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Abstract. The general anesthetic, propofol, affects chemo-
therapeutic activity, however, the mechanism underlying its 
effects remains to be fully elucidated. Our previous study 
showed that tramadol and flurbiprofen depressed the cyto-
toxicity of cisplatin via the inhibition of gap junction (GJ) 
intercellular communication (GJIC) in connexin (Cx)32 HeLa 
cells. The present study investigated whether the effects of 
propofol on the cytotoxicity of cisplatin were mediated by 
GJ in U87 glioma cells and Cx26-transfected HeLa cells. 
Standard colony formation assay was used to determine 
the cytotoxicity of cisplatin. Parachute dye coupling assay 
was used to measure GJ function, and western blot analysis 
was used to determine the expression levels of Cx32. The 
results revealed that exposure of the U87 glioma cells and 
the Cx26-transfected HeLa cells to cisplatin for 1 h reduced 
clonogenic survival in low density cultures (without GJs) 
and high density cultures (with GJs). However, the toxic 
effect was higher in the high density culture. In addition, 
pretreatment of the cells with propofol significantly reduced 
cisplatin-induced cytotoxicity, but only in the presence of 
functional GJs. Furthermore, propofol significantly inhibited 
dye coupling through junctional channels, and a long dura-
tion of exposure of the cells to propofol downregulated the 
expression levels of Cx43 and Cx26. These results demon-
strated that the inhibition of GJIC by propofol affected the 
therapeutic efficacy of chemotherapeutic drugs. The present 
study provides evidence of a novel mechanism underlying 
the effects of analgesics in counteracting chemotherapeutic 
efficiency.

Introduction

Gap junctions (GJs) are plasma membrane channels, which 
directly connect the cytoplasms of neighboring cells. GJs are 
composed of two hemichannals, each of which contains six 
connexin (Cx) proteins for docking to its counterpart in the 
coupled cell membrane and form a GJ channel (1). GJs provide 
the direct cell-cell transfer of ions, metabolites and other small 
molecules, thereby mediating intimate intercellular molecular 
signaling (2). GJ intercellular communication (GJIC) is essen-
tial in diverse processes, including cell growth, differentiation 
and the maintenance of homeostasis (3,4). Several studies have 
shown important roles of GJIC in cancer biology (5-7).

It has been reported that the toxicities of cisplatin and 
oxaliplatin are increased by the presence of GJIC between the 
target cells (8,9). This enhanced toxicity may be due to the 
transmission of ‘death signals’ among adjacent cells via GJs. 
This effect has been observed in ionizing radiation, in which 
cells that are not irradiated, but adjacent to irradiated cells, 
also become damaged or die (10,11). In addition, the enhance-
ment/maintenance of GJIC may enhance the efficacy of cancer 
treatment, whereas the inhibition of GJIC is likely to decrease 
the toxicity of chemotherapeutic agents.

Propofol (2,6-diisopropylphenyl) is the most widely used 
intravenous general anesthetic agent for the induction and 
maintenance of anesthesia (12), and it is often used during 
chemotherapy. It has been reported that propofol mediates 
protective effects against cisplatin-induced injury, including 
the upregulation of endothelial adhesion molecules in human 
umbilical vein endothelial cells (13) and the attenuation of 
toxic oxidative stress (14). In addition, propofol has been 
shown to suppress GJIC composed of Cx32 in various 
cell lines (15,16). Our previous studies demonstrated that 
tramadol and flurbiprofen, two commonly used analge-
sics, depressed the cytotoxicity of cisplatin via inhibiting 
GJIC (17). In addition, propofol has been observed to depress 
the toxicity of X-ray irradiation through inhibition of GJs 
in Cx32-transfected HeLa cells (18), which suggested that 
the inhibition of GJIC is one of the possible mechanisms 
underlying the effects of anesthetic agents against toxic 
effects during chemotherapy and radiotherapy. However, 
there remains a lack of evidence of the effects of propofol 
on the regulation of GJs composed of Cx43 or Cx26, and its 
chemotherapeutic efficiency.
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In the present study, U87 glioma and Cx26-transfected 
HeLa cells were selected to investigate whether the effects 
of propofol on the cytotoxicity of cisplatin are mediated by 
alterations in GJ function. The results of the present study may 
help elucidate a novel mechanism underlying the effects of 
analgesics in counteracting chemotherapeutic efficiency. 

