with the same sampling time 

points. Data are expressed as fold-change ± SE. 

 

Figure 3. Involvement of biological processes in rotenone mediated neuronal death. 
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Table 1: Selected differentially expressed gene profile of neuronal death affected 

cellular processes in cultured cortical neurons treated with 10 nM rotenone. 

 
 

Genbank Symbol Gene Name 8 h 15 h 24 h 

Mitochondrial dysfunction 
▲15 

▼17 

▲ 4 

▼ 28 

▲ 4 

▼ 28 

Mitochondria Inner membrane 

NM_025313 Atp5d 

ATP synthase, H+ transporting, 

mitochondrial F1 complex, 

delta subunit  

-1.16 ± 0.03 -1.77 ± 0.23 -1.66 ± 0.06 

NM_138597 Atp5o 

ATP synthase, H+ transporting, 

mitochondrial F1 complex, O 

subunit  

-1.23 ± 0.15 -1.56 ± 0.15 -1.84 ± 0.05 

NM_009943 Cox6a2 
cytochrome c oxidase, subunit 

VI a, polypeptide 2  
1.25 ± 0.06 -1.87 ± 0.04 -1.13 ± 0.05 

NM_007751 Cox8b 
cytochrome c oxidase, subunit 

VIIIb  
-1.26 ± 0.07 2.89 ± 0.59 1.55 ± 0.17 

NM_007806 Cyba 
cytochrome b-245, alpha 

polypeptide  
-1.38 ± 0.12 2.18 ± 0.43 2.82 ± 0.51 

NM_025567 Cyc1 cytochrome c-1  -1.06 ± 0.09 -1.55 ± 0.23 -1.40 ± 0.06 

NM_007808 Cycs cytochrome c, somatic  1.13 ± 0.05 -1.59 ± 0.10 -1.36 ± 0.08 

NM_026614 Ndufa5 

NADH dehydrogenase 

(ubiquinone) 1 alpha 

subcomplex, 5  

-1.21 ± 0.14 -1.71 ± 0.21 -1.80 ± 0.01 

NM_026703 Ndufa8 

NADH dehydrogenase 

(ubiquinone) 1 alpha 

subcomplex, 8  

-1.18 ± 0.17 -1.47 ± 0.11 -1.69 ± 0.08 

NM_025358 Ndufa9 

NADH dehydrogenase 

(ubiquinone) 1 alpha 

subcomplex, 9  

-1.23 ± 0.12 -1.52 ± 0.18 -1.96 ± 0.05 

NM_026061 Ndufb8 

NADH dehydrogenase 

(ubiquinone) 1 beta subcomplex 

8  

-1.22 ± 0.14 -1.44 ± 0.11 -2.01 ± 0.07 

NM_153064 Ndufs2 
NADH dehydrogenase 

(ubiquinone) Fe-S protein 2  
-1.16 ± 0.14 -1.23 ± 0.29 -1.74 ± 0.04 

XM_130347 Ndufs3 
NADH dehydrogenase 

(ubiquinone) Fe-S protein 3  
-1.29 ± 0.10 -1.50 ± 0.16 -1.77 ± 0.08 

NM_010887 Ndufs4 
NADH dehydrogenase 

(ubiquinone) Fe-S protein 4  
-1.18 ± 0.12 -1.54 ± 0.09 -2.01 ± 0.03 

NM_011671 Ucp2 
uncoupling protein 2, 

mitochondrial  
-1.03 ± 0.06 1.14 ± 0.06 1.64 ± 0.14 

NM_025407 Uqcrc1 
ubiquinol-cytochrome c 

reductase core protein 1  
-1.17 ± 0.03 -2.06 ± 0.24 -1.71 ± 0.06 

NM_025899 Uqcrc2 
ubiquinol cytochrome c 

reductase core protein 2  
1.17 ± 0.09 -1.32 ± 0.14 -1.50 ± 0.06 

mitochondrial outer membrane 

NM_023732 Abcb6 

ATP-binding cassette, sub-

family B (MDR/TAP), member 

6 

1.15 ± 0.15 -1.66 ± 0.10 -1.56 ± 0.04 

NM_009648 Akap1 
A kinase (PRKA) anchor 

protein 1 
1.26 ± 0.22 -1.95 ± 0.17 -2.44 ± 0.02 

NM_007522 Bad 
BCL2-associated agonist of cell 

death 
-1.06 ± 0.06 -2.09 ± 0.12 -2.01 ± 0.07 

NM_009743 Bcl2l1 BCL2-like 1 1.27 ± 0.24 -1.68 ± 0.03 -1.22 ± 0.12 

NM_007537 Bcl2l2 BCL2-like 2 -1.01 ± 0.05 -1.81 ± 0.15 -1.51 ± 0.04 

NM_152816 Dnm1l dynamin 1-like 1.07 ± 0.14 -1.54 ± 0.16 -1.83 ± 0.05 

NM_025562 Fis1 fission 1 (mitochondrial outer 1.02 ± 0.03 -1.67 ± 0.35 -1.41 ± 0.08 
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membrane) homolog (yeast) 

