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ABSTRACT: A key challenge in cancer treatment is the wide range of cancer cells” behavior towards chemotherapy
and treatment procedures, which makes the outcomes of treatment often unpredictable, accompanied by cancer
resistance and recurrence. One underlying reason is that tumor is a heterogeneous tissue. The cells within a tumor are
at different metabolic states and hence behave differently from another and towards the chemotherapeutics. Many of
the cells in the inner layers of a tumor lack an appropriate growth condition. However, upon tumor shrinkage, they can
regrow and finally cause tumor resistance or recurrence. In the current study, for the first time, long term effects of
different levels of metabolic stress on human ovary cancer cell line, A2780, is reported. In this in vitro model, the cells
exposed to 10% serum were considered as control and metabolic stress was induced at 0.5, 0.25 and 0% serum for 1-6
days. In this 6-day period, cells’ morphology changes, size, cell cycle, mitochondrial function and protein content was
measured at 24-hour intervals. Also, cells ability to recur was assessed with the above tests in a 24-hour release in 10%
serum. The results of this study showed that A2780 cells show resistant features against metabolic stress and this long-
term stress does not stop cells recurrence. These results indicate that in order to have a successful tumor treatment, a
modified chemotherapy procedures against different types of cells laying within one tumor is required.
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1. INTRODUCTION

A key challenge in cancer treatment is cancer resistance against chemotherapeutics and cancer
recurrence, which is usually harder to treat. Many researchers around the world are focusing on finding new
treatments to this disease [1-3]. The medicinal chemists synthesize novel structures, pharmacognosists look
for new effective herbal extracts, nano-technologists apply nano science into pharmaceuticals and oncologists
[4-10] and clinical researchers try newer chemotherapy regimen [1-3, 11-13]. However, a successful cancer
treatment is still a summit to achieve. The reason behind a tumor not responding as efficient as the clinicians
expect is laid within the tumor itself.

Nowadays, the heterogeneity of a tumor has gained more attention [14-17]. Cells living on the outer
layers of a tumor have a better chance for proliferation and growth, as they have easier access to oxygen and
nutrition, bear less physical stress and discard metabolic waste more easily. The deeper the cells are located
within a tumor, the more their metabolic state is stressed and changed. This stress does not always kill the
cells. In fact, this could be an underlying reason why the tumor does not respond to chemotherapy uniformly
and why it recurs with a more resistant characteristic.

Ovarian cancer is the fifth cause of cancer death in women [18]. Unfortunately, similar to many other
tumors, the survival rate in this disease decreases as the tumor stage increases [19, 20]. In the current study, as
a follow-up to our previous studies [21, 22], we have focused on this cancer and have focused on an in vitro
model of human ovary carcinoma, bearing different levels of metabolic stress.
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2. RESULTS

As mentioned earlier in the methods section, A2780 cells underwent metabolic stress in low serum
concentrations, while control cells were exposed to media containing 10% FBS. At the early plateau phase, the
supernatant media of the cells was replaced with media containing 10% FBS. Starved cells also accumulated
in G1 phase of the cell cycle (Table 1 and Figure 1). Maximum G; accumulation (about 72%) happened in cells
starved at 0.5% FBS and in a 3, 4, 5 and 6-day starvation. It took a longer period of time for the cells starved at
0.25% FBS to reach the maximum G; accumulation (65.25£1.06). For both cases, within this period of time,
percent of cells in S phase decreased gradually (Table 1) and the mean cell size also decreased substantially,
though not significantly (Table 2).

As Table 1 shows, A2780 cells” accumulation in G1 phase increased gradually for the first 5 days of the
study, reaching to 67.75+0.30 and on the last day of the study a dramatic increase in sub-G; population
(27.89+0.04) was observed along with decrease in G; population (48.01£7.58). This is while the count of live
cells (Figures 2 and 3), mitochondrial function (Figure 4) and cells’ protein content (Figure 5), together with
cells” mean size (Table 2) were decreasing.

Table 1. A2780 cell distribution in different phases of the cell cycle following exposure to 10, 0.5, 0.25 and
0% serum for 1 to 6 days.

