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Introduction

Prostate cancer is  the most commonly diagnosed 
malignancy and the second-leading cause of cancer-related 
deaths in the United States (1). In addition, recent data 
have shown that the standardized incidence and mortality 
rates of prostate cancer are increasing rapidly in China (2). 

Most prostate cancers are androgen-dependent at the time 
of diagnosis, and treatment for prostate cancer may involve 
surgery, radiation, and drugs. However, prostate cancer 
cells become resistance to anti-androgen therapy when 
they acquire an androgen-independent growth capacity (3),  
resulting in a poor prognosis of such patients. Thus, it 
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is necessary to explore novel curative strategies, such 
as cancer-targeting identification for drug discovery, to 
improve the survival rate of patients. In this process, animal 
models are pivotal to bridge the translational gap from the 
bench to the clinic (4). 

LNCaP xenograft models can closely mimic the disease 
progression of prostate cancer in an androgen-dependent 
state (5). LNCaP subcutaneous implantation is convenient 
yet poorly tumorigenic (6). Although the take rate increases 
with the addition of Matrigel to the inoculated cells, a 
modest 50% success rate is far from satisfactory (7). Some 
factors affecting successful subcutaneous tumor engraftment 
include the inoculated cell density, mouse age, and mouse 
strain, which are under investigation (8). Recently, the 
subcutaneous microenvironment at the implantation site of 
nude mice has been identified as an underlying factor (9).  
The subcutaneous implantation along the back of male 
mice reflects a poor blood supply, an acute hypoxic 
microenvironment, and inferior cell survival (10). LNCaP 
cells have a higher rate of oxygen consumption compared 
with DU145 and PC3 cells (11). Thus, it is conceivable that 
acute hypoxia at the ischemic subcutaneous site may be a 
vital factor for a decreased LNCaP engraftment rate.

Hypoxia differentially influences the cell apoptosis of 
different cancer cell lines (12). In a variety of cell types, 
hypoxia may render certain types of tumor cells resistant to 
hypoxia-induced apoptosis though metabolic inhibition (13)  
or directly induce cellular apoptosis in other types of 
tumor cells (14). The molecular mechanisms underlying 
the selection of cells that become apoptotic or survive by 
adapting to hypoxia remain unknown. We thus designed 
serum-deprived, acute hypoxic conditions to explore the 
tumorigenic properties of LNCaP cells. The results will 
help us to better understand the role of acute hypoxia 
on the apoptotic properties of serum-deprived LNCaP 
cells, which may provide some helpful information in the 
improvement of LNCaP engraftment procedure in future 
experiments in vivo.

Methods

Cell culture and acute hypoxia treatment

LNCaP cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM)/F-12 Ham (Gibco/BRL, NY, USA) 
supplemented with 10% fetal bovine serum (Gibco, 
Australia) in a HERACELL 150i CO2 incubator (Thermo 
Scientific, USA) at normoxic conditions (21.0% O2, 5.0% 

CO2, N2 balance). When cells approached nearly 80% 
confluence, the cells were washed twice with phosphate-
buffered saline (PBS), and the medium was replaced 
by serum-deprived DMEM/F12. Then, the cells were 
maintained at normoxic or exposed to hypoxic conditions. 
Hypoxic conditions were established by culturing LNCaP 
cells in a hypoxic chamber (HERACELL 150i CO2 
Incubator, Thermo Scientific, USA) filled with 1.0% 
O2, 5.0% CO2, and N2 balance. Following treatment, all 
experiments were performed in triplicate at the time points 
of 12, 24, and 48 hours.

Morphological analysis and Hoechst 33258 staining

Cell morphology were observed by light microscopy 
using a Leica EC3 microscope (Wetzlar, Germany) at the 
indicated times. Morphological changes in nuclei were 
evaluated by fluorescence microscopy with the chromatin 
dye Hoechst 33258 (Beyotime, China). In brief, cells in a 
6-well microtiter plate (Costar, Corning, NY, USA) were 
fixed in cold 4% paraformaldehyde for 10 min at room 
temperature. Then, the cells were washed twice with cold 
PBS and incubated with Hoechst 33258 for 5 min in the 
dark. Nuclear chromatin morphology was assessed using a 
Leica EC3 fluorescence microscope (Wetzlar, Germany) at 
200× magnification.