NM_019694 Letm1 

leucine zipper-EF-hand 

containing transmembrane 

protein 1 

1.14 ± 0.16 -1.75 ± 0.22 -2.14 ± 0.05 

NM_024200 Mfn1 mitofusin 1 1.08 ± 0.25 1.52 ± 0.14 1.25 ± 0.13 

NM_133201 Mfn2 mitofusin 2  1.02 ± 0.02 -1.67 ± 0.04 -1.97 ± 0.05 

NM_028392 Ppp2r2b 

protein phosphatase 2 (formerly 

2A), regulatory subunit B (PR 

52), beta isoform 

-1.01 ± 0.06 -2.77 ± 0.05 -3.31 ± 0.02 

NM_025996 Tomm34 
translocase of outer 

mitochondrial membrane 34 
1.14 ± 0.23 -1.70 ± 0.17 -1.65 ± 0.03 

NM_025365 Tomm6 

translocase of outer 

mitochondrial membrane 6 

homolog (yeast) 

1.18 ± 0.07 -2.21 ± 0.05 -1.47 ± 0.04 

NM_138599 Tomm70a 

translocase of outer 

mitochondrial membrane 70 

homolog A (yeast) 

1.03 ± 0.10 -1.77 ± 0.06 -1.72 ± 0.05 

NM_031877 Wasf1 WASP family 1 1.11 ± 0.05 -2.39 ± 0.03 -3.75 ± 0.02 

Apoptogenic signalling 
▲ 8 

▼ 10 

▲ 17 

▼ 1 

▲ 16 

▼ 2 

NM_018830 Asah2 
N-acylsphingosine 

amidohydrolase 2 
-1.09 ± 0.05 1.33 ± 0.11 1.75 ± 0.03 

NM_177410 Bcl2 B-cell leukemia/lymphoma 2 1.18 ± 0.39 1.42 ± 0.11 2.31 ± 0.08 

NM_007610 Casp2 caspase 2  -1.07 ± 0.12 -1.05 ± 0.23 -1.74 ± 0.03 

NM_009812 Casp8 caspase 8 -1.02 ± 0.08 1.27 ± 0.14 1.58 ± 0.09 

NM_008364 Il1rap 
interleukin 1 receptor accessory 

protein 
1.03 ± 0.04 1.74 ± 0.13 1.34 ± 0.03 

NM_017372 Lyzs lysozyme 2 -1.00 ± 0.05 1.55 ± 0.13 2.16 ± 0.18 

NM_026012 Nradd 
neurotrophin receptor 

associated death domain 
1.17 ± 0.07 1.25 ± 0.20 1.64 ± 0.14 

NM_008654 Ppp1r15a 

protein phosphatase 1, 

regulatory (inhibitor) subunit 

15A 

1.63 ± 0.39 2.11 ± 0.98 6.40 ± 0.60 

NM_009163 Sgpl1 sphingosine phosphate lyase 1 -1.08 ± 0.04 1.57 ± 0.24 1.78 ± 0.07 

NM_009289 Slk STE20-like kinase (yeast) 1.07 ± 0.11 1.40 ± 0.13 1.66 ± 0.12 

NM_009367 Tgfb2 
transforming growth factor, 

beta 2 
1.25 ± 0.27 1.75 ± 0.23 1.69 ± 0.10 

NM_020275 Tnfrsf10b 
tumor necrosis factor receptor 

superfamily, member 10b 
-1.01 ± 0.08 1.52 ± 0.09 2.16 ± 0.19 

NM_013749 Tnfrsf12a 
tumor necrosis factor receptor 

superfamily, member 12a 
1.84 ± 1.29 4.13 ± 1.67 21.86 ± 1.06 

NM_013869 Tnfrsf19 
tumor necrosis factor receptor 

superfamily, member 19 
1.12 ± 0.11 1.86 ± 0.25 1.25 ± 0.09 

NM_011609 Tnfrsf1a 
tumor necrosis factor receptor 

superfamily, member 1a 
-1.17 ± 0.09 1.28 ± 0.57 2.79 ± 0.26 

NM_007987 Tnfrsf6 
Fas (TNF receptor superfamily 

member 6) 
-1.00 ± 0.18 1.71 ± 0.14 2.46 ± 0.16 

NM_009421 Traf1 
TNF receptor-associated factor 

1 
-1.35 ± 0.09 1.62 ± 0.10 1.56 ± 0.09 

NM_009423 Traf4 
TNF receptor associated factor 

4 
-1.15 ± 0.10 1.63 ± 0.36 -1.78 ± 0.08 

Calcium signaling 
▲ 10 

▼ 8 

▲ 8 

▼ 10 

▲ 8 

▼ 10 

NM_007585 Anxa2 annexin A2  -1.07 ± 0.24 2.05 ± 0.62 2.76 ± 0.32 

NM_013470 Anxa3 annexin A3  -1.22 ± 0.25 4.15 ± 0.81 20.05 ± 2.21 

NM_009673 Anxa5 annexin A5  -1.09 ± 0.21 1.82 ± 0.46 3.23 ± 0.22 

NM_009723 Atp2b2 
ATPase, Ca++ transporting, 

plasma membrane 2 
1.16 ± 0.21 -1.83 ± 0.09 -2.13 ± 0.02 
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Genbank Symbol Gene Name 8 h 15 h 24 h 