FBSY% Time after Cell% in cell cycle phases
starvation (day) Sub-G4 Gi S GM

1 4.67+0.02 42.39+0.91 42.45+5.77 8.11+7.09

2 11.77+1.44 45.43+0.72 31.99+3.21 9.37£1.34

10 3 6.65+0.33 55.90+2.47 25.71+1.23 9.95+3.20
4 7.65+£0.36 63.08+4.24 19.45+0.01 8.23+4.08

5 10.14+0.51 67.75+0.30 14.79+1.64 6.47+1.92

6 27.89+0.04 48.01+7.58 20.02+5.25 2.82+1.40

1 4.19+£1.93 41.76£3.61 47.65+0.83 4.75£2.25

2 5.59+0.70 57.71+2.65 27.38+1.23 7.81+3.92

05 3 6.44+0.13 70.24+0.14 14.17+1.98 8.58+1.64
4 6.74+0.74 71.80+1.49 12.75+0.97 7.71£1.59

5 7.79£0.02 72.5612.14 10.67+2.22 8.47+0.77

6 8.28+0.81 72.65+0.40 13.95+0.21 4.25+1.25

1 4.44+0.11 49.96+0.54 42.91+1.68 2.19+2.06

2 5.36+0.94 54.18+0.38 31.92+0.82 7.18+2.02

0.95 3 5.31£0.12 58.13+2.31 25.09+2.70 9.45+0.06
4 7.64£3.76 61.11+3.34 21.77+3.04 8.20+3.06

5 10.27+1.66 65.25+1.06 13.17+2.07 10.63+1.54

6 11.81+1.05 59.06+4.69 21.39+3.03 6.37+2.41

1 3.94+0.48 50.25+0.95 38.38+0.15 5.95+1.49

2 7.77+0.92 48.17+1.59 35.74+1.11 7.27£3.52

3 5.42+1.98 50.91+1.52 28.39+2.19 13.82+2.80

0 4 11.360.01 48.95+2.26 28.34+0.20 9.52+2.02
5 12.06+1.95 50.98+3.93 26.31+0.53 9.35+4.94

6 13.460.12 50.93+1.93 26.15+3.37 7.42+2.00

Cells starved at a serum free media showed a different pattern. The cells had a maximum of about 50%
G accumulation the whole starvation period (Table 1). Within these days, percent of cells in S phase decreased
and likewise mean cell size also showed a decreasing pattern (Table 2). Although this decrease was not
statistically significant. Figure 2 shows that cell count had a decreasing pattern in all starved cells. This is also
obvious in microscopic images of the cells (Figure 3). As the figures 4 and 5 show, mitochondrial function and
protein content of the cells also had a decreasing pattern in all starved cells. Levels of mitochondrial function
and protein content of the cells all had a FBS%-dependent pattern; the higher the FBS%, the higher the level of
mitochondrial function and protein content.
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Figure 1. Histograms of A2780 cell distribution in the cell cycle phases. The cells were kept at 10, 0.5, 0.25
and 0% serum for 1 to 6 days. S and R represent starvation and release status, respectively. Selected
histograms on days 1, 3 and 6 of the study are presented here. S stands for starvations and R stands for
release status.

Releasing the cells, on the other hand, caused significant increase in mitochondrial function of the cells.
Cells protein content also increased but to a less degree. That could be correlated with the decreased cell count
of A2780 following release (Figure 2)

Cells starved at a serum free media showed a different pattern. The cells had a maximum of about 50%
G1 accumulation the whole starvation period (Table 1). Within these days, percent of cells in S phase decreased
and likewise mean cell size also showed a decreasing pattern (Table 2), although this decrease was not
statistically significant.

Figure 2 shows that cell count had a decreasing pattern in all starved cells. This is also obvious in
microscopic images of the cells (Figure 3). As the figures 4 and 5 show, mitochondrial function and protein
content of the cells also had a decreasing pattern in all starved cells.
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Levels of mitochondrial function and protein content of the cells all had a FBS%-dependent pattern; the

higher the FBS%, the higher the level of mitochondrial function and protein content. Releasing the cells, on the
other hand, caused significant increase in mitochondrial function of the cells. Cells protein content also
increased but to a less degree. That could be correlated with the decreased cell count of A2780 following release
(Figure 2).

Table 2. Size distribution of A2780 cell line following 1 to 6 days of starvation in media containing 0.5%,
0.25% and 0% serum, compared to control cells exposed to 10% serum. The table shows the mean cell size
distribution of released cells for 24hours following the determined starvation period. The test was
performed in triplicate and data are presented as mean * SD.