Cell viability assay

LNCaP cells were seeded in 96-well plates (Costar, USA) 
at a density of 50,000 cells per well. After treatment, cells 
were washed twice with PBS and 100 μL of fresh culture 
medium containing 10 μL of CCK-8 (Beyotime, China) 
was added to each well for additional 2 hours incubation. 
Cell viability at 12, 24, and 48 hours was determined by 
reading the absorbance at 450 nm using a BioTek μQuant 
Microplate Reader (Biotek Instruments Inc., Winooski, VT, 
USA). The inhibition rate of cell growth was calculated by 
the following formula: inhibition rate (%) = (1− average 
absorbance of treated cells at the indicated time/average 
absorbance of the cells at 0 hour) ×100%.

Wound healing assay

The wound healing assay was performed to assess tumor 
cell migration, as described previously (15). Gap closure 
at the indicated time was monitored by light microscopy 
at a magnification of 40×. The area of wound closure was 
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analyzed by Image-Pro Plus software (Media Cybernetics, 
Silver Spring, MD, USA). Wound healing was quantified as 
the percentage of area reduction compared with the initial 
scratch area.

Measurement of reactive oxygen species (ROS) generation

Intracellular accumulation of ROS was measured by a 
2',7'-dichlorofluorescein diacetate (DCFH-DA, Beyotime, 
China) fluorescent probe assay. After treatment, the 
medium in black 96-well assay plates was replaced with 
serum-deprived culture medium containing DCFH-DA  
(10 μM) at 37 ℃ for 20 min in the dark. The cells were 
washed with serum-free medium to remove the residual 
probes. The cellular mean fluorescence intensity (MFI) was 
read by a Synergy™ H4 Hybrid Microplate Reader (BioTek 
Instruments Inc., USA), with an excitation wavelength 
of 485 nm and an emission wavelength of 528 nm. Gen5 
software (BioTek Instruments Inc., USA) was used to 
measure the fluorescence data.

Dichlorofluorescein (DCF)-induced cytosolic fluorescence 
intensity analysis

Fluorescence images  of  ce l l s  were  observed and 
photographed using the Leica EC3 inverted fluorescence 
microscope (Wetzlar, Germany). DCF-induced integrated 
mean fluorescence intensity (iMFI) within individual cells 
was measured using Image J software version 1.42q (NIH, 
Bethesda, MD, USA). The iMFI values were calculated 
following delineation of each cell and correction for the 
background.

Detection of apoptosis

The early apoptosis or late apoptosis/death of cells was 
evaluated by staining with an Apoptosis Detection Kit 
(Beyotime, China) following the manufacturer’s instructions. 
Approximately 10,000 cells were analyzed in each sample. 
The floating and adherent cells were pooled together using 
trypsin (0.25%) ethylenediaminetetraacetate (EDTA) 
solution (Gibco, USA). After washing twice with cold PBS, 
the harvested cells were resuspended gently in 195 μL of 
annexin-binding buffer and stained with 5 μL of fluorescein 
isothiocyanate-conjugated annexin-V and propidium 
iodide (PI) solution. Cell were incubated for 20 min  
at room temperature in the dark, then analyzed with a 
FACS Canto™ II flow cytometer (BD Biosciences, San 

Jose, CA, USA) within 30 min. Data were examined using 
FlowJo software (version 7.6.1, Tree Star Inc., Ashland, OR, 
USA).

Detection of ΔΨm

The change of ΔΨm was determined using the JC-1 ΔΨm 
assay kit (Beyotime, China) on a FACS Canto™ II flow 
cytometer (BD Biosciences, USA). After exposure to either 
normoxic or hypoxic conditions, the cells were washed 
twice with PBS and stained with JC-1 working solution at 
37 ℃ for 20 min. The stained cells were rinsed twice with 
cold JC-1 staining buffer. Then, the JC-1-stained cells were 
collected and illuminated using an excitation of 488 nm and 
collected with 530 nm bandpass emission filters. A dot plot 
was generated to track the fluorescence of polarized JC-1 
aggregates (red) and depolarized JC-1 monomers (green).

