
Aktar, K., Kafi, A. and Dahiya, R. (2019) Association of Gpx1 fluctuation in cell cycle 

progression. In Vitro Cellular and Developmental Biology - Animal, 55(2), pp. 94-103.

(doi:10.1007/s11626-018-00314-3)  

There may be differences between this version and the published version. You are 

advised to consult the publisher’s version if you wish to cite from it. 

This material has been published in In Vitro Cellular and Developmental Biology – 

Animal, 55(2), February 2019, pp. 94-103, the only accredited archive of the 

content that has been certified and accepted after peer review. Copyright and all 

rights therein are retained by Society for In Vitro Biology 

http://eprints.gla.ac.uk/174153/ 

Deposited on: 15 January 2019 

Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk 

http://eprints.gla.ac.uk/174153/
http://eprints.gla.ac.uk/
http://eprints.gla.ac.uk/


Association of Gpx1 fluctuation in cell cycle progression 

 

Mst. Khudishta Aktar1,2, Md. Abdul Kafi1 and Ravinder Dahiya1* 

 

1BEST group, School of Engineering, University of Glasgow, United Kingdom 

2Department of Life Science, Ewha Womans University, Seoul, Korea 

 

 

 

 

 

 

*Corresponding author:  

Ravinder Dahiya, PhD 

Professor  

School of Engineering 

University of Glasgow 

United Kingdom 

Telephone: +44 (0)141 330 5653 
Email: Ravinder.Dahiya@glasgow.ac.uk 



Abstract 

This research demonstrates fluctuation of glutathione peroxidase1 (Gpx1) throughout cell cycle 
progression with significant decreased expression at mitosis of HeLa cell. This was achieved with 
western blot (WB) analysis of target proteins from each phase of synchronized cells. The 
synchronizations were performed with double thymidine (T/T) for G1/S arrest and thymidine 
followed by nocodazol (T/N) for G2/M arrest. The G1/S arrested cells were released in fresh 

medium for 3, 6, 9, 10 and 15h to obtain cell at each phase such as Gap1 (G1), synthesis (S), gap2 
(G2), mitosis (M) and gap1 (G1) phase, respectively for investigating Gpx1 expression 
throughout a complete cycle. The synchronizations were confirmed using fluorescence activated 
cell sorting (FACS) and WB analysis of phase specific markers. The fluctuations of Gpx1 
expression were verified with universal protein actin and peroxiredoxin 1 (Prx1) which are stable 
throughout the cell cycle. Intriguingly, immunoblots showed the level of Gpx1 decreases at 
mitosis phase and increased during mitotic exit to G1 phase in HeLa cells, while Prx1 protein 

level remained constant. The fractionation experiments reveal that only the cytosolic Gpx1 was 
decreased while their levels at mitochondria remain constant. The heighest levels of 
mitochondrial ROS were measured in mitosis phase with FACS analysis using Mito sox 
indicating that antioxidant activity of Gpx1 for detoxifying excessive induced endogenous 
reactive oxygen species (ROS) in the mitosis phase could be the reason for such decreasing level. 
For unfolding the molecular mechanism of such decreased expression, the Gpx1 was investigated 
at transcriptional, translational and proteosomal level. The results revealed that translational 
mechanism is involve in the decreased expression rather than transcriptional or proteosomal 

degradation at mitosis phase. This finding supports that Gpx1 involved in the cell cycle 
progression through regulation of endogenous ROS. Based on this observation further research 
could uncover their possible association with the infinitive division of a cancer cell.   

Key words: Glutathione peroxidase, Cell division, Mitosis, Reactive Oxygen species, Antioxidant 
protein. 



Introduction  

Many bioengineering approaches have been focused on engineering of artificial platform to 
explore in vitro cell adhesion, proliferation and growth of tissues with functions equivalent to 
natural (Kafi et al. 2011, 2012). However, that has not been happened to date as the generation of 
excessive ROS remains as a challenge and the issue remains unattended. Manipulation of ROS 
scavenging mechanism could be appropriate step for resolving this issue. For this, the detail 

knowledge of natural antioxidant proteins involving the ROS scavenging mechanism is required. 
Therefore, this study focusses on the role of major ROS scavenger glutathione peroxidase (Gpx) 
for uncovering their association in cell cycle progression. A numbers of antioxidant proteins, such 
as Gpx, peroxiredoxin (Prx), superoxide dismutase (SOD) etc. are involved in maintaining 
intracellular homeostasis for optimum cell growth and function (Li et al. 2013; You et al. 2015). 
This homeostasis is maintained by their up- or down-regulation and by their depletion due to the 
intra/extra cellular ROS (Ray et al. 2012; Idelchik et al. 2017). The research dealing with 

uncovering roles of antioxidant proteins during cell cycle progression attracted much attention.  

Gpx protein, known as selenoprotein, consists selenium in it’s catalytic site (Lu et al. 2009). 
Several isoform of Gpx proteins have been reported until to date (Herbette et al. 2007). Among 
these, Gpx1 is abundant isoform, which involves in scavenging endogenous ROS using electron 
provided by reduced glutathione and ubiquitously expressed in the cytoplasm and mitochondria 
of all cell types (Espinosa-Diez et al. 2015). The association of Gpx1 over expression with 
buffering oxidative stress has been proven in both in vitro cell culture and in vivo genetic mouse 
models (Borchert et al. 2006, Powers et al. 2008).. The up regulation of nuclear and cytosolic 

Gpx in differentiating cells than proliferative cell during enterocytes differentiations has been 
reported (Speckmann et al. 2011). Most of these previous studies apply exogenous stimulation for 
the over expression of Gpx to explore their specific role, which is insufficient for describing 
about status of endogenously induced Gpx expression. Therefore, monitoring of endogenous 
expressed Gpx at various phases of cell division cycle requires for exploring the possibility of 
their association in cancer cell proliferation.  