NM_007586 Calb2 calbindin 2  1.25 ± 0.03 -3.34 ± 0.07 -4.44 ± 0.01 

NM_177343 Camk1d 
calcium/calmodulin-dependent 

protein kinase ID 
-1.02 ± 0.13 -1.93 ± 0.08 -1.87 ± 0.02 

NM_144817 Camk1g 
calcium/calmodulin-dependent 

protein kinase I gamma 
1.03 ± 0.05 -2.30 ± 0.05 -2.56 ± 0.03 

NM_177407 Camk2a 
calcium/calmodulin-dependent 

protein kinase II alpha 
1.09 ± 0.09 -2.57 ± 0.09 -2.89 ± 0.03 

NM_007595 Camk2b 
calcium/calmodulin-dependent 

protein kinase II, beta 
1.23 ± 0.02 -5.23 ± 0.07 -3.91 ± 0.02 

NM_178597 Camk2g 
calcium/calmodulin-dependent 

protein kinase II gamma 
1.03 ± 0.12 -2.20 ± 0.14 -2.25 ± 0.02 

NM_018883 Camkk1 
calcium/calmodulin-dependent 

protein kinase kinase 1, alpha 
1.19 ± 0.15 -2.36 ± 0.06 -2.47 ± 0.03 

NM_145358 Camkk2 
calcium/calmodulin-dependent 

protein kinase kinase 2, beta 
1.38 ± 0.23 -3.27 ± 0.10 -2.40 ± 0.02 

NM_012040 Pnck 

pregnancy upregulated non-

ubiquitously expressed CaM 

kinase 

1.14 ± 0.28 -2.66 ± 0.10 -2.48 ± 0.01 

NM_011309 S100a1 
S100 calcium binding protein 

A1 
-1.23 ± 0.08 1.17 ± 0.47 1.55 ± 0.17 

NM_016740 S100a11 
S100 calcium binding protein 

A11 (calizzarin)  
1.04 ± 0.15 1.60 ± 0.15 3.66 ± 0.38 

NM_009113 S100a13 
S100 calcium binding protein 

A13  
-1.28 ± 0.08 1.23 ± 0.23 1.28 ± 0.06 

NM_011311 S100a4 
S100 calcium binding protein 

A4 
-1.16 ± 0.16 1.55 ± 0.08 1.53 ± 0.18 

NM_011313 S100a6 
S100 calcium binding protein 

A6 (calcyclin)  
-1.34 ± 0.17 1.88 ± 0.21 1.95 ± 0.12 

Ubiquitin proteasome system 
▲ 17 

▼ 15 

▲ 0 

▼ 32 

▲ 0 

▼ 32 

NM_009771 Btrc 
beta-transducin repeat 

containing protein 
-1.05 ± 0.14 -1.89 ± 0.13 -1.78 ± 0.03 

NM_080428 Fbxw7 
F-box and WD-40 domain 

protein 7 
1.10 ± 0.05 -3.34 ± 0.04 -4.00 ± 0.03 

NM_011965 Psma1 

proteasome (prosome, 

macropain) subunit, alpha type 

1 

-1.25 ± 0.29 -1.44 ± 0.20 -1.86 ± 0.05 

NM_011969 Psma7 

proteasome (prosome, 

macropain) subunit, alpha type 

7 

-1.00 ± 0.11 -1.35 ± 0.13 -1.59 ± 0.04 

NM_011185 Psmb1 
proteasome (prosome, 

macropain) subunit, beta type 1 
-1.10 ± 0.14 -1.52 ± 0.09 -1.86 ± 0.02 

NM_011970 Psmb2 
proteasome (prosome, 

macropain) subunit, beta type 2 
1.07 ± 0.03 -1.44 ± 0.09 -1.70 ± 0.06 

NM_011186 Psmb5 
proteasome (prosome, 

macropain) subunit, beta type 5 
1.09 ± 0.16 -1.60 ± 0.12 -1.33 ± 0.09 

NM_008946 Psmb6 
proteasome (prosome, 

macropain) subunit, beta type 6 
-1.00 ± 0.10 -1.44 ± 0.10 -1.61 ± 0.08 

NM_009439 Psmd3 

proteasome (prosome, 

macropain) 26S subunit, non-

ATPase, 3 

1.08 ± 0.02 -1.59 ± 0.10 -1.42 ± 0.02 

NM_010817 Psmd7 

proteasome (prosome, 

macropain) 26S subunit, non-

ATPase, 7 

1.06 ± 0.32 -1.23 ± 0.13 -1.50 ± 0.05 

NM_026545 Psmd8 

proteasome (prosome, 

macropain) 26S subunit, non-

ATPase, 8 

-1.05 ± 0.01 -1.59 ± 0.12 -1.38 ± 0.07 

      