Cell cycle analysis

For each sample, approximately 10,000 cells in a 6-cm 
culture dish were harvested by 0.25% trypsin solution. After 
washing twice with ice-cold PBS, the cells were collected 
and fixed using 70% ice-cold ethanol at −20 ℃ for at least 
3 hours. Then, the cells were incubated in 500 μL of PI/
RNase A staining buffer (Beyotime, China) for 30 min 
at room temperature in the dark. After filtering through 
a 70-μm nylon mesh, the stained cells were analyzed on 
BD FACS Canto II flow cytometer. The percentages 
of apoptosis-, G0/G1-, S-, and G2/M-phase cells were 
analyzed by a ModFit LT software package (Becton 
Dickinson, San Jose, CA, USA). 

Statistical analysis

The SPSS 20.0 software package (SPSS Inc., Chicago, IL, 
USA) was used for data analysis. Quantitative data were 
expressed as the mean ± standard deviation. Statistical 
comparisons between groups were performed using the 
Student’s t-test and one-way analysis of variance with 
the post test, when appropriate. P<0.05 was considered 
statistically significant. 

Results

Cell morphological changes under acute hypoxia

Under normoxic conditions, cells retained their typical 
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spindle-shaped morphology at 12 hours, as described 
by Bratland et al. (16). A subset of LNCaP cells had 
characteristic, elongated cell shapes at 48 hours, showing 
an isolated and fibroblastoid-like morphology (Figure 1A). 
While under acute hypoxia, the LNCaP cells tended to 
aggregate (Figure 1B), appearing with a polygonal and 
flattened shape. Nuclear morphological analysis with 
Hoechst 33258 staining showed that apoptotic cells could 
be observed under both normoxia as well as acute hypoxia 
and were characterized by chromatin condensation, 
nuclear fragmentation, and formation of apoptotic bodies  
(Figure 1A,B). Moreover, cell nuclei tended to aggregate 
under acute hypoxia (Figure 1B), as evidenced by a few 
enlarged nuclei at 24 and 48 hours after culture (Figure 1B). 

Time-dependent decrease in cell viability under acute 
hypoxia

There was no significant difference regarding the inhibition 
rate of cell viability between LNCaP cells under normoxia 
and acute hypoxia at 12 hours (20.09%±4.63% vs. 
28.25%±4.33%). The inhibition rates of LNCaP cells were 
42.24%±4.72% and 78.34%±8.44% at 24 and 48 hours 
under acute hypoxia, which were significantly higher than 

those of LNCaP cells under normoxia (32.02%±3.65%, 
P<0.05; 35.12%±5.44%, P<0.01; respectively). The 
inhibition rates were markedly increased at 24 and 48 hours 
of culture in a time-dependent manner under acute hypoxia. 
These data indicated decreased cell viability of LNCaP cells 
under acute hypoxia (Figure 2). 

Acute hypoxia inhibited cell migration ability

Under normoxia, cell migration appeared to be a time-
dependent behavior; whereas acute hypoxia resulted in an 
early and transient cell migration with a narrowed wound 
area at 12 hours, a subsequently expanded area similar to the 
initial wound at 24 hours, and finally exhibited an enlarged 
area at 48 hours post-wound scratch (Figure 3A). The 
wound closure areas under normoxia were 9.02%±8.71%, 
15.38%±7.99%, and 28.26%±10.24% at 12, 24, and 
48 hours, respectively, compared with 2.72%±10.67%, 
0.14%±11.08%, and −11.825%±7.00% in serum-deprived, 
acute hypoxic conditions, respectively. The area of the 
wound was 10% larger than that of the initial wound area 
at 48 hours under acute hypoxia (Figure 3B, P<0.01). These 
observations suggested that LNCaP cells had a decreased 
capacity for migration in the presence of acute hypoxia. 

Figure 1 Representative images of phase-contrast photomicrographs and nuclei stained with Hoechst 33258 (bar =20 µm). Phase-contrast 
photomicrographs showed spike-like cells (double arrow) at 48 hours under normoxia (A). Hoechst 33258 staining of apoptotic cells (arrow), 
cell shrinkage, and condensed nuclei could be observed under both normoxia (A) and acute hypoxia (B). Acute hypoxia also led to nuclear 
aggregation (wave arrow, B) and enlarged nuclei (arrowhead). 
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Rapid and increased ROS production under acute hypoxia

The MFI was relatively low at 12 hours under both 
normoxic and acute hypoxic conditions, and no significant 
differences were found. However, LNCaP cells produced 
significantly more ROS under acute hypoxia at 24 hours 
(32,492.00±10,344.55 AU) than that under acute hypoxia 
at 12 hours (11,300.66±3969.75 AU, P<0.01). The MFI 
rapidly reached a peak at 24 hours under acute hypoxia, 
compared with that under normoxic conditions at 24 hours 
(32,492.00±10,344.55 vs.11,899.11±889.96 AU, P<0.01). 
The MFI level under acute hypoxia slightly decreased at  
48 hours (25,513.22±4322.51 AU), remaining at a relatively 
high level, compared with that under hypoxic conditions at 

24 hours (Figure 4).