Materials and methods

Materials. Propofol and intralipid (10% soybean oil, 2.25% 
glycerol and 1.2% purified egg phosphatide) were purchased 
from Sun Yat-Sen Memorial Hospital (Guangzhou, China). 
G-418, hygromycin and doxycycline were from Calbiochem 
(San Diego, CA, USA). Calcein-acetoxymethyl ester 
(calcein-AM) and cell culture reagents were from Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cisplatin 
and primary and secondary antibodies for use in western 
blotting were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). All other reagents were purchased from Sigma-Aldrich, 
unless stated otherwise.

Cell lines and cell culture. The human U87 glioma cell line was 
obtained from American Tissue Culture Collection (Manassas, 
VA, USA), and the cells (3x104 cells/well) were cultured at 
37˚C for 48 h to 70‑100% confluence in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum. The HeLa cell line expressing the Cx26 gene 
under the control of a bidirectional tetracycline-inducible 
promoter, was provided by Dr Andrew L. Harris (Department 
of Pharmacology and Physiology, New Jersey Medical School, 
University of Medicine and Dentistry of New Jersey, NJ, USA) 
and has been described previously (19). The Cx26-expressing 
HeLa cells were grown at 37˚C in DMEM supplemented with 
10% fetal bovine serum, 100 µg/ml G418 sulfate and 200 µg/ml 
hygromycin B. The Cx26 coding sequence was followed by an 
influenza hemagglutinin (HA) epitope tag at the C‑terminus, 
which was incorporated using a Tet-On inducible expression 
system and one-step anti-haemagglutinin immunoaffinity 
purification, as previously described (19). Expression of Cx26 
was induced by exposure to 1 µg/ml doxycycline for 48 h at 
37˚C.

Sulforhodamine B (SRB) assay. Cell viability was assessed 
using an SRB assay (20). The cells were seeded in 96-well 
plates (~3x104) and exposed to various concentrations of 
propofol (1, 5, 30 and 100 µM) for 48 h at 37˚C. The medium 
was then removed, and the cells were fixed with 10% (wt/vol) 
cold trichloroacetic acid for 1 h at 4˚C, following which the 
excess dye was removed by washing repeatedly with 1% 
(vol/vol) acetic acid. The protein-bound dye was dissolved 
in 10 mM Tris base solution for determination of the optical 
density (OD) at 564 nm using an Epoch™ microplate reader 
(BioTek Instruments, Inc., Winooski, VT, USA).

Standard colony‑forming assay. The toxicity of cisplatin 
was evaluated using a standard colony-forming assay, as 
described previously (9). The cells were seeded at a high 
density of 30,000 cells/cm2 and grown to 90% confluence, 
followed by drug treatment. Propofol was added to the cells 
at 15 µM 4 h prior to cisplatin treatment. Following exposure 

to 20 µM cisplatin for 1 h at 37˚C, the cells were washed with 
phosphate-buffered saline (PBS), trypsinized, counted and 
reseeded into six-well dishes at a density of 500 cells/well. 
A low density group was also included, in which the cells 
were seeded at 500 cells/cm2 in six-well dishes and treated 
with cisplatin. In the two culture groups, the cells were incu-
bated for another 5‑8 days at 37˚C, and were then fixed and 
stained with 4% crystal violet in ethanol. Cells were counted 
using an Olympus CKX41 inverted microscope (Olympus 
Corporation, Tokyo, Japan), and colonies containing ≥50 cells 
were counted. Colony formation was normalized to the 
number of colonies formed by vehicle-treated (10 µg/ml lipid 
emulsion) cells. The surviving fraction was calculated as 
follows: Surviving fraction (%) = colonies in cisplatin-treated 
group/colonies in non-treated group x 100%. 

῾Parachute᾽ dye‑coupling assay. A dye-coupling assay was 
used to examine GJ function, and was performed as described 
previously (19,21). Cells were grown to confluence, and the 
donor cells were labeled with 5 µM calcein-AM, which is 
converted into calcein in the intracellular plasma to permeate 
through GJs to the adjacent cells, for 30 min at 37˚C. Donor 
cells were then trypsinized and seeded onto the receiver cells 
at a 1:500 donor:receiver ratio. These cells were allowed to 
attach to the monolayer of the receiver cells to form GJs for 4 h 
at 37˚C, and were then monitored under a fluorescence micro-
scope (Olympus IX71; Olympus Corporation). The average 
number of receiver cells containing calcein per donor cell was 
determined and normalized to that of the vehicle cultures, and 
thus considered to be a measurement of the degree of GJ func-
tion.