Time after starvation (day)

Status Serum (%)
1 2 3 4 5 6
10 3855421 37414  3615+2.1 382485  329.5+0.7 273.5:0.7
05 4055421 4024168 3515207 383+42  368.5:0.7 325:2.8
Starvation
0.25 412428  393+14 355507 37354389 368+19.8 342428
0 40600  402.515.6 3605207 330+9.8  336.5:2.1 334428
10 409+19.8 413+14 3705892  417.5+07 381428  322.517.8
. 05 401400 420564 367.5+134 410456 4245307 406.5:3.5
Release in
10% FBS 0.25 392414 41414 3115221 3995163 420414 4285221
0 430£9.9  407.5+2.1 346228  3115+644 376.5+0.7 370.5:0.7

As stated before at the methods section, all cells were released in media containing 10% FBS following
24, 48, 72, 96, 120 and 144 hours of starvation. The idea was to check if the cells are able to regenerate their
strength after long-term metabolic stress. This boosted up cell proliferation in control cells (Figure 2) and their
protein content (Figure 5) and mitochondrial function also increased (Figure 4). However, large number of
cells produced too much metabolic waste and the media around the cells became yellowish, as an indicator of
acidic environment. Then the percent of cells entering apoptotic phase increased, as evidenced by
morphological studies (Figure 3) and flow cytometry data (Table 1). In other words, the results show that in
control cells, media exchange can decrease the amount of cell accumulation in G; phase and increase the
percent of cells in S phase. For example, on day 5 of the study, G1% was 67.75+0.3 and it reached to 51.65+0.66
after a 24-hour release. Meanwhile, cell% in S phase reach to 22.5+0.26, while it was 14.79£1.65 before the
release. At 0.5% starvation, also the same pattern was observed. Likewise, on day 5 of the study, G1% was
72.56x2.15 and following release it reached to 55.06£5.29. At the same time, cell% in S phase was 10.67+2.23
and after release it reached to 30.44+5.21. The same pattern applies to the cells starved at 0.25% and 0% FBS.

Releasing the cells in optimum media also caused a slight, but not significant increase in cell size (Table
2) which can be explained by the increase in the percent of cells in S phase. As observed in the microscopic
images of Figure 3 and the cell count per cm? in Figure 2 releasing the cells caused a significant decrease in cell
count. Figures 4 and 5 show that mitochondrial function was significantly increased following releasing the
cells in media containing 10% FBS however, cells” protein content was not changed in control cells following
a release, while in starved cells, protein content also increased, especially in the first days of the study.
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Figure 2. A2780 cell counts per cm? in a 6-day study, following exposure to 10%, 0.5%, 0.25% and 0% serum
concentration, or release for 24 hours in a media containing 10% serum. The test was performed in triplicate
and data are presented as mean + SD.
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Figure 3. Morphology of A2780 cell line following exposure to 10%, 0.5%, 0.25% and 0% serum for 1 to 6
days (4X objective). D, S and R are abbreviations for day, serum and release, respectively.
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3. DISCUSSION

Tumour cells across a tumour are not metabolically at the same level. Cells on the outer layer of a
tumour have sufficient access to vessels and hence sufficient oxygen exchange and waste removal happens
and enough nutrition is provided for the cells. However, the cells in the deeper layers lack such conditions
and moreover bear more physical stress. This is one of the reasons why the tumour cells do not respond evenly
to the cytotoxic agents. In the current research, we have presented ovary cancer cells reaction towards different
levels of metabolic stress. We considered 4 levels of FBS concentration; 10% as the control and 0.5, 0.25% and
0% FBS as test groups. In order to mimic the physical stress, the cells reached the plateau phase, and then the
experiment started. Furthermore, in order to study the cells’ resistance capability against stress the cells were
released in media containing 10% FBS. All the experiments were studied for 6 days and evaluations were
performed based on daily measurements.
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Figure 4. Mitochondrial function (absorption) in A2780 cell line based on MTT assay in a 6-day study,
following exposure to 10%, 0.5%, 0.25% and 0% serum concentration, and a 24-hour release in a media
containing 10% serum. The test was performed in triplicate and data are presented as mean + SD.