  

33 

Genbank Symbol Gene Name 8 h 15 h 24 h 

NM_011190 Psme2 
protease (prosome, macropain) 

28 subunit beta B, pseudogene 
-1.36 ± 0.24 -1.53 ± 0.03 -1.87 ± 0.07 

NM_009460 Sumo1 
SMT3 suppressor of mif two 3 

homolog 1 (yeast) 
-1.12 ± 0.17 -1.77 ± 0.17 -1.95 ± 0.05 

NM_028769 Syvn1 
synovial apoptosis inhibitor 1, 

synoviolin 
1.01 ± 0.07 -1.86 ± 0.05 -2.10 ± 0.04 

NM_053084 Trim32 tripartite motif-containing 32 -1.00 ± 0.13 -1.82 ± 0.04 -1.82 ± 0.01 

NM_009457 Ube1x 
ubiquitin-like modifier 

activating enzyme 1 
1.18 ± 0.07 -2.93 ± 0.17 -2.85 ± 0.02 

NM_019912 Ube2d2 
ubiquitin-conjugating enzyme 

E2D 2 
1.02 ± 0.08 -1.99 ± 0.04 -2.42 ± 0.03 

NM_025356 Ube2d3 

ubiquitin-conjugating enzyme 

E2D 3 (UBC4/5 homolog, 

yeast) 

-1.20 ± 0.19 -2.23 ± 0.01 -2.82 ± 0.05 

NM_144839 Ube2e2 

ubiquitin-conjugating enzyme 

E2E 2 (UBC4/5 homolog, 

yeast) 

1.06 ± 0.06 -1.49 ± 0.15 -1.74 ± 0.07 

NM_025985 Ube2g1 

ubiquitin-conjugating enzyme 

E2G 1 (UBC7 homolog, C. 

elegans) 

1.13 ± 0.05 -2.02 ± 0.03 -1.85 ± 0.03 

NM_145578 Ube2m 
ubiquitin-conjugating enzyme 

E2M (UBC12 homolog, yeast) 
1.17 ± 0.11 -2.65 ± 0.17 -1.96 ± 0.09 

NM_080560 Ube2n 
ubiquitin-conjugating enzyme 

E2N 
-1.02 ± 0.17 -3.78 ± 0.05 -4.03 ± 0.01 

NM_027315 Ube2q1 
ubiquitin-conjugating enzyme 

E2Q (putative) 1 
1.19 ± 0.05 -1.99 ± 0.04 -1.90 ± 0.06 

NM_180600 Ube2q2 
ubiquitin-conjugating enzyme 

E2Q (putative) 2 
1.03 ± 0.11 -1.17 ± 0.04 -1.51 ± 0.06 

NM_023230 Ube2v1 
ubiquitin-conjugating enzyme 

E2 variant 1 
1.06 ± 0.27 -2.42 ± 0.09 -1.99 ± 0.08 

NM_172300 Ube2z 
ubiquitin-conjugating enzyme 

E2Z (putative) 
-1.10 ± 0.24 -2.09 ± 0.17 -2.14 ± 0.04 

NM_054093 Ube3b ubiquitin protein ligase E3B -1.12 ± 0.04 -2.78 ± 0.13 -2.17 ± 0.05 

NM_133907 Ube3c ubiquitin protein ligase E3C -1.01 ± 0.16 -2.36 ± 0.11 -2.31 ± 0.05 

NM_011670 Uchl1 
ubiquitin carboxy-terminal 

hydrolase L1 
1.09 ± 0.12 -4.32 ± 0.12 -3.42 ± 0.01 

NM_011669 Usp12 ubiquitin specific peptidase 12 -1.11 ± 0.13 -1.84 ± 0.13 -2.34 ± 0.01 

NM_013919 Usp21 ubiquitin specific peptidase 21 1.01 ± 0.08 -1.81 ± 0.16 -1.77 ± 0.04 