The mammalian cell follows a cascades of physiological events such as G0,, G1, S, G2 and 

Mitosis (M) for their proliferation and growth (Schorl et al. 2007). These cascades of events are 
influenced with the levels of endogenous ROS (Boonstra et al. 2004). In stressed condition, the 
excessive endogenous ROS causes disruption of several cascades of event in cell cycle 
progression (Barrera et al. 2012; Redza-Dutordoir et al. 2016). It has been reported that moderate 
level of ROS is required for G1/S transition during cell cycle Havens et al. 2006). However, 
excess level ROS disrupt such transition through activating apoptotic signaling (Circu et al. 2010). 



Thus, regulation of levels of endogenous ROS is critical event for the smooth transition of a cell 
cycle. The antioxidant proteins with ROS scavenging ability is critically requires for maintaining 
their optimum level for cell growth. There are few studies reported such scavenging mechanism 
of Gpx that plays critical role for the maintenance of cellular homeostasis for the natural cell 

function (Wang et al. 2013). The removal of endogenous ROS by the over expression of Gpx has 
been reported to induce G0/G1 arrest (Onumah et al. 2009) by decreasing cyclin D1 and 
increasing in CDK inhibitory protein p27kIPI.  However, the expression pattern of Gpx and their 
ROS depletion mechanism has not been investigated all the other stages. The Gpx expression in 
mitotic stage is critical, because cell experiences stress at this phase resulting excess ROS 
generation (Wellen et al. 2010). Thus, investigation on Gpx expression and their role in 
regulation of ROS during the mitosis phase of mammalian cell division is critically required.  

In this study, expression level of antioxidant protein throughout the cell cycle progression was 

monitored for establishing their involvement in cell growth and proliferation. We have reported 
detail expression patterns of Gpx1 protein in HeLa cell at their various stages of division cycle. 
For this, HeLa cell line was synchronized at synthesis (G1/S) and mitosis (G2/M) stages using 
double Thymidine (T/T) and Thymidine/Nocodazole (T/N) block, respectively. The 
synchronization was verified using FACS and western blotting (WB) analysis of phase specific 
proteins such as CyclinA1,Cyclin B, Cyclin D1, Cyclin E1, P27, Phosphohistone 3 (p-HH3).  The 
levels of Gpx1 protein expression were investigated using (WB) where the fluctuations are 

measured with respect to the universal protein actin. The G2/M arrested cells were released in 
fresh medium for monitoring the levels of Gpx1 with respect to their release period. The G1/S 
arrested cells were released in fresh medium for 3, 6, 9, 10, and 15h for obtaining stage specific 
endogenously expressed Gpx1. A fractionation experiment of synchronized cells was performed 
for observing the local fluctuation of Gpx1 for further confirmation of their association with stage 
specific expression. This research demonstrates the levels of Gpx1 fluctuate throughout the cell 
division cycle with a lowest intensity at mitosis phase. The research also monitored the ROS 

levels at the corresponding synthesis, mitosis and G0 arrest for establishing the relations with 
Gpx1 expressions. The lowest level of Gpx1 and the highest levels of ROS at mitosis could be 
due to antioxidant activity of Gpx1 for scavenging excessive ROS, which is required for smooth 
progression cell division cycle. 

Materials and Methods 
Chemicals and Reagent Primary antibodies used in this study are: Rabbit anti-Gpx1 (AbFrontier; 

Seoul Korea); Rabbit anti-cyclinB1 (Santa Cruz Nanotechnology); Rabbit anti-phospho-Histone 



H3(Millipore); Mouse anti-Actin; rabbit anti-peroxiredoxin (abfrontier), Cyclin A anti-rabbit 

Cycloheximide (Sigma), MG132 (Sigma). 

Cell Culture Human cervice cancer (HeLa) cells were maintained at 37oC in a 5% CO2 incubator 
and cultured in Dulbecco’s modified Eagle’s Medium (DMEM) which contain 4500 mg/L D-
glucose and L-glutamine with 10% Fetal bovine serum 1% penicillin and streptomycin. Cells 
were feeded twice in a week and sub-cultured from 90% confluent plate. Cells from third passage 

were used for experiment throughout the research. 

Cell Synchronization HeLa cells were cultured at 37oC in a 95% air, 5% CO2 and 70% humid 
condition in DMEM supplemented with 10% heat inactivated fetal bovine serum, 1% penicillin, 
and 100 mg/ml streptomycin.  Synchronization of HeLa cells at G1/S phase were carried out 
using double thymidine block (Fang et al. 1998). Briefly, cells were incubated with 2 mM 
thymidine for 18h. After washing with PBS, cells were incubated in fresh culture medium for 8h. 
Thymidine was added into the culture medium (to a final concentration 2 mM) and incubates for 

another 18h. Cells from G1/S phase were released by replacing thymidine treated culture medium 
with freshly prepared medium. The G2/M arrested cells were achieved by incubation in 
thymidine treated medium for 18h. Then, cells were washed with PBS thrice prior to the 
nocodazole (100ng/ml) for 10h. 