The importance of this study was to evaluate ovary cancer cells reaction towards serum starvation.
Normally, cells should have a natural flow through different phases of their life cycle including G1, S, Gz and
M phase, when they finally divide and make 2 new cells. Various checkpoints control cells passing through
these phases. One of the important checkpoints is believed to be in G1 phase, known as restriction point. This
idea is first described by Arthur B. Pardee [23]. He explained that cells, when facing a serum restriction
situation, will be accumulated in G; phase until the environmental conditions are favourable enough for them
to proceed. We have found similar responses in cancer cells, including A2780 ovary cancer cell line. Our results
showed that the percent of cell accumulation in G; phase is a factor of FBS concentration in the media. We
noticed that at low FBS concentrations, cells tend to accumulate more in G1 phase in higher limits rather than
lower limits. In other words, percent of cells accumulated in G; was higher in the 0.5% FBS group, compared
to the no-FBS group. However, our observation showed that at lower FBS concentration, the percent of cells
accumulated in G; was more stable and time-independent. For example, at a no-FBS concentration, the percent
of cells accumulated in G; phase did not change within the 6-day period of the study. Minute increase in FBS
concentration resulted in an increasing pattern in the percent of cells accumulated in Gi phase. However, these
explanations do not mean that these cells resist against dying. On contrary and as the results of cell count and
microscopy show, metabolic stress causes less viable cell count during the 6 days of the study. This is also
confirmed with the increased percent of sub-G; (apoptotic population) cells. This observation shows that these
cells, at the lowest FBS access, somehow stop at G1 and some percent of S phase cells enter either G2/ M or sub-
G1 phase leading to death. When little amounts of FBS is accessible, the percent of cells in G; substantially
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increases. On the other hand, providing the cells with 10% FBS for 24 hours, could release the cells from G
phase. This 24 hours let the cells slowly enter S phase, a time length which was not long enough for these cells
to proliferate and increase the cell count, as confirmed by microscopic images and trypan blue assay results.
It can be concluded that in stress situations, cancer cells try their best to resist against death. This was also
shown for melanoma and lung cancer. A2780 seems to be weaker in resisting against death compared to those
two cancers. Some evidences claim that cancer cells with defects in the apoptosis pathways, use the other
catabolic pathway of autophagy to substitute energy resources and provide energy for cells’ metabolism [24,
25].

The other discussion on the observations in the current study could be based on the “Warburg Effect”.
In normal cells, the available nutrients around the cells would be taken up unless some growth factors
stimulate the cells to do so. Cancer cells, due to some mutations, are able to uptake any nutrients
independently from growth factors [12, 26], and this is what Otto Warburg showed for glucose consumption
in cancer cells [27, 28]. Also, it is now known that in cultured cells, glutamine is also the other micro-nutrient
which is highly used in cancer cells. Glucose and glutamine were both accessible to our cultured cells in our
study. These two micronutrients provide sufficient carbon, nitrogen and energy for the cells. Some portions
of glucose are consumed in mitochondria to provide ATP through oxidative phosphorylation and some
portions of glucose are used to provide substrates for Acetyl-CoA production. Acetyl-CoA will later be used
to produce fatty acids, glycolysis intermediates for unnecessary amino acids and ribose for nucleotide
production [12]. Glutamine, further to providing nitrogen for the production of unnecessary amino acids, can
also produce NADPH through glutaminolysis. Hence the terminology of glutamine addiction has arisen [29,
30]. Similarly, glutamine can provide nucleotides for DNA production and is also connected to the mTOR
pathway to control the cell cycle, growth and nutrition state of the cells [29, 31, 32]. As it is already known,
mTOR pathway has gained a lot of attention in cancer. It is because this pathway is involved in controlling
processes that require or make huge amounts of nutrients and energy and hence this pathway is involved in
cell proliferation and cell growth [42].

These mechanisms, however, cannot explain the descending trend of cell count, protein content and
mitochondrial function within the last days of the study. In general, the cells were so weak that control cells
or the test cells’ count did not differ significantly. Metabolic stress caused a significantly lower mitochondrial
function in test cells compared to control cells, yet a FBS concentration-dependent manner was observed. Cells’
protein content also showed a FBS concentration-dependent manner. So, generally it could be concluded that
metabolic stress caused a significant derive for A2780 cells to die, while still some degrees of resistance was
observable. The clue for cell resistance was the percent of remaining live cells accumulated in G; phase and
how they released from G; phase when exposed to 10% FBS. Following releasing the cells, both the
mitochondrial function and the protein content of the cells increased, though cell count did not increase. This
shows that these cells, though less resistant against harsh conditions compared to skin and lung cancer cells,
still resist dying to some degrees.

Though it is believed that autophagy can provide suitable conditions for cancer cells to live longer, and
play roles in cancer resistance [11, 28, 33-35], it is shown that in cisplatin-resistant A2780 cell line, autophagy
has a protective role against cell death and blocking autophagy can make the cells more susceptible to death
[36]. Based on the current observations and results in this study, it is possible that autophagy pathway has
some defects in this cell line, though this needs further tests to be proved.