NM_199143 Znrf2 zinc and ring finger 2 1.06 ± 0.25 -3.29 ± 0.01 -3.00 ± 0.04 

Chaperones/co-chaperones 
▲ 15 

▼ 6 

▲ 4 

▼ 17 

▲ 4 

▼ 17 

NM_013559 Hsp105 
heat shock 105kDa/110kDa 

protein 1 
1.14 ± 0.10 -2.27 ± 0.10 -2.11 ± 0.06 

NM_031165 Hspa8 heat shock protein 8  -1.07 ± 0.14 -2.57 ± 0.04 -1.93 ± 0.13 

NM_010481 Hspa9 heat shock protein 9 1.09 ± 0.08 2.14 ± 0.61 2.67 ± 0.28 

NM_013560 Hspb1 heat shock protein 1  1.02 ± 0.14 1.36 ± 0.11 3.86 ± 0.17 

NM_019960 Hspb3 heat shock protein 3  1.20 ± 0.11 -1.40 ± 0.05 -1.33 ± 0.10 

NM_030704 Hspb8 heat shock protein 8  -1.02 ± 0.24 5.08 ± 0.31 8.27 ± 0.58 

NM_008302 Hsp90ab1 
heat shock protein 90 alpha 

(cytosolic), class B member 1 
1.07 ± 0.09 -1.76 ± 0.25 -1.63 ± 0.02 

NM_013863 Bag3 Bcl2-associated athanogene 3  -1.09 ± 0.38 1.80 ± 0.44 2.39 ± 0.11 

NM_027404 Bag5 BCL2-associated athanogene 5  1.04 ± 0.05 -1.49 ± 0.19 -1.54 ± 0.05 

NM_019794 Dnaja2 
DnaJ (Hsp40) homolog, 

subfamily A, member 2 
-1.01 ± 0.15 -1.69 ± 0.11 -1.94 ± 0.04 

NM_019874 Dnajb5 
DnaJ (Hsp40) homolog, 

subfamily B, member 5 
1.20 ± 0.08 -2.54 ± 0.04 -2.31 ± 0.03 
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NM_139139 Dnajc17 
DnaJ (Hsp40) homolog, 

subfamily C, member 17 
1.03 ± 0.06 -1.69 ± 0.20 -1.61 ± 0.04 

NM_025362 Wbscr18 
DnaJ (Hsp40) homolog, 

subfamily C, member 30 
1.06 ± 0.08 -1.92 ± 0.09 -1.85 ± 0.04 

NM_016775 Dnajc5 
DnaJ (Hsp40) homolog, 

subfamily C, member 5 
1.09 ± 0.08 -2.34 ± 0.16 -2.86 ± 0.01 

NM_198412 Dnajc6 
DnaJ (Hsp40) homolog, 

subfamily C, member 6 
-1.32 ± 0.14 -6.14 ± 0.09 -8.05 ± 0.01 

NM_019795 Dnajc7 
DnaJ (Hsp40) homolog, 

subfamily C, member 7 
1.07 ± 0.07 -1.82 ± 0.05 -2.03 ± 0.01 

NM_008019 Fkbp1a FK506 binding protein 1a 1.11 ± 0.15 -2.06 ± 0.25 -1.76 ± 0.09 

NM_016863 Fkbp1b FK506 binding protein 1b -1.05 ± 0.08 -3.32 ± 0.04 -3.25 ± 0.02 

NM_010219 Fkbp4 FK506 binding protein 4 1.13 ± 0.05 -2.44 ± 0.15 -2.06 ± 0.04 

NM_010220 Fkbp5 FK506 binding protein 5 1.04 ± 0.08 -1.80 ± 0.04 -1.64 ± 0.03 

NM_010223 Fkbp8 FK506 binding protein 8 1.04 ± 0.04 -2.18 ± 0.14 -1.70 ± 0.04 

Unfolded protein response 
▲ 12 

▼ 8 

▲ 6 

▼ 14 

▲ 6 

▼ 14 

NM_007837 Ddit3 
DNA-damage inducible 

transcript 3 
1.26 ± 0.47 4.60 ± 2.01 7.36 ± 0.89 

NM_019827 Gsk3b glycogen synthase kinase 3 beta 1.37 ± 0.41 -1.53 ± 0.20 -2.15 ± 0.05 