Sub Fractionation of Mitochondria Cytoplasm and mitochondria were isolated by fractionation 
methods using different spinning speed. Synchronized (G1/S and Mitosis arrested) Hela cells 
were homogenized in ice-cold buffer (70mM Sucrose, 1mM EDTA, 2mM Hepes, pH 7.4 220mM 
Manitol). The homogenates were centrifuged at 1000g for 10min at 40C. The resulting 

supernatant was then centrifuged at 12000g for 15 min at 40C to obtain a crude heavy 
mitochondrial pellet. The supernatant was collected as cytoplasmic fraction. The crude heavy 
mitochondrial pellet was washed once for further purification with same buffer. The pellet and 
supernatant were subjected to Western blotting analysis. 

Fluorescence Activated Cell Sorting For the analysis of cell cycle, 5×105cell/ml were washed 
twice with ice cool PBS and place overnight at 40C in 70% ethanol for fixing. The fixed cell were 
stained with 1ml sol’n containing RNase (sigma) of 50µg/ml and propidium iodide (sigma) of 

50µg/ml. Cells were incubated at least 30min at 370C and analyzed using the FACS caliber flow 
cytometer ( BD science). To check the levels of super oxides the cell expressing Mito sox was 
analyzed at the excitation of 488nm. 

Western Blot Analysis Cell lysates were prepared in lysis buffer 50mM Tris (pH 7.7)150mM 
NaCl .5% NP-40 10% glycerol1mM DTT (just add before use) Protease inhibitor (just add before 



use) DDW. Supernatant after centrifugation was recovered and protein content were quantified by 
the Bradford assay (Bio red Laboratories). Total proteins were separated by electrophoresis on 12 
and 14% SDS-polyacrylamide gels depending on size of target protein being investigated. The 
proteins were electro-blotted onto nitrocellulose membranes, probe with Primary antibody 

overnight, and re-stripped in secondary antibody after washing with PBS. 

Quantitative Real-Time PCR	 Total RNAs were isolated with Trizole Reagent and reverse 
transcribed with a reverse transcription (RT-PCR) kit (Applied Biosystems) according to 
manufactures instructions. Power SYBER Green PCR master mix (Applied Biosystems) was 
used to quantify the mRNA expressions. The primers used for quantitative RT-PCR were as 
follows: Gpx1 sense 3' CAA CCA GTT TGG GCATCA G 5' antisense   3' 
GTTCACCTCGCACTTCTCG  5'.  

Statistical Analysis All experiments were repeated at least three independent experiments and 

quantitative data were presented as mean S.E.M of triplicate deternminations from representative 
experiments. Data were analyzed using Student st-test on sigma plot 10 software and deriving the 
p-value to access the statistical significance. All western blots were done at least three to show 
reproducibility. 

Results  

Synchronization of HeLa cell for Monitoring ROS Scavenger Proteins For establishing the 
role of Gpx1 at mitotic phase initially two important ROS scavenger Gpx1 and Prx1 were 
critically monitored in the various phases of the cell cycle.  For monitoring Gpx1 and Prx1 
expression, HeLa cells were synchronized at synthesis (G1/S), mitosis (G2/M) and resting phase 

(G0), whereas unsynchronized cells were maintained in parallel as control. The synchronizations 
were confirmed with florescent activated cell sorting (FACS) (Fig. 1a) and immunoblot analysis 
of phase specific proteins, such as cyclin B and  p-HH3 as mitotic marker,, CyclinE1 as G1/S 
marker and P27 as G0 marker (Fig.1b). Western blot analysis from G1/S, G2/M, G0 and 
unsynchronized Hela cells reveals that Gpx1 protein level fluctuates during cell cycle progression, 
whereas Prx1 level was constant (Fig. 1b). The highest Gpx1 expression was observed at G1/S 
and decreases at G2/M and G0 phase. Being seleno protein, Gpx1 expression is known be 

depended on selenium supplementation (Goldson et al. 2011). The decreased expression of Gpx1 
at serum starved G0 phase is obvious since serum is the only source of selenium in the in vitro 
system (Mehdi et al. 2016). However, the decrease level of Gpx1 at G2/M was independed to 
selenium concentration since at this stage selenium level similar to G1/S. So, other hidden cause 
might be involved with the decreasing Gpx1 at G2/M phase. To uncover such hidden fact the 



detail investigation of Gpx1 expression at various periods of release from G2/M arrest was 
performed later in this work. 

Gpx1 in Cells Released from Mitosis phase The gradual Gpx1 upregulation in cell released 
from mitotic phase was investigated for unfolding the hidden fact behind the mitotic decrease. 

This was performed with monitoring Gpx1 protein in cell release from G2/M phase in a time 
dependent manner. For this, Hela cells were synchronized at G1/S phase by T/T treatment, G2/M 
phase by T/N treatment followed by the release in fresh media for 2, 5 and 10h. The 
synchronization was confirmed by FACS analysis (2a) and by detecting phase specific marker 
protein such as  cyclin B and p-HH3 for G2/M, Cyclin E1 for G1/S, Cyclin D1 for G1 and Cyclin 
A1 for S phase marker (2b). Cyclin B, a well-known mitotic marker highly expressed in T/N 
blocked cells and protein levels were decreased gradually with release period from T/N block 
(Fig. 2b) (Gavet et al. 2010). p-HH3 another important mitotic marker protein was only expressed 

in T/N arrested cells (Nielsen et al. 2013).   Whereas, the lowest expression of Gpx1 measured 