4. CONCLUSION

Cancer cells have different behaviors from normal cells. They can adopt to the conditions around them,
resist against death and apoptotic pathways. Each cancer cell has an exclusive threshold against harsh
conditions. The significance of this study was to monitor A2780 cells reaction to different levels of metabolic
stress in a long-term period of time. We concluded that this cell lines have less resistance against metabolic
stress, compared to skin and lung cancer cells. This lower level of resistance does not necessarily mean that
the cells completely gave up to metabolic stress. In fact, the remaining live cells were highly accumulated in
G: phase and upon re-exposure to favorable conditions, where 10% FBS is provided and all the waste is
discarded, the cells released from G and started reconstructing inner engines, as evidenced by mitochondrial
function and protein content.
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5. MATERIALS AND METHODS
5.1. Materials

Human ovary carcinoma A2780 (C461) cell line was purchased from National Cell Bank of Iran. Fetal
bovine serum (FBS), DMEM media, penicillin/streptomycin and trypsin were purchased from GIBCO®. All
other used materials were from SIGMA®.
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Figure 5. Protein content (absorption) in A2780 cell line based on SRB assay in a 6-day study, following
exposure to 10%, 0.5%, 0.25% and 0% serum concentration, and a 24-hour release in a media containing 10%
serum. The test was performed in triplicate and data are presented as mean + SD.

5.2. Cell culture methods

A2780 cells were thawed and passaged three times before the experiment. Seeding density of 4000
cells/cm? was chosen and when the cells reached the plateau phase, the experiment started [21, 37]. To have
an in vitro model of A2780 cells to mimic different levels of metabolic activity of cells in a tumor, low FBS
concentrations were considered. Figure 6 depicts the schematic flow chart of the study design. Briefly, media
supplemented with 10% FBS was considered as control and test groups were exposed to media containing 0.5,
0.25 and 0% FBS. The cells bore metabolic stress for 24, 48, 72, 96, 120 and 144 hours. At 24 hour intervals, the
cells were tested for cell cycle, size, morphology, proliferation, mitochondrial function and protein content, as
described below. Furthermore, to test the ability of the cells to regain strength and get back to higher levels of
metabolic activity, the cells were released in media containing 10% FBS. The release time took place after 24,
48, 72, 96, 120 and 144 hours of starvation and lasted for 24 hours. Then the cells were tested as described
below.

5.3. Flow cytometry, cell cycle and size measurement

Cells” cycle and size was studied using a flow cytometer (BD FACSCalibur™). 1x106 cells were
trypsinized, washed using ice-cold phosphate buffer saline and stained with a propidium iodide solution
containing RNase and triton X-100 [21]. Cells distribution in the cycle was analyzed using Flow]o® software,
version 7.6.1. This software was also used to analyze changes in mean cell size, based on the method described
by Rathmell et al. to use geometrical mean of forward scattering laser of distribution of cells [38].
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5.4. Cell proliferation assay

Trypan blue assay was used to study cells” proliferation. At defined times, the cells were trypsinized
and mixed with equal volume of trypan blue dye. Live cells were counted on a hemocytometer under an
inverted light microscope [39].

5.5. Morphological studies

Morphological changes of the cells were studied using an inverted light microscope and Moticam Pro
(CCD) camera [40].
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5.6. Mitochondrial function of the cells

MTT assay was used to study the mitochondrial function of the cells, based on the method previously
described [41]. Briefly, the cells were seeded in 96-well plates and at the time of the experiment, they were
exposed to MTT solution (10% v/v) for 4 hours. Then the supernatant was replaced with DMSO and the
absorption was recorded at 570 nm.

5.7. Protein content of the cells

SRB assay was used to study the protein content of the cells, as previously described [1]. At the time of
the experiment, cells in 96-well plates were fixed using ice-cold tricholoroacetic acid. The cells were washed
and Sulforhodamine B dye (0.4% v/w) was added to wells for 30 minutes. Finally, the wells were washed and
tris buffer was added to wells and the absorption was read at 540 nm.

5.8. Statistical analysis

Statistical analysis was done using GraphPad PRISM® version 5. All comparisons were done with two-
way analysis of variance with p value of 0.05. All tests were done in triplicate and mean + standard deviation
is used to present the results were applicable.
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