Western blot analysis. The cells were washed with cold PBS 
three times and then harvested using lysis buffer (22). The cell 
lysate was sonicated and then centrifuged at 14,167 x g for 
30 min at 4˚C. Proteins were quantified using a DC protein 
assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
Subsequently, 25 µg proteins from each sample were separated 
by SDS-PAGE and then transferred onto a nitrocellulose 
membrane. Membranes were blocked with 5% milk for 1 h at 
room temperature and incubated with the mouse monoclonal 
primary antibodies against Cx43 (C8093; diluted 1:3,000 in 5% 
milk), HA IgG [H9658; diluted 1:1,000 in Tris-buffered saline 
with Tween 20 (TBST)] and β-actin (A1978; diluted 1:10,000 
in 5% milk) at 4˚C overnight. Membranes were subsequently 
washed three times with TBST for 10 min and incubated with 
mouse anti-goat secondary antibody (88704) against Cx43 
(diluted 1:6,000 in 5% milk), HA lgG (diluted 1:2,000 in 
TBST), and β-actin (diluted 1:10,000 in 5% milk) for 1 h at 
room temperature. The membranes subsequently were washed 
three times with TBST for 10 min. Immunopositive bands were 
visualized using the Amersham ECL™ Plus Western Blotting 
Detection kit (GE Healthcare Life Sciences) and protein expres-
sion levels were quantified using a GeneGenius Bio Imaging  
system (version 1.2; Syngene, Frederick, MD, USA).

Statistical analysis. Differences between groups were statis-
tically analyzed using an unpaired Student's t-test and the 
results are presented as the mean ± standard error of the mean 
using Sigma Plot 10.0 software (Jandel Scientific, San Rafael, 
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CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of propofol on cisplatin cytotoxicity. As shown in 
Fig. 1, the effects of propofol on cisplatin toxicity were deter-
mined in the U87 and Cx26-transfected HeLa cells. Propofol 
was used at a concentration of 15 µM, which is the 50% 
effective concentration (EC50) in humans (23), for 4 h prior 
to treatment with 20 µM cisplatin for 1 h. A clinical concen-
tration (10 µg/ml) of lipid emulsion was selected as a solvent 
control to exclude the possible effect of lipids on the effects 
of propofol. Cisplatin significantly reduced the surviving frac-
tion of cells at low (without GJs) and high density (with GJs) 
cultures in the two cells, and the survival rate was higher in the 
low-density cultures, compared with the high-density cultures. 
At a low density, pretreatment with propofol had no effect on 
cell viability in either cell type; however, propofol markedly 
increased the clonogenic survival of the cisplatin-treated 
cells in the high-density cultures. In the U87 cell, 4 h treat-
ment with 15 µM propofol increased the surviving fraction 
between 0.59±0.02 and 0.75±0.03 (P<0.05), and in the HeLa 
cells, the viability of the cells increased between 0.48±0.02 
and 0.69±0.04 (P<0.05). These results indicated that propofol 
decreased cisplatin toxicity only when GJs were formed.

Cell viability measurement. The observation that propofol 
decreased the toxicity of cisplatin only in high density condi-
tions, in which GJs were formed, suggested that the effect of 
propofol on cisplatin was mediated by GJs. In order to exclude 
the effects of cell viability on cisplatin toxicity and on GJ func-
tion, the present study first examined the effects of propofol on 
cell viability using an SRB assay. As shown in Fig. 2, propofol 
had no significant effect on cell viability, even at 100 µM for 
48 h, in either the U87 cells or the Cx26-expressing HeLa 
cells. The viability of the cells under all experimental condi-
tions was >85%, and no alterations in either cell morphology 
or adhesion were apparent (data not shown). As a result, the 
concentration of propofol used in the following experiments 
was between 1 and 100 µM.

Effect of propofol on GJ function. To test the hypothesis 
that propofol depresses the toxicity of cisplatin due to the 
presence of GJs, the effects of propofol on dye coupling 
between confluent U87 or Cx26‑transfected HeLa cells were 
examined. GJ function was assessed using the parachute 
dye-coupling assay. As shown in Fig. 3A, treatment with 1, 
5, 15 and 30 µM propofol for 4 h led to marked inhibition 
of the spread of dye between the donor cells and receiver 
cells, which occurred in a concentration-dependent manner, 
in the U87 cells. Treatment with 15 µM propofol inhibited 
GJ function by ~40%, compared with the lipid-treated cells. 
Furthermore, as shown in Fig. 3B, 15 µM propofol inhibited 
GJ function following treatment for 1, 4, 24 and 48 h, and the 
inhibition rate was the highest at 48 h at almost 55%.