from the G2/M phase and followed by gradual increased expression were noticed from cells 
released from G2/M phases (Fig. 2b). Densitometric analysis revealed that expression of Gpx1 
protein levels were 1.5 fold higher in G1/S (T/T) arrested cells compare to mitotic cells and the 
levels were continuously increased in cell released from mitosis phase. Whereas, a stable 
expression of Prx1 were observed all phases throughout the cell cycle (Fig. 2c).  This time 
dependent gradual increase of Gpx1 expression cells release from mitosis phase indicated their 
lowest expression in the G2/M phase. However, the antioxidant activity of the Gpx1 protein in 

the detoxification of endogenous ROS for the smooth transition of cell cycle could be the prime 
cause of such decrease level of Gpx1 at G2/M phase.  For establishing this, ROS scavenging 
activity correlation between the levels of Gpx1 and endogenous ROS needs to be investigated 
form the synchronized phases of the cell cycle. 

ROS Level Throughout Cell Cycle To prove the ROS scavenging activity of Gpx1, ROS levels 
was measured in synchronized HeLa cells with Mito sox using flow cytometry analyzer (Li et al. 
2011). For this, cells were released from mitotic arrest for 2 and 5h for achieving G1 and G/S 

arrest and confirm with phase specific protein cyclin B, Cyclin D1 and Cyclin E1 as presented in 
figure 3c. ROS levels measured in synchronized HeLa cells using FACS are presented in Fig 3a. 
The levels of ROS levels in mitotic cells were higher than that of G1/S cells and decreases after 
exit from mitosis phase to G1/S phase (Fig. 3a,b). This result suggested that ROS levels fluctuate 
throughout cell cycle progression reversely as does for Gpx1. In fact, their highest level at mitosis 
phase is obvious because cell experiences severe oxidative stress at this stage (Wellen et al. 2010). 
Gpx1 could be utilized in the ROS depletion mechanisms and results their decreased levels at 



mitosis phase. However, this mitotic decrease of Gpx1 was further critically investigated later in 
this work. 

Gpx1 at All Phases of Cell Cycle The mitotic decrease of Gpx1 protein was further confirmed 
with monitoring their expression at all phases of a cell cycle. For this, HeLa cells were release 

from G1/S arrest (T/T block) for 3, 6, 9, 10 and 15h for obtaining G1/S, S, G2, M and G1, 
respectively and Gpx1 expressions were monitored at each of those phases for revealing their 
fluctuations throughout the cell cycle. Western blot analysis in Figure 4b showed Gpx1 protein 
expression were decreased only at mitosis phase (10h release from T/T block) and approximately 
protein levels were 4 fold increased at G1/S arrested cells compare to G2/M arrested cells. No 
significance difference was found among other phases of the cell cycle. Synchronizations were 
confirmed by FACS (Fig. 4a) and western blot analysis of specific marker protein  p-HH3 and 

cyclin B, Cyclin D1, Cyclin E1, Cyclin A1 as stated before (Fig. 4b) (Gavet et al. 2010; Nielsen 

et al. 2013). Relative band intensity of Gpx1 signified the difference of protein level between 
mitosis and other phases of cell cycle (Fig. 4c) suggesting that Gpx1 protein levels decreases only 
at mitosis phase.  

Local Fluctuations of Gpx1 It is known that Gpx1 localizes both in the cytoplasm and 
mitochondria of a living cell (Kryukov et al. 2003; Diamond et al. 2015). Hence, investigation is 
still required to figure out whether the cytoplasmic or mitochondrial Gpx1 are involves in the 
ROS depletion mechanism and eventually responsible for the decreased level at mitosis. We 
determine localizations of Gpx1 by separations of total lysates, cytoplasm and mitochondria 

followed by immunoblot analysis. Synchronizations were confirmed by the detection of p-HH3 
and Cyclin E1 using total lysates (Fig. 5a). Cytoplasm, mitochondria and total lysates were 
isolated from G1/S and G2/M arrested cells by fractionation method and confirm by 
corresponding protein detection such as cytoplasmic protein Prx2 and mitochondrial protein Prx3. 
A constant level Gpx1 were observed in whole cell lysates, cytoplasmic and mitochondria (Fig. 
5a) at G1/S in G1/S phase (Fig. 5a).   A low level Gpx1 from total lysate and cytoplasm were 
measured from the Mitotic arrest whereas its level at mitochondria was similar to G1/S (Fig. 5a). 

This difference in Gpx1 expression was significant in cytoplasm and total lysate, whereas non-
significant in mitochondria as observed from densitometric analysis (Figure 5b). This observation 
reveals that only the cytoplasmic Gpx1 proteins are decreased at mitosis phase. The association of 
cytoplasmic Gpx1 in ROS scavenging mechanism could be the reason which could be figure out 
in future. 
Molecular mechanisms of Gpx1 fluctuations during cell cycle progression Quantitative (Q)-

RT-PCR was performed to investigate the level of Gpx1 mRNA during cell cycle progression. 