ROS distributed heterogeneously among cells

To distinguish the distribution of DCF among cells, the 
iMFI within individual cells was analyzed. LNCaP cells 
under both normoxia and acute hypoxia exhibited two 
types of characteristic apoptotic morphologies, enlarged 
round cells and shrunken cells, with different fluorescence 
intensities. The former cellular morphology was enlarged 
and round with chromatin condensation; whereas the latter 
cellular morphology represented cytoplasm shrinkage, 
nuclear condensation, and apoptotic body formation. DCF 

Figure 2 Inhibition rates of LNCaP cells treated with acute 
hypoxia using CCK-8 assay. The growth inhibition rate was 
obviously increased under acute hypoxia at 24 and 48 hours 
compared with that under normoxia (*P<0.05; **P<0.01).

Figure 4 ROS generation in LNCaP cells exposed to acute 
hypoxia using the fluorescent probe DCFH-DA. Intracellular ROS 
production was determined by DCF fluorescence. The results 
were expressed as the MFI and were given as the mean ± standard 
deviation for three experiments (*P<0.05; **P<0.01). ROS, reactive 
oxygen species; DCFH-DA, 2',7'-dichlorofluoresceindiacetate; 
DCF, Dichlorofluorescein; MFI, mean fluorescence intensity.

Figure 3 Wound healing assay (magnification, 40×). (A) LNCaP cells exhibited time-dependent cell migration under normoxia but a 
decreased capacity of cell migration in the presence of acute hypoxia. The red region denoted the scratch wound area over time; (B) 
quantitative measurement of cell migration. *P< 0.05 vs. LNCaP cells under normoxia at 48 hours.
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in the enlarged round cells was stained much brighter than 
that of in the shrunken cells. For the LNCaP cells under 
normoxic conditions, the iMFI in the enlarged round cells 
at 24 hours was 20.48-fold higher than that of LNCaP cells 
at 12 hours, and 45.93-fold higher than that of the shrunken 
cells (Figure 5). For the LNCaP cells under acute hypoxia, 
the iMFI in the enlarged round cells at 24 hours was 31.54-
fold higher than that of LNCaP cells at 12 hours, and 
67.84-fold higher than that of the shrunken cells (Figure 6).  
Moreover, the iMFI in spindle-shaped morphological cells 
under normoxia at 48 hours was weak, which was 2.03-
fold higher than that of LNCaP cells at 12 hours under 
normoxic conditions. The iMFI in aggregated cells under 
acute hypoxia at 48 hours was moderate, which was 13.38-
fold higher than that of LNCaP cells at 12 hours under 
normoxic conditions (Figure 6). These results suggested that 
ROS was generated mainly in round apoptotic cells.

Percentages of apoptotic cells under acute hypoxia

The percentages of early apoptotic cells between LNCaP cells 
under normoxia and acute hypoxia at 12 hours showed no 
significant difference. The percentages of early apoptotic cells 
under acute hypoxia at 24 and 48 hours were 15.32%±2.34% 
and 24.11%±4.70%, respectively (Figure 7A), which were 

significantly greater than those under normoxia at the 
same time points (24 hours: 4.31%±0.92%, P<0.01;  
48 hours: 6.22%±1.12%, P<0.01, Figure 7B) .  The 
percentages of late apoptotic cells at 12, 24, and 48 hours 
under acute hypoxia were 15.84%±2.81%, 26.81%±5.52%, 
and 46.42%±8.43%, respectively, showing a significant 
increase at 48 hours compared with that under normoxia  
(48 hours: 22.94%±4.14%, P<0.05, Figure 7C). These 
results indicated that acute hypoxia exacerbated cellular 
apoptosis in LNCaP cells in a time-dependent manner.