In the Cx26-transfected HeLa cells, the induction of Cx26 
expression with doxycycline was examined by western blot 
analysis (Fig. 4A and B), and the emergence of GJIC was 
examined using the parachute dye coupling assay (Fig. 4C). 

Treatment with 1, 5, 15 and 30 µM propofol for 4 h significantly 
inhibited the function of the GJs composed of Cx26, which 
occurred in a concentration-dependent manner (Fig. 5A). 
Treatment with 15 µM propofol inhibited GJ function by ~35% 
at 4 h and 60% at 48 h, compared with the lipid-treated cells 
(Fig. 5B). The above results indicated that propofol inhibited 
the function of GJs composed of Cx43 or Cx26 in a concentra-
tion- and time-dependent manner.

Effects of propofol on expression levels of Cx43 and Cx26. 
Changes in the number of GJs affected by the expression of Cx 
is one of the mechanisms by which propofol has been suggested 
to alter GJ function. In the present study, the expression levels 
of Cx43 and Cx26 were determined using western blot analysis. 
As shown in Fig. 6, treatment of the U87 cells with 15 µM 
propofol for 1 and 4 h did not alter the expression levels of 
Cx43. However, by prolonging the treatment duration to 24 and 
48 h, propofol treatment led to decreases in the levels of Cx43, 
compared with the lipid emulsion group. Similarly, in the HeLa 
cells, 15 µM propofol decreased the expression of Cx26 only 
when the cells were treated for 48 h (Fig. 7). Therefore, propofol 
reduced the function of GJs composed of Cx43 or Cx26 by 
decreasing the expression levels of Cx in long treatment dura-
tions. Consequently, these results confirmed the hypothesis that 
propofol depresses cisplatin toxicity by the inhibition of GJ 
function via altering the expression of Cxs.

Figure 1. Effects of propofol on cisplatin toxicity in U87 and Cx26-expressing 
HeLa cells. Clonogenic survival of (A) U87 and (B) HeLa cells incubated 
with 20 µM cisplatin for 1 h, with or without, 15 µM propofol pretreatment in 
low and high density cultures. Results are presented as the mean ± standard 
error of the mean of three to five experiments. *P<0.05, vs. low density group; 
#P<0.05, vs. cisplatin. Cisp, cisplatin; Pro, propofol; Cx, connexin.

  A

  B
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Discussion

The present study demonstrated that propofol, at clinically 
relevant concentrations, significantly inhibited the function 
of the GJs formed by Cx43 or Cx26, and reduced the cyto-
toxicity of cisplatin by the inhibition of GJIC. The results 
showed that propofol inhibited the function of GJ chan-
nels, and decreased the expression levels of Cx43 or Cx26 
in long-term treatment. This revealed a novel mechanism 
underlying the effects of analgesics in counteracting chemo-
therapeutic efficiency.

Cisplatin cytotoxicity was decreased when GJIC was 
inhibited and enhanced when GJIC was upregulated, as 
previously demonstrated (8,24). In the present study, the cells 
were cultured in two conditions: Low density, in which GJs 
were not formed, and high density, which allowed the cells to 
contact each other to form GJs. As shown in Fig. 1, cisplatin 
toxicity was increased in the high-density culture with GJs, 
compared with the low-density culture without GJs, which 
was consistent with previous reports (8,17,18,22). In addi-
tion, pretreatment with propofol at its EC50 significantly 
decreased cispaltin toxicity in the high-density culture in the 
U87 cells and Cx26-transfected HeLa cells, indicating that 
propofol depressed cisplatin toxicity only in the presence of 
GJs.

Substantial evidence has suggested that GJIC is reduced 
or absent in numerous types of carcinoma (7,25-27), however, 

Figure 3. Effect of propofol on GJIC in U87 cells. (A) A parachute dye-cou-
pling assay was used to assess the degree of GJIC following exposure to 
1, 5, 15 and 30 µM propofol. (B) GJIC was assessed using a parachute 
assay following exposure to 15 µM propofol for 1, 4, 24 and 48 h. Data are 
presented as the mean ± standard error of the mean from three to six inde-
pendent experiments. *P<0.05, vs. lipid emulsion (lipid) group. GJIC, gap 
junction intercellular communication; Cx, connexin.