RNAs were isolated from G1/S (T/T and T/N 10h release) and mitosis (T/N) phase arrested HeLa 

cells for the Q-RT-PCR analysis. Q-RT-PCR analysis revealed that Gpx1 mRNA is abundant in 

G1/S and mitotic phase (Figure 6a). Although, Gpx1 mRNA level is abundant in both phases, but 

their protein level decreased at mitosis phase. This indicates Gpx1 protein level might be 

regulated by post transcriptional mechanism. To prove this, we investigated proteosomal 

degradaion pathway of Gpx1 protein at mitosis phase using a well-known protease inhibitor 

MG132. As shown in figure 6b, cyclinA degradation was inhibited by MG132 at mitosis phase 

however such inhibition did not occur in case of Gpx1. The relative band intensity of Gpx1 shows 

that Gpx1 does not decrease at mitosis phase by proteosomal degradation pathway (Fig.6c).  We 

also investigated the translational mechanism during mitotic exit for unfolding the mechanism 

involves behind the reduction of Gpx1 in the mitosis. For this, cyclohexamide (CHX) was used to 

inhibit translation of Gpx1 in cells released from T/N block. Gpx1 expression was inhibited in 

CHX treated cells whereas such inhibition did not occur in non-treated released cell (Fig.6d,e).. 

The results revealed that CHX successfully inhibit Gpx1 induction in T/N released cell which 

indicates that mitotic decreased Gpx1 was gradually increased in T/N released cell due to 

translational mechanism.  

We also investigated the mechanistic phenomenon behind differences in expression patterns of 

Gpx1 and Prx1 proteins regardless of their antioxidant activity. For this, we investigated the turn-

over rate of both the antioxidant protein Gpx1 and Prx1 in Hela cells using translation inhibitor 

CHX for various time period. As our expectation, result reveals that CHX was able to inhibit 

Gpx1expression within 6h where as Prx1 protein expression was stable (Fig.6f,g). This result 

suggested that turn-over rate of Gpx1 is shorter than Prx1, which is responsible for the variations 

in their expression pattern at mitosis phase. 

Discussion 

In this study, fluctuation of Gpx1 expression was observed throughout cell cycle progression with 
the highest level at synthesis (G1/S) which decreases as progressed towards mitosis phase (G2/M) 
and reach the lowest level at G0 phase. Initially, we assumed two reasons behind these variations 



in Gpx1 expression; first reason is the role of selenium (Se) containing serum-supplemented 
medium in the G1/S phase and second is the antioxidant activity of Gpx1 for depletion of 
excessive ROS in the mitotic phase. According to first assumption, the highest Gpx1 expression 
at G1/S was obvious because of the presence of Se in serum-supplemented growth medium and 

eventually the lowest at G0 phase because of the absence of Se serum free starving medium 
(Neve 1995).  However, this hypothesis is supporting the differences in the expression of Gpx1 
between G1/S and G2/M phase since serum-supplemented medium were both the cases. 
According to the second assumption, the decreased Gpx1 is due to their antioxidant activity for 
scavenging excessive ROS generated in the mitotic phase (Lubos et al. 2011; Hugo et al. 2018). 
In supporting either of these possibilities, further experiments were designed to confirm gradual 
upregulation of Gpx1 in cells released from G2/M arrest in a time dependent manner. This 
research reveals that Gpx1 was increased with the released period indicating that selenium 

dependent stimulated expression effect was insignificant. Therefore, the gradual increasing trend 
of Gpx1 expression with the released period indicating that their antioxidant activity is the 
principal reason behind the decreased level of Gpx1 at the G2/M phase. The activity of Gpx1 in 
mitochondrial ROS scavenging is proven phenomena describe elsewhere (Lubos et al. 2011;Ray 
et al. 2012). The oxidative stress induced superoxide radicals (O2-) is neutralized to water 
through a two-step process involving SOD in a first step and Gpx1 in the second step (Raha et al. 
2000; Li et al. 2013). Any impairment of this process results generation of hydroxyradicle (-OH) 

and peroxynitrite (ONOO-) which are also removed by Gpx1 by converting it to the lipid alcohol 
and nitrite (NO2), respectively (de-Haan et al. 2011). Thus, majority of expressed Gpx1 is 
utilized for the depletions of excessive ROS generated in the G2/M phase for the smooth 
progression of cell cycle.  

The association of ROS in the mitotic decreased level of Gpx1 was further supported by revealing 
the highest level of ROS with corresponding lowest Gpx1 at mitosis phase of a cell cycle as  
measured in this work. The fluctuations of ROS levels all through the cell cycle are natural 

phenomenon in natural cell cycle because a minimum levels of ROS is requires for the transition 
of specific cell cycle phases (Havens et al. 2006). Ibañez and coworkers observed Gpx1 is critical 
for the cell cycle progression (Ibanez et al. 2011). They observed cells are arrested at G1/S when 
cell exposed to abundant antioxidant proteins proving that the antioxidant protein needs to be at 
minimum levels for smooth transition of G2/M phase. These observations suggested that Gpx1 
fluctuation requires for cell cycle progression. Such fluctuation of Gpx1 happened through three 
different molecular mechanisms such as proteosomal degradation, transcription and translation 
(Lubos et al. 2011). An in vivo study reports that Gpx1 protein levels and activity decreased by 

translational inhibition although there was abundant transcript (Handy et al. 2009) suggesting that 



translational rather than transcriptional mechanism regulates expression pattern of Gpx1 during 
cell cycle progression. Regardless of similar antioxidant activity, expression patterns of Gpx1 and 
Prx1 are dissimilar because of their different turn-over rates. We observed Gpx1 expression turn-
over occured within 6h whereas Prx1 expression remains stable indicating the shorter turn-over 

rate of Gpx1. This short turn-over rate results the decreased level of Gpx1 expression at mitosis. 