Collapse in ΔΨm under acute hypoxia

Membrane depolarization was found in the lower right 
quadrant of flow cytometry graphs, corresponding to the 
formation of JC-1 monomers and green fluorescence. As 
shown in Figure 8A, the loss of ΔΨm was observed in a time-
dependent manner under both normoxia and acute hypoxia. 
The percentage of cells with JC-1 green fluorescence was 
not significantly altered under acute hypoxia at 12 hours 
(7.22%±1.46%), compared with that under normoxia 
(4.90%±1.22%, Figure 8B,C). However, significant 
increases in the percentage of LNCaP cells with JC-1 green 
fluorescence were observed under acute hypoxia at 24 hours 
(27.91%±5.34%) and 48 hours (36.62%±6.01%), 2.63-fold 

Figure 5 Distribution of DCF among cells under normoxia 
(bar =20 µm). The enlarged round cells demonstrated a strong 
green fluorescence (arrow). The iMFI of spindle-shaped cells 
(curved arrow) and shrunken cells with the formation of apoptotic 
bodies were weak (arrowhead). DCF, Dichlorofluorescein; iMFI, 
integrated MFI.

Figure 6 Distribution of Dichlorofluorescein (DCF) among cells 
under acute hypoxia (bar =20 µm). The iMFI of multicellular 
nucleus-aggregated cells (double arrow) and nucleus-enlarged cells 
(wave arrow) were moderate. Again, the fluorescence of enlarged 
round cells were strong (arrow), and the shrunken cells appeared 
extremely faint (arrowhead). DCF, Dichlorofluorescein; iMFI, 
integrated MFI.
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Figure 7 Time-dependent effect of acute hypoxia on LNCaP cell apoptosis. The data showed a time-dependent increase in the number of 
early apoptotic LNCaP cells (quadrant 3, annexin V+/PI–) and late apoptotic LNCaP cells (quadrant 2, annexin V+/PI+) under acute hypoxia, 
comparing to those under normoxia (A). Histograms showed an increased number of early apoptotic cells (B) and late apoptotic cells (C) 
under acute hypoxia (*P<0.05, **P<0.01).

12 h

Annexin V-FITC

Hypoxia

Normoxia

A
po

pt
ot

ic
 c

el
l (

%
)

A
po

pt
ot

ic
 c

el
l (

%
)

24 h 48 h

12                   24                   48 

 12                   24                 48 

Time (h)

Time (h)

Early apoptosis

Late apoptosis

40

35

30

25

20

15

10

5

0

80

70

60

50

40

30

20

10

0

P
I

Normoxia

Hypoxia

Normoxia

Hypoxia

A B

C

12 h 24 h 48 h

12                    24                     48

12                    24                     48

Time (h)

Time (h)

Normoxia

Normoxia

Hypoxia

Hypoxia

JC
-1

 a
gg

re
ga

te
s 

(R
ed

)

JC-1 Monomers (Green)

C
el

ls
 w

ith
 g

re
en

 a
nd

 re
d 

flu
or

es
ce

nc
e 

(%
) 

C
el

ls
 w

ith
 g

re
en

 a
nd

 re
d 

flu
or

es
ce

nc
e 

(%
) 

JC-1 monomers (green)
JC-1 aggregates (red)

JC-1 monomers (green)
JC-1 aggregates (red)

100

75

50

25

0

100

75

50

25

0

C

BA

Figure 8 Effects of acute hypoxia on the mitochondrial membrane potential (ΔΨm) of LNCaP cells with JC-1 staining. FACS patterns of 
LNCaP cells labeled with JC-1 under normoxia or acute hypoxia were shown. Cells with polarized mitochondria (red fluorescence) were 
found in the upper right quadrant of the plots, and membrane depolarization (green fluorescence) were observed in the lower right quadrant 
(A). Quantification of FACS analysis under normoxia (B) and acute hypoxia (C).
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Figure 9 Representative images reflecting that acute hypoxia blocked cell cycle progression and exacerbates apoptosis in LNCaP cells. The 
influence of acute hypoxia on the cell cycle and apoptosis were assessed by flow cytometry (A); acute hypoxia induced an increase of LNCaP 
cells at the G0/G1 phases (B) and a decrease of LNCaP cells at the S phase (C); acute hypoxia led to a further increase in the apoptosis rate (D).
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and 2-fold higher than those under normoxia at 24 hours 
(10.61%±2.41%, P<0.05) and 48 hours (18.21%±3.92%, 
P<0.05), respectively (Figure 8B,C). These data revealed 
acute hypoxia impaired ΔΨm in LNCaP cells.