  A

  B

Figure 4. Doxycycline induces the expression of Cx26 and dye-coupling 
through junctional channels. (A) Western blot showing the expression of 
Cx26 following doxycycline (1 µg/ml) treatment. (B) Quantitative analysis 
of the western blot. (C) Fluorescence images show dye-coupling through gap 
junctions in the Cx26‑transfected HeLa cells (original magnification, x200). 
Cx, connexin. *P<0.05 vs. the non-induced group.

  A   B

  C

Figure 2. Effects of propofol on cell viability. The viabilty of (A) U87 and 
(B) Cx26-expressing HeLa cells were determined. The cells were treated 
with the indicated concentrations of propofol for 48 h following being seeded 
into 96-well plates. Cell viability was then determined using a sulforhoda-
mine B assay. Data are presented as the mean ± standard error of the mean of 
three independent experiments. Cx, connexin.

  A

  B
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GJIC remains preserved in certain types of cancer (28,29), and 
during the invasion and metastatic stages, an upregulation of 
GJIC has been observed in certain cancer cells with nominally 
defective GJs (30-32). In these GJs, which are derived from 
Cx26, Cx32 or Cx43, the effect of propofol on GJIC and how it 
is likely to impact the therapeutic efficacy of cisplatin requires 
consideration.

The present study demonstrated that treatment of the U87 
or Cx26-transfected HeLa cells with propofol (15 µM) for 
1 h had no effect on the expression levels of Cx43 or Cx26. 
However, in contrast to our previous studies on Cx32 (17,18), 
the expression levels of Cx43 or Cx26 altered when the dura-
tion of propofol exposure was extended to 24 or 48 h. These 
results indicated that long-term propofol exposure decreased 
GJIC, predominantly via downregulation of the protein levels 
of Cx43 or Cx26. However, the reduction of GJIC following 
short-term (1 and 4 h) treatment with propofol may occur via 
a different manner. It is possible that short-term treatment 
with propofol caused aberrant localization of the Cx proteins 
without reducing their expression levels, as reported previ-
ously (27,33), which requires further investigation.

In conclusion, the present study demonstrated that propofol 
affects the function of GJs formed of various types of Cxs, 
and demonstrated that propofol depressed the cytotoxicity 
of cisplatin in U87 glioma cells and Cx26-transfected HeLa 

Figure 5. Effect of propofol on GJIC in Cx26-transfected HeLa cells. (A) A 
parachute dye-coupling assay was applied to assess the degree of GJIC fol-
lowing exposure to 1, 5, 15 and 30 µM propofol. (B) GJIC was measured 
using a parachute assay following exposure to 15 µM propofol for 1, 4, 24 and 
48 h. Data are presented as the mean ± standard error of the mean from three 
to five independent experiments. *P<0.05, vs. lipid emulsion (lipid) group. 
GJIC, gap junction intercellular communication; Cx, connexin.

Figure 7. Effects of 15 µM propofol on the expression of Cx26 in 
Cx26-transfected HeLa cells. (A) Western blotting was performed and 
(B) the results were quantified to assess the levels of Cx26 in HeLa cells fol-
lowing exposure to 15 µM propofol for 1, 4, 24 and 48 h. Data are presented 
as the mean ± standard error of the mean of three to six independent experi-
ments. *P<0.05, vs. lipid emulsion (lipid) group. Pro, propofol; Cx, connexin.

  A

  B

Figure 6. Effects of 15 µM propofol on the expression of Cx43 in U87 cells. 
(A) Western blotting was performed and (B) the results were quantified to 
assess the levels of Cx43 in U87 cells following exposure to 15 µM propofol 
for 1, 4, 24 and 48 h. Data are presented as the mean ± standard error of 
the mean of four to six independent experiments. *P<0.05, vs. lipid emulsion 
(lipid) group. Pro, propofol; Cx, connexin.

  A

  B

  A

  B
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cells through the inhibition of GJ activity. The results further 
indicated that long-term treatment with propofol decreased 
GJIC, predominantly via reductions in the expression levels 
of Cx43 and Cx26. Although the effects of propofol on 
chemotherapy and radiotherapy, and the underlying molec-
ular mechanisms require further investigation, the results of 
the present study suggest that GJIC is one of the possible 
mechanisms.
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