Fractionation experiment showed that this mitotic decrease was only due to the decrease of 
cytosolic Gpx1. The mitochondrial Gpx1 remains unchanged regardless the phases of a cell cycle. 
This observation supports that mitotic decrease is only due to their utilization in scavenging ROS 
mechanism (Ighodaro et al. 2017). The mitochondrial Gpx1 indicated there accumulation and 
active participation in the oxidative stress induced ROS depletion mechanism (Handy et al. 2009). 
Therefore, post-translational uses of the Gpx1 would be the only case for the mitotic decrease. 
Previous study reported that cell employs their natural homeostasis mechanism through 

endogenously expressed catalytic proteins for maintain the adequate ROS level (Ludke et al. 
2017). It is already established that many antioxidant proteins involves with depletion 
endogenously induced ROS for the completion mitotic cell division (Waris et al. 2006; Han et al. 
2018). The decreased level of Gpx1 expressions is a clear indication of their involvement in the 
catalysis of endogenous ROS for maintaining their adequate level for a smooth progression of a 
cell cycle. Thus, Gpx1 involves in the cell division mechanism through the regulation of ROS 
level, which is critical phenomenon for the onset of mitosis phase of a cell division cycle. 

Conclusion 

This research demonstrates the fluctuations of Gpx1 protein during cell division, which is 

critically required for the maintenance of intracellular homeostasis through ROS depletion for the 
cell cycle progression. Gpx1 was remarkably decreased at the G2/M phase compare to G1/S 
phase in synchronized HeLa cell. A time dependent induction of Gpx1 was observed in cells 
released from G2/M phase.  Reduction of Gpx1 exclusively observed only at mitosis phase 
suggesting utilization of Gpx1 at mitosis phase for detoxifying excessive endogenous ROS. In 
addition, fractionation experiment was further confirmed the reduction of Gpx1 in cytosol of cells 
arrested at mitosis phase. The similar level of Gpx1 expression was observed at G1, S, G2, except 

M phase is proving their utilization with the ROS detoxifying mechanism. This observation was 
further supported with highest ROS levels as measured in this work. This research also 
demonstrates that the mitotic decrease of Gpx1 was only at cytosol, while their presence in 
mitochondria indicating their accumulation for antioxidant activity. Translational mechanism 
rather than transcriptional or proteosomal degradation is involve in this decreased expression of 
Gpx1 at mitosis phase. The mitosis phases experiences severe oxidative stress, which induced 



excess endogenous ROS mitochondria in proliferative cells like cancer cell. Therefore, the level 
of Gpx1 is critical for the maintenance of cell cycle for the generation of new cell population 
through the regulation of ROS. Further research could be focused for unveil specific mechanisms 
of Gpx1 dependent ROS regulation for exploring the possibilities of cancer cell regulation.  

Author Contributions 

M.K.A. involved in designing and performing the research work; M.K.A, M.A.K, and R.D. 
involves writing and formatting the manuscript. All the authors reviewed the manuscript. 

Acknowledgements  

This research was funded by International Exchange Fellowship grant, Brain Korea 21 
Fellowship grant and Marie Curie IF Grant.  

Conflicts of interest 

The authors declare no conflict of interest. 

References 
Barrera G (2012) Oxidative Stress and Lipid Peroxidation Products in Cancer Progression and 

Therapy. ISRN Oncology 137289. doi:10.5402/2012/137289. 
Boonstra J, Post JA (2004) Molecular events associated with reactive oxygen species and cell 

cycle progression in mammalian cells. Gene 337: 1-13. 
Borchert A, Wang CC, Ufer C, Schiebel H, Savaskan NE, Kuhn H (2006) The Role of 

Phospholipid Hydroperoxide Glutathione Peroxidase Isoforms in Murine Embryogenesis. J 
Biol Chem 281: 19655-19664. 

Circu ML, Aw TY (2010) Reactive oxygen species, cellular redox systems and apoptosis. Free 
Radic Biol Med 48: 749-762 
de-Haan JB, Cooper ME (2011) Targeted antioxidant therapies in hyperglycemia-mediated 
endothelial dysfunction. Front Biosci 3: 709-729. 

Diamond AM (2015) The Subcellular Location of Selenoproteins and the Impact on Their 
Function. Nutrients 7: 3938-3948.  

Espinosa-Diez C, Miguel V, Mennerich D, Kietzmann T, Sánchez-Pérez P, Cadenas S, Lamas S 

(2015) Antioxidant responses and cellular adjustments to oxidative stress. Redox Biology 
6: 183-197.  

Fang G, Yu H, Kirschner MW (1998) Direct binding of CDC20 protein family members activates 
the anaphase-promoting complex in mitosis and G1. Mol Cell 2: 163-171 

Gavet O, Pines J (2010) Progressive Activation of CyclinB1-Cdk1 Coordinates Entry to Mitosis. 
Dev Cell 18: 533-543.  



Goldson AJ, Fairweather-Tait SJ, Armah CN, Bao Y, Broadley MR, Dainty JR, Furniss C, Hart 
DJ, Teucher B, Hurst R (2011) Effects of Selenium Supplementation on Selenoprotein 
Gene Expression and Response to Influenza Vaccine Challenge: A Randomised Controlled 
Trial. PLoS ONE 6: e14771. doi:10.1371/journal.pone.0014771 

Han Y, Ishibashi S, Iglesias-Gonzalez J, Chen Y, Love NR, Amaya E (2018) Ca2+-Induced 
Mitochondrial ROS Regulate the Early Embryonic Cell Cycle. Cell Rep 22: 218-231. 