Acute hypoxia increased the percentage of LNCaP cells in 
G0/G1 phases and reduced in S phases

As shown in Figure 9A, the LNCaP cell populations 
in the G0/G1 phases were not different when cultured 
under  normox ia  and  acute  hypox ia  a t  12  hour s 
(51.04%±4.11% vs. 53.06%±3.71%, respectively). In 
contrast, the LNCaP cell populations in the G0/G1 
phases under acute hypoxia were significantly higher 
than those under normoxia at 24 hours (65.24%±5.80% 

vs. 51.23%±4.00%, P<0.05); simultaneously, they were 
significantly reduced in the S phase (36.40%±4.09% 
vs.  24.73%±2.21%, P<0.05).  Similar results  were 
obtained when LNCaP cells were cultured for 48 hours.  
The LNCaP cell populations in the G0/G1 phases 
under acute hypoxia were s ignif icantly increased 
compared to those of LNCaP cells under normoxia 
( 7 0 . 7 5 % ± 9 . 3 9 %  v s .  5 3 . 3 6 % ± 6 . 8 5 % ,  P < 0 . 0 1 ) ; 
simultaneously, they were significantly reduced in the 
S phase (42.02%±6.85% vs. 18.51%±2.39%, P<0.01,  
Figure 9B,C). Thus, once again, acute hypoxia was 
found to induce apoptosis in a time-dependent manner  
(Figure 9D). These results suggested that acute hypoxia 
induced G0/G1 arrest in LNCaP cells  in a t ime-
dependent manner, which is relevant to cell apoptosis.
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Discussion

Human prostate cancer is a complex heterogeneous 
disorder in response to anticancer therapies. The disease 
becomes resistant to anti-androgen therapy when it transits 
from androgen-dependent to androgen-independent 
growth (16). Promising new approaches in the treatment 
of prostate cancer, such as targeted anticancer agents, have 
been under investigation. Animal models are essential for 
translation of research findings into new drug applications. 
The LNCaP animal model is believed to be appropriate 
because it mimics the pathophysiological process of prostate 
cancer. However, the take rate of LNCaP subcutaneous 
xenografts in nude mice is relatively low (17). Recent studies 
provide evidence that implanting cells at subcutaneous sites 
of immunodeficient mice may be a microenvironment with 
a poor blood supply and acute hypoxia (10). LNCaP cells 
have a more obvious preference for oxygen in comparison 
with PC3 and DU145 cells, which may be one of the causes 
for the low take rate achieved in mice. In this study, an 
acute-hypoxic LNCaP cell model was established to explore 
the impact of acute hypoxia on tumorigenic properties and 
the level of serum-deprived LNCaP apoptosis in response 
to a harsh microenvironment.

Our experiments confirmed morphological alterations 
of serum-deprived LNCaP cells in response to normoxic 
and acute hypoxic environments. We described a subset of 
serum-deprived LNCaP cells that exhibited an elongated 
and fibroblastoid-like shape under normoxia. These 
results indicated the involvement of LNCaP cells in the 
development of long-branched neuritic-like processes, 
which is a typical feature associated with epithelial-
mesenchymal transition (18). The morphological changes 
ensure that the cells are better able to survive in a 
normoxic environment and even increase their potential 
aggressiveness. However, serum-deprived LNCaP cells 
tended to aggregate in response to acute hypoxia and 
formed multicellular aggregates, suggesting that LNCaP 
cells might lose their capacity to adhere to the extracellular 
matrix and thus are prone to cell apoptosis (19). These 
results demonstrated that acute hypoxia might increase 
the tendency for LNCaP cell apoptosis, in line with their 
morphological alterations.

Cell shape changes in response to different stimuli may 
impact cell motility and migration. Wound healing assay 
showed that LNCaP cells under normoxia moved faster 
than LNCaP cells under acute hypoxia. The fibroblastoid-
like shape in a number of LNCaP cells might facilitate cell 

migration. Cell elongation contributes to cell migration 
from wound edges towards the wound center (20). However, 
serum-deprived LNCaP cells under acute hypoxia led to 
cell aggregation, resulting in failure of cell migration (21).