NM_008654 Myd116 
myeloid differentiation primary 

response gene 116 
1.63 ± 0.39 2.11 ± 0.98 6.40 ± 0.60 

NM_133819 Ppp1r15b 

protein phosphatase 1, 

regulatory (inhibitor) subunit 

15b 

1.19 ± 0.01 1.78 ± 0.24 1.76 ± 0.03 

NM_153178 Eif2c2 
eukaryotic translation initiation 

factor 2C, 2  
1.19 ± 0.36 -1.20 ± 0.32 -1.62 ± 0.05 

NM_145371 Eif2b1 
eukaryotic translation initiation 

factor 2B, subunit 1 (alpha)  
-1.01 ± 0.08 -1.47 ± 0.24 -1.62 ± 0.11 

NM_145445 Eif2b2 
eukaryotic translation initiation 

factor 2B, subunit 2 beta  
1.04 ± 0.12 -1.60 ± 0.15 -1.57 ± 0.05 

NM_010122 Eif2b4 
eukaryotic translation initiation 

factor 2B, subunit 4 delta  
1.05 ± 0.04 -1.81 ± 0.13 -1.78 ± 0.05 

NM_172265 Eif2b5 
eukaryotic translation initiation 

factor 2B, subunit 5 epsilon  
1.09 ± 0.01 -2.25 ± 0.15 -1.97 ± 0.03 

NM_031868 Ppp1ca 
protein phosphatase 1, catalytic 

subunit, alpha isoform  
-1.21 ± 0.29 -2.02 ± 0.32 -2.04 ± 0.07 

NM_181595 Ppp1r9a 

protein phosphatase 1, 

regulatory (inhibitor) subunit 

9A  

-1.14 ± 0.06 -2.72 ± 0.06 -3.87 ± 0.02 

NM_016854 Ppp1r3c 

protein phosphatase 1, 

regulatory (inhibitor) subunit 

3C  

-1.11 ± 0.17 -1.26 ± 0.12 -2.03 ± 0.05 

NM_012016 Ern2 
endoplasmic reticulum (ER) to 

nucleus signalling 2 
-1.00 ± 0.10 1.82 ± 0.34 3.65 ± 0.80 

NM_009716 Atf4 activating transcription factor 4  1.40 ± 0.19 2.36 ± 0.16 2.41 ± 0.52 

NM_009883 Cebpb 
CCAAT/enhancer binding 

protein (C/EBP), beta 
1.40 ± 0.54 2.27 ± 0.51 4.52 ± 0.12 

NM_013842 Xbp1 X-box binding protein 1 -1.10 ± 0.24 -2.50 ± 0.08 -2.96 ± 0.01 

NM_145537 Edem2 
ER degradation enhancer, 

mannosidase alpha-like 2 
1.19 ± 0.12 -1.30 ± 0.07 -1.67 ± 0.03 

NM_011643 Trpc1 

transient receptor potential 

cation channel, subfamily C, 

member 1  

-1.03 ± 0.22 -1.59 ± 0.07 -1.54 ± 0.05 

NM_009287 Stim1 stromal interaction molecule 1  1.08 ± 0.18 -1.62 ± 0.20 -1.92 ± 0.05 

NM_019709 Mbtps1 
membrane-bound transcription 

factor protease, site 1  
-1.05 ± 0.08 -1.35 ± 0.18 -1.65 ± 0.02 
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Autophagy-lysosomal pathway 
▲ 19 

▼ 14 

▲ 20 

▼ 13 

▲ 20 

▼ 13 

NM_007644 Scarb2 
scavenger receptor class B, 

member 2 
-1.07 ± 0.08 2.24 ± 0.62 1.26 ± 0.13 

NM_007653 Cd63 CD63 antigen -1.16 ± 0.11 3.22 ± 0.52 3.42 ± 0.31 

NM_007798 Ctsb cathepsin B 1.01 ± 0.06 1.42 ± 0.08 1.95 ± 0.18 

NM_009853 Cd68 CD68 antigen -1.12 ± 0.13 1.46 ± 0.15 6.43 ± 0.95 

NM_009982 Ctsc cathepsin C 1.19 ± 0.14 2.27 ± 0.34 3.44 ± 0.33 

NM_009983 Ctsd cathepsin D -1.20 ± 0.07 1.18 ± 0.38 1.85 ± 0.08 

NM_010215 Il4i1 interleukin 4 induced 1 1.08 ± 0.17 1.20 ± 0.14 1.74 ± 0.17 

NM_010685 Lamp2 
lysosomal-associated 

membrane protein 2 
1.01 ± 0.09 2.53 ± 0.30 2.57 ± 0.21 

NM_010686 Laptm5 
lysosomal-associated protein 

transmembrane 5 
-1.05 ± 0.07 1.99 ± 0.55 2.79 ± 0.17 

NM_011175 Lgmn legumain -1.16 ± 0.11 -1.48 ± 0.19 -1.64 ± 0.06 

NM_013602 Mt1 metallothionein 1 -1.21 ± 0.08 2.01 ± 0.07 1.97 ± 0.11 

NM_016898 Cd164 CD164 antigen -1.13 ± 0.10 2.38 ± 0.41 2.26 ± 0.19 

NM_019406 Fnbp1 formin binding protein 1 1.16 ± 0.16 1.59 ± 0.07 2.02 ± 0.09 

NM_019734 Asah1 
N-acylsphingosine 

amidohydrolase 1 
1.11 ± 0.11 2.76 ± 1.18 2.83 ± 0.40 

NM_022325 Ctsz cathepsin Z -1.18 ± 0.13 1.55 ± 0.42 2.16 ± 0.15 

NM_023409 Npc2 Niemann Pick type C2 1.02 ± 0.19 1.82 ± 0.14 1.77 ± 0.22 

NM_031843 Dpp7 dipeptidylpeptidase 7 1.04 ± 0.24 1.93 ± 0.76 1.42 ± 0.15 

NM_033521 Laptm4b 
lysosomal-associated protein 

transmembrane 4B 
-1.19 ± 0.08 1.68 ± 0.20 1.56 ± 0.26 

NM_013603 Mt3 metallothionein 3  -1.13 ± 0.28 1.05 ± 0.21 1.96 ± 0.35 

NM_008630 Mt2 metallothionein 2  -1.15 ± 0.09 2.41 ± 0.22 2.48 ± 0.24 

NM_174874 Atg4b autophagy-related 4B (yeast) 1.07 ± 0.08 -1.93 ± 0.08 -2.36 ± 0.03 