Handy DE, Lubos E, Yang Y, Galbraith JD, Kelly N, Zhang Y-Y, Leopold JA, Loscalzo J (2009) 
Glutathione Peroxidase-1 Regulates Mitochondrial Function to Modulate Redox-dependent 
Cellular Responses. J Biol Chem 284: 11913-11921. 
http://doi.org/10.1074/jbc.M900392200 

Havens CG, Ho A, Yoshioka N, Dowdy SF (2006) Regulation of Late G1/S Phase Transition and 
APCCdh1 by Reactive Oxygen Species. Mol Cell Biol 26: 4701-4711. 

Herbette S, Roeckel-Drevet P, Drevet JR (2007)  Seleno-independent glutathione peroxidases 
More than simple antioxidant scavengers. FEBS J 274: 2163-2180. 

Hugo M, Korovila I, Köhlera M, García-García C, Cabrera-García JD, Marina A, Martínez-Ruiz 
A, Grune T (2018) Early cysteine-dependent inactivation of 26S proteasomes does not 
involve particle disassembly. Redox Biol 16: 123-128. 

Ibañez IL, Policastro LL, Tropper I, Bracalente C,,Almieri MA, Rojas PA, Molinari BL, Durán H 
(2011) H2O2 scavenging inhibits G1/S transition by increasing nuclear levels of p27KIP1. 

Cancer Lett 305: 58-68. 
Idelchik MPS, Begley U, Begley TJ, Melendez JA (2017) Mitochondrial ROS control of cancer. 

Seminars in Cancer Biology 47: 57-66.  
Ighodaro OM, Akinloye OA (2017) First line defence antioxidants-superoxide dismutase (SOD), 

catalase (CAT) and glutathione peroxidase (GPX): Their fundamental role in the entire 
antioxidant defence grid. J Med  https://doi.org/10.1016/j.ajme.2017.09.001 

Kafi MA, Cho HY, Choi JW (2016) Engineered peptide-based nanobiomaterials for 

electrochemical cell chip.  Nano convergence 3: 17. https://doi.org/10.1186/s40580-016-
0077-7 

Kafi MA, El-Said WA, Kim TH, Choi JW (2012) Cell adhesion, spreading, and proliferation on 
surface functionalized with RGD nanopillar arrays. Biomaterials 33: 731-739. 

Kafi MA, Kim TH, An JH, Choi JW (2011) Fabrication of cell chip for detection of cell cycle 
progression based on electrochemical method. Anal Chem 83: 2104–2111. 

Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigo R, Gladyshev VN 
(2003) Characterization of mammalian selenoproteomes. Science 300: 1439-1443. 



Li H, Horke S, Förstermann U (2013) Oxidative stress in vascular disease and its 
pharmacological prevention. Trends Pharmacol Sci 34: 313319. 

Li R, Jen N, Yu F, Hsiai TK (2011) Assessing Mitochondrial Redox Status by Flow Cytometric 
Methods: Vascular Response to Fluid Shear Stress. Curr Protoc Cytom Chapter 9, 

http://doi.org/10.1002/0471142956.cy0937s58 
Li X., Fang P, Mai J, Choi ET, Wang H, Yang XF (2013) Targeting mitochondrial reactive 

oxygen species as novel therapy for inflammatory diseases and cancers. J Hematol Oncol  
6: 19. 

Lu J, Holmgren A (2009) Selenoproteins J Biol Chem 284: 723-727. 
Lubos E, Loscalzo J, Handy DE (2011) Glutathione Peroxidase-1 in Health and Disease: From 

Molecular Mechanisms to Therapeutic Opportunities. Antioxid. Redox Signal 15: 1957-
1997. 

Ludke A, Akolkar G, Ayyappan P, Sharma AK, Singal PK (2017) Time course of changes in 
oxidative stress and stress-induced proteins in cardiomyocytes exposed to doxorubicin and 
prevention by vitamin C. PLoS ONE 12: e0179452. https://doi.org/10.1371/journal. 
pone.0179452 

Mehdi Y, Dufrasne I (2016) Selenium in Cattle: A Review. Molecules 21: 545. 
doi:10.3390/molecules21040545 

Neve J (1995) Human selenium supplementation as assessed by changes in blood selenium 

concentration and glutathione peroxidase activity. J Trace Elem Med Biol 9: 65-73. 
Nielsen PS, Riber-Hansen R, Jensen TO, Schmidt H, Steiniche T (2013) Proliferation indices of 

phosphohistone H3 and Ki67: strong prognostic markers in a consecutive cohort with stage 
I/II melanoma. Mod Pathol 26: 404-413  

Onumah OE, Jules GE, Zhao Y, Zhou L, Yang H, Guo Z (2009) Overexpression of Catalase 
Delays G0/G1 to S Phase Transition during Cell Cycle Progression in Mouse Aortic 
Endothelial Cell. Free Radic Biol Med 46: 1658-1667. 

Power SK, Jackson MJ (2008) Exercise-Induced Oxidative Stress: Cellular Mechanisms and 
Impact on Muscle Force Production. Physiol Rev 88: 1243-1276.  

Raha S, McEachern GE, Myint AT, Robinson BH (2000) Superoxides from mitochondrial 
complex III: The ole of manganese superoxide dismutase. Free Radic Biol Med 29: 170-
180. 

Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) homeostasis and redox 
regulation in cellular signalling. Cell Signal 24: 981-990. 
doi:10.1016/j.cellsig.2012.01.008. 