I t  i s  w e l l  e s t a b l i s h e d  t h a t  a n  a c u t e  h y p o x i c 
microenvironment can induce ROS production. DCFH-
DA can pass through cell membranes and is cleaved by 
intracellular esterases to produce DCF, which is trapped 
within the cells. An increased intensity of intracellular 
fluorescence is indicative of an increased level of generated 
ROS (22). Our study demonstrated that the MFI of LNCaP 
cells under acute hypoxia was significantly higher and 
earlier than that of cells under normoxia. Aside from the 
effect of acute hypoxia on ROS production in these cells, we 
also explored the variations of cellular iMFI in individual 
LNCaP cells. We observed that the ROS production was 
heterogeneously distributed among cells. Those round 
cells prone to detach had a significantly stronger diffusion 
of DCF fluorescence. The DCF-induced fluorescence 
is assumed to originate from a damaged mitochondrial 
intermembranous space, relocation of traces of low-mass 
labile iron compounds, and cytochrome c (23). Thus, a high 
intensity of intracellular fluorescence is associated with 
cellular apoptosis. Importantly, acute hypoxia is a crucial 
factor that induces early mitochondrial swelling in those 
round cells, which is considered as the first sign of cell 
damage (24). Unlike the enlarged, round apoptotic cells 
that exhibit a strong fluorescence signal, apoptotic cells 
with a shrunken cytoplasm and condensed nuclei exhibit a 
faint fluorescence signal, revealing that by themselves they 
are unable to oxidize H2DCF, given that mitochondria are 
within the cytoplasm (23). Interestingly, fibroblastoid-like 
cells under normoxia emitted a weak fluorescence. These 
findings indicate that these cells are flexible to maintain 
the integrity of the mitochondrial membrane, making 
themselves adapt to the corresponding normoxic conditions.

Since acute hypoxia can lead to an increase of ROS 
production and a decrease of cell viability, ultimately 
resulting in apoptosis, we further examined apoptotic 
LNCaP cells under acute hypoxia. An abnormal nuclear 
morphology of LNCaP cells stained with Hoechst 33258 
was observed under both normoxia and acute hypoxia, 
indicating that LNCaP cells were affected by serum 
deprivation. Accumulating evidence has implicated that 
acute hypoxia has the potential to kill the affected tumor 
cells (25). In order to identify apoptotic cells quantitatively, 
annexin V/PI flow cytometry was used to measure the 
percentages of early and late apoptotic cells. The results 
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showed that the percentages of both early and late apoptotic 
LNCaP cells increased under acute hypoxia, in comparison 
with LNCaP cells under normoxia. 

Hypoxia induces ROS production and loss of ΔΨm (26),  
which increase susceptibility to apoptosis. We found 
that the percentage of LNCaP cells with a depolarized 
membrane potential at 24 hours was nearly 3-fold higher 
than that of LNCaP cells under normoxia. Additionally, an 
increased ROS production can trigger cell cycle arrest (27). 
Our experiments confirmed that serum-deprived LNCaP 
cells under acute hypoxia underwent cell cycle arrest at the 
G0/G1 phases, which was consistent with the findings by 
Yamasaki et al. (28). 

Several limitations were noted in the present study. 
One limitation was the selection of prostate cell lines; only 
androgen-dependent LNCaP cells with poorly tumorigenic 
ability were involved. The androgen-independent DU145 
and PC-3 cells with relatively higher tumor formation rate 
were not considered in the present study. However, in view 
of the intrinsic heterogeneity of prostate cancer tumors, 
further study with the comparison of different prostate 
cancer cell lines may be required. Another limitation was 
the absence of experiments in vivo. Establishment of an ideal 
in vivo experimental model for mimicking the subcutaneous 
acute hypoxic microenvironment in mice is needed in future 
study. 

Conclusions

In summary, our study determined that acute hypoxia 
led to morphological alterations, decreased cell viability 
and migration, and increased ROS production in serum-
deprived LNCaP cells. Increased ROS production 
induced cellular apoptosis, cell cycle arrest, and collapse 
of the ΔΨm, thus drastically affecting the survival 
of LNCaP cells. These findings add to our existing 
knowledge of the detrimental effects of acute hypoxia 
on LNCaP cells and are valuable to better understand 
the mechanisms involved in the acute hypoxia-induced 
apoptosis of LNCaP cells. 
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