NM_025770 Atg10 
autophagy 10-like (S. 

cerevisiae) 
1.00 ± 0.09 -1.25 ± 0.12 -1.52 ± 0.06 

NM_029846 Atg16l1 
autophagy-related 16-like 1 

(yeast) 
1.19 ± 0.24 -2.22 ± 0.12 -2.04 ± 0.04 

NM_172669 Ambra1 autophagy/beclin 1 regulator 1 1.05 ± 0.22 -1.65 ± 0.11 -1.78 ± 0.03 

NM_019584 Becn1 
beclin 1 (coiled-coil, myosin-

like BCL2-interacting protein)  
1.03 ± 0.08 -1.53 ± 0.17 -1.44 ± 0.04 

NM_029653 Dapk1 
death associated protein kinase 

1  
1.06 ± 0.05 -1.65 ± 0.02 -2.17 ± 0.06 

NM_007765 Crmp1 
collapsin response mediator 

protein 1  
1.43 ± 0.22 -5.24 ± 0.04 -4.09 ± 0.03 

NM_020590 Gabarapl1 

gamma-aminobutyric acid 

(GABA(A)) receptor-associated 

protein-like 1 

1.01 ± 0.03 -1.36 ± 0.15 -1.55 ± 0.08 

NM_025735 Map1lc3a 
microtubule-associated protein 

1 light chain 3 alpha  
-1.01 ± 0.05 -3.59 ± 0.20 -2.89 ± 0.04 

NM_026160 Map1lc3b 
microtubule-associated protein 

1 light chain 3 beta 
1.01 ± 0.03 -1.41 ± 0.20 -1.79 ± 0.04 

NM_145570 Fam176a 
family with sequence similarity 

176, member A 
-1.04 ± 0.38 2.68 ± 0.53 2.68 ± 0.14 

NM_009000 Rab24 
RAB24, member RAS 

oncogene family 
1.04 ± 0.06 -1.60 ± 0.10 -1.68 ± 0.07 

NM_020009 Mtor 
mammalian target of rapamycin 

(serine/threonine kinase) 
1.06 ± 0.18 -2.06 ± 0.06 -2.02 ± 0.05 

Glutathione metabolism 
▲ 2 

▼ 15 

▲ 14 

▼ 3 

▲ 14 

▼ 3 

NM_022992 Arl6ip5 
ADP-ribosylation factor-like 6 

interacting protein 5 
-1.00 ± 0.09 -1.95 ± 0.15 -2.13 ± 0.04 
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NM_008129 Gclm 
glutamate-cysteine ligase, 

modifier subunit 
-1.23 ± 0.08 3.39 ± 0.45 5.36 ± 0.17 

NM_026637 Ggct 
gamma-glutamyl 

cyclotransferase 
-1.16 ± 0.19 -3.95 ± 0.05 -4.87 ± 0.01 

NM_010344 Gsr glutathione reductase -1.25 ± 0.08 1.89 ± 0.22 1.78 ± 0.17 

NM_008180 Gss glutathione synthetase 1.01 ± 0.06 1.50 ± 0.33 2.33 ± 0.17 

NM_008181 Gsta1 
glutathione S-transferase, alpha 

1 (Ya) 
1.07 ± 0.07 3.05 ± 0.45 10.66 ± 1.12 

NM_008182 Gsta2 
glutathione S-transferase, alpha 

2 (Yc2) 
-1.17 ± 0.07 4.97 ± 0.52 18.27 ± 0.75 

NM_010356 Gsta3 
glutathione S-transferase, alpha 

3 
-1.18 ± 0.19 2.16 ± 0.16 5.06 ± 0.97 

NM_010357 Gsta4 
glutathione S-transferase, alpha 

4 
-1.91 ± 0.03 2.91 ± 0.32 5.77 ± 0.15 

NM_010358 Gstm1 glutathione S-transferase, mu 1 -1.43 ± 0.16 1.56 ± 0.20 1.88 ± 0.15 

NM_008183 Gstm2 glutathione S-transferase, mu 2 -1.12 ± 0.11 1.59 ± 0.03 2.42 ± 0.25 

NM_008184 Gstm6 glutathione S-transferase, mu 6 -1.42 ± 0.15 1.31 ± 0.39 2.18 ± 0.45 