Redza-Dutordoir M, Averill-Bates DA (2016) Activation of apoptosis signalling pathways by 
reactive oxygen species. Biochim Biophys Acta 1863: 2977-2992. 

Schorl C, Sedivy JM (2007) Analysis of Cell Cycle Phases and Progression in Cultured 
Mammalian Cells. Methods. Methods 41: 143-150.  

Speckmann B, Bidmon HJ, Pinto A, Anlauf M, Sies H Steinbrenner H (2011) Induction of 
Glutathione Peroxidase 4 Expression during Enterocytic Cell Differentiation. J Biol Chem 
286: 10764-10772 

Wang K, Zhang T, Dong Q, Nice EC, Huang C, Wei Y (2013) Redox homeostasis: the linchpin 
in stem cell self-renewal and differentiation. Cell Death Differ 537: 
doi:10.1038/cddis.2013.50 

Waris G, Ahsan H (2006) Reactive oxygen species: role in the development of cancer and various 
chronic conditions. J Carcinog  5: 14. http://doi.org/10.1186/1477-3163-5-14 

Wellen KE, Thompson CB (2010) Cellular metabolic stress: Considering how cells respond to 
nutrient excess. Mol Cell 40: 323-332.  

You J, Chan Z, (2015) ROS Regulation During Abiotic Stress Responses in Crop Plants. Front    

Plant Sci 6: 1092. 



Figure legend 

Figure 1. Expression pattern of antioxidant protein throughout cell cycle 

progression (a) FACS analysis of synchronized HeLa cells. (b) Western blot analysis of 

whole cell lysates of synchronized HeLa cells. G1/S arrested HeLa cells were collected 

by double thymidine treatment (T/T), mitosis by thymidine followed by nocodazole (T/N) 

treatment and G0 phase cells were collected by serum starvation for 24 h. 

Figure 2. Glutathione peroxidase protein levels decreases at mitosis phase in Hela cells 

(a)FACS analysis of synchonized HeLa cells. (b) Western blot analysis of whole cell lysates of 
synchronized HeLa cells. Cells were synchronized at G1/S phase by double thymidine block 
(T/T), mitosis phase by thymidine followed by nocodazole block (T/N) and then cells were grown 
in fresh media for 2, 5,and 10 hour after nocodazole block (c) Densitometric analysis of Gpx1 
protein expression.  

Figure 3. Intracellular H2O2 increased at mitosis phase (a) HeLa cells expressing 

hyper-mito were arrested at mitosis by thymididne/nocodazole block and release to G1 

and G1/S phase by shaking off with fresh media for indicated time.  The levels of H2O2 

were measured by flow cytometry. The H2O2 levels were measured by quantifications of 

relative DCF intensity.  (b) Relative intensity was converted to graph. Bar indicated the 

standard error. (c)  Western blotting analysis of synchronized HeLa cells. 

Figure 4. Fluctuations of Glutathione peroxidase throughout the cell cycle progression (a) 
FACS analysis of synchronized HeLa cells (b) Immunoblot analysis of whole cell lysates of all 
G1/S, S, G2, M and G1 phase arrested HeLa cells by double thymidine block (T/T). Cells were 
grown in fresh media for 3, 6, 9, 10 and 12 hour after double thymidine treatment (c) 
Densitometric analysis of Gpx1 band intensity. **p ≤0.01% and ٭ p≤≤ 0.05%. Data represents 
means +SD of three independent experiments. 

Figure 5. Cytoplasmic Gpx1 decrease at mitosis phase. (a) Immunoblot analysis of total 

lysates, cytoplasmic and mitochondrial fractions of G1/S and mitosis arrested HeLa cells. 
Phospho histone and Cyclin E1 were detected using total lysates. (b) Densitometric analysis of 
Gpx1. Immunoblot analysis of total lysates, cytoplasmic and mitochondrial fractions collected 
from 3 days cultured HeLa cells in the presence of selenium. Densitometric analysis of Gpx1. ٭ 
p≤ 0.05% ٭٭  p≤ 0.01%. Data represents means +SD of three independent experiments. 

Figure 6. Molecular mechanisms of Gpx1 fluctuations during cell cycle progression. (a). 
mRNA level of Gpx1 was quantified by RT-PCR analysis. Total RNAs were extracted from 



double thymidine (G1/S phase) and thymidine nocodazole arrested (mitosis phase) HeLa cells. 
Total RNAs were analyzed by Q-RT-PCR analysis with normalization against 36B4 (b) HeLa 
cells were synchronized at G1/S phase by double thymidine block, Mitosis by thymidine followed 
by nocodazole block with or without MG132. Protein levels were analyzed by western blot 

analysis. Densitometric analysis of Gpx1 protein band intensity (c). (d) HeLa cells were 
synchronized in G1/S phase by double thymidine (T/T) block and mitosis phase by thymidine 
nocodazole (T/N) block and after nocodazole treatment cells were grown in fresh media for 10 hr 
with or without cycloheximide and subjected to immunoblot analysis.(e) Densitometric analysis 
of Gpx1 protein band intensity. ٭ p≤ 0.05%. Data represents means +SD of three independent 
experiments. (f)  HeLa cells were exposed to cycloheximide for 0, 2, 4, 6 hours. Western blot 
analysis of whole cell lysates of cycloheximide treated HeLa cells. (g) Cyclin A, Gpx1, and Prx1 
intensity were quantified by densitometric analysis. ٭ p≤ 0.05% level of significance showed 

between 0 and 6h CHX exposure . Data represents means +SD of three independent experiments. 
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