NM_019946 Mgst1 
microsomal glutathione S-

transferase 1 
-1.40 ± 0.20 2.56 ± 0.35 2.12 ± 0.16 

NM_009199 Slc1a1 

solute carrier family 1 

(neuronal/epithelial high 

affinity glutamate transporter, 

system Xag), member 1 

-1.16 ± 0.09 -6.48 ± 0.06 -12.12 ± 0.01 

NM_145079 Ugt1a6a 
UDP glucuronosyltransferase 1 

family, polypeptide A6A 
-1.43 ± 0.14 2.11 ± 0.13 3.49 ± 0.38 

NM_201410 Ugt1a6b 
UDP glucuronosyltransferase 1 

family, polypeptide A6B 
-1.53 ± 0.11 2.41 ± 0.54 3.18 ± 0.16 

NM_201642 Ugt1a7c 
UDP glucuronosyltransferase 1 

family, polypeptide A7C 
-1.53 ± 0.11 2.40 ± 0.57 3.37 ± 0.52 

Endogenous defense against oxidative stress via Nrf2 

pathway 

▲ 7 

▼ 10 

▲ 16 

▼ 1 

▲ 16 

▼ 1 

NM_007498 Atf3 activating transcription factor 3 1.52 ± 0.84 3.63 ± 0.87 9.65 ± 0.75 

NM_009716 Atf4 activating transcription factor 4 1.40 ± 0.19 2.36 ± 0.16 2.41 ± 0.52 

NM_030693 Atf5 activating transcription factor 5 1.32 ± 0.15 1.80 ± 0.78 2.59 ± 0.26 

NM_009883 Cebpb 
CCAAT/enhancer binding 

protein (C/EBP), beta  
1.40 ± 0.54 2.27 ± 0.51 4.52 ± 0.12 

NM_008129 Gclm 
glutamate-cysteine ligase, 

modifier subunit 
-1.23 ± 0.08 3.39 ± 0.45 5.36 ± 0.17 

NM_008180 Gss glutathione synthetase 1.01 ± 0.06 1.50 ± 0.33 2.33 ± 0.17 

NM_008182 Gsta2 
glutathione S-transferase, alpha 

2 (Yc2) 
-1.17 ± 0.07 4.97 ± 0.52 18.27 ± 0.75 

NM_010442 Hmox1 heme oxygenase (decycling) 1 -1.00 ± 0.46 14.26 ± 2.29 23.87 ± 1.59 

NM_016679 Keap1 
kelch-like ECH-associated 

protein 1 
-1.06 ± 0.07 -1.58 ± 0.04 -1.85 ± 0.04 

NM_010755 Maff 

v-maf musculoaponeurotic 

fibrosarcoma oncogene family, 

protein F (avian) 

1.28 ± 0.37 1.41 ± 0.12 2.67 ± 0.29 

NM_013602 Mt1 metallothionein 1 -1.21 ± 0.08 2.01 ± 0.07 1.97 ± 0.11 

NM_008630 Mt2 metallothionein 2 -1.15 ± 0.09 2.41 ± 0.22 2.48 ± 0.24 

NM_010902 Nfe2l2 
nuclear factor, erythroid derived 

2, like 2 
1.12 ± 0.18 3.55 ± 0.42 3.80 ± 0.53 

NM_008706 Nqo1 
NAD(P)H dehydrogenase, 

quinone 1 
-1.21 ± 0.12 1.59 ± 0.17 1.89 ± 0.10 

NM_007453 Prdx6 peroxiredoxin 6 -1.32 ± 0.12 1.43 ± 0.23 2.41 ± 0.36 

NM_029688 Srxn1 
sulfiredoxin 1 homolog (S. 

cerevisiae) 
-1.23 ± 0.13 6.79 ± 1.26 9.84 ± 1.63 

NM_015762 Txnrd1 thioredoxin reductase 1 -1.01 ± 0.05 1.75 ± 0.06 3.11 ± 0.31 
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Table 2. Validation of microarray data using real-time PCR technique on mouse 

cortical neurons treated with 10nM rotenone. Data are expressed as fold-change ± SE. 

 

 

GenBank Gene Title Symbol 15h 24h 

   
Microarray 

Real-time 

PCR 
Microarray 

Real-time 

PCR 

NM_007498 Activating 

transcription 

factor 3 

Atf3 3.63 ± 0.87 4.77 ± 0.69 9.65 ± 0.75 17.38 ± 0.69 

NM_010442 Heme oxygenase 

1 
Hmox1 14.26  ± 2.29 9.13 ± 0.86 23.87  ± 1.59 24.68 ± 0.58 

NM_007585 Annexin A2 AnxA2 2.05 ± 0.62  2.76 ± 0.32 4.09 ± 0.58 

NM_133662 Immediate early 

response 3 
Ier3 2.63 ± 0.15 1.90 ± 0.90 8.06 ± 0.78 4.16 ± 0.88 

NM_029688 Sulfiredoxin 1 

homolog 
Srxn1 6.79 ± 1.26 4.08 ± 0.74 9.84 ± 1.63 12.08 ± 0.84 

NM_030704 Heat shock  

protein 8 
Hspb8 5.08 ± 0.31 3.06 ± 0.97 8.27 ± 0.58 7.39 ± 0.91 

 

 

 

 

 

 

 

 

 

 

 

 

 



  



  



  


