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Glutathione (GSH) plays a key role in protecting damage induced by radiation and chemotherapy drugs. Current

GSH methods, which quantify GSH level changes by using cellular extraction or being based on redox homeostasis
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Real time
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results, are unable to directly measure real time GSH level in live cells. In this article, we utilized a newly
designed reversible fluorescent probe to measure GSH in living cells. The image of probe 1 can reveal in-
tracellular GSH location and GSH level changes caused by different chemotherapy drugs in squamous-cell
carcinoma cells. The results show that it is the first report with probe 1 that to quantify real-time GSH level

changes in the cultured chemotherapy cancer cells and different changes in GSH level that may confer che-

motherapy resistance.

1. Introduction

Glutathione (GSH) offers crucial antioxidant protection from re-
active oxygen species (ROS) arising from radiotherapy and che-
motherapy and GSH mediates resistance to these types of treatment
[1,2]. Also, GSH is associated with diseases including cancer and mal-
formations such as cleft palate [3-6].Reliable methods for measuring
GSH will advance understanding of GSH-mediated detoxification me-
chanisms [7] as well as help diagnose potential disease at a molecular
level [8-15]. Current methods, which quantify GSH level changes by
using cellular extraction or being based on redox homeostasis results,
are unable to directly measure real time GSH levels in living cells
[16].Among various analytical methods available to measure GSH
fluorescent molecular imaging is the most sensitive and simple [17-20]
but few methods measure GSH in real time. Thus, we utilized a mem-
brane-permeable fluorescent probe (Fig. 1) for imaging GSH in living
cells.

Specifically, we measured GSH in the context of squamous-cell
carcinoma (SCC), the most common carcinoma of the head and neck
area [21] and its treatment, surgery plus radiation. The efficacy of
chemotherapy for SCC is much poorer than other carcinomas [22].We
tried to understand why chemotherapy for treating SCC is suboptimal
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and whether GSH may contribute to poor outcomes. We measured GSH
in SCC cell line Cal-27 treated with different kinds of chemotherapy and
used a confocal laser scanning microscope (CLSM) to visualize results.

2. Methods
2.1. Cell lines and culture

Given as a gift from Professor Wantao Chen (Department of Oral and
Maxillofacial Surgery, Ninth People's Hospital, Shanghai Jiao Tong
University School of Medicine, China),Cal-27 cells were grown in
Dulbecco's Modified Eagle Medium (DMEM) (high glucose)(Hyclone)
supplemented with 10% heat-inactivated bovine serum were main-
tained in an incubator at 37 °C with a 5% CO,/air environment. When
cells reached a period of logarithmic growth by cell counting, we
treated them with the probe 1.

2.2. Fluorescent probe
Given as a gift from Professor Baocun Zhu (School of Resources and

Environment, University of Jinan, Shandong Provincial Engineering
Technology Research Center for Ecological Carbon Sink and Capture
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Fig. 1. Structure of probe 1.

Utilization, Jinan 250022, China),probe 1 was dissolved in DMSO
(Sigma-aldrich, USA)for 1 mMol/mL as mother solution. Then Cal-27
cells are incubated with probe 1 (10 uMol) at 37 °C for 20 min.

2.3. Optical analyses

All optical images were performed at 37 °C, Cal-27 cells were cul-
tured in 1 mL DMEM (high glucose) (Hyclone) supplemented with 10%
heat-inactivated bovine serum in a glass culture dish.

2.4. Fluorescence imaging system

In this study, confocal laser scanning microscope (Zeiss LSM780,
Carl Zeiss, Germany) was used. Blue fluorescence images were obtained
using an excitation wavelength of 405nm and a band- path
(410-519 nm) emission filter, red fluorescence images were obtained
using an excitation wavelength of 561nm and a band- path
(599-759 nm) emission filter.

2.5. Quantitative analysis

At each image, the fluorescence intensity of a region of interest
(ROI) over was quantified by using ZEN2012 software.

2.6. Statistical methods

Data are means * SD. Differences in actual outcomes between
groups were calculated using a Student's t-test (t-test). All analyses were
performed with the Statistical Package for the Social Sciences, version
12.0 (SPSS, Chicago, IL). A p value of 0.05 was set as the significant
level.

3. Results
3.1. Location of the GSH

To confirm the biological relevance of our fluorescent probe, Cal-27
cells were incubated with probe 1 (10 umol) and MitoTracker® Red

CMXRos (Invitrogen, 10 umol) to identify mitochondria at 37 °C for
20 min and noted that (Fig. 2), blue fluorescence was localized to
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cytoplasm and mitochondria whereas red fluorescence was apparent in
mitochondria. Thus, the probe 1 could permeate live cells and react
with resident GSH. The fluorescent intensity in Fig. 2 indicates that GSH
was located in the cytoplasm and mitochondria. GSH distributes more
in mitochondria, called GSH reservoir [23,24].

3.2. To explore the appropriate intensity of laser for continuous detection

We assessed probe stability by incubating it with live Cal-27 cells at
37 °C for 20 min. Fluorescent emission was observed and images were
captured every 42.5s by using the confocal laser scanning microscope
(Zeiss LSM780, Carl Zeiss, Germany). Two laser intensities 0.5% and
1.5% (405 nm) were used to continuously observe fluorescent intensity
changes for 5 min (Fig. 3). Fluorescent intensity was calculated as the
mean fluorescent intensity of the image minus background by using
ZEN2012 software (Carl Zeiss, Germany) and all experiments were
conducted in triplicate. Data showed that (Fig. 4; Table 1) fluorescent
intensity of the 0.5% intensity laser was stable and it showed that cells
were not damaged. There was a statistically significant difference be-
tween the 0.5% and 1.5% intensity laser group treatments (Table 1) and
fluorescent intensity of 1.5% intensity laser decreased gradually as time
went on.

3.3. Detection of GSH changes with different chemotherapy drugs

We incubated the probe 1 (10 pmol) with Cal-27 cells at 37 °C for
20 min and acquired images under a 0.5% intensity laser every 42.5s
using a CLSM. Three groups of Cal-27 cells were respectively treated
with different chemotherapy drugs, cisplatin (DDP) (3 mg/L), DDP
(3mg/L) + Five fluorouracil (5FU) (30mg/L) and DDP (3mg/
L) + 5FU (30 mg/L) + Paclitaxel (3 mg/L), which are the three most
common therapeutic schemes in head and neck carcinoma treatment
[25]. Drug concentrations approximated maximum plasma concentra-
tions of the patient to best simulate in vivo cancer cells' environment
during chemotherapy [26,27]. All experiments were conducted in tri-
plicate.

Fluorescent intensity was observed for 3 min (Fig. 5, 0-2.832 min)
(Fig. 6 line A-B) to ensure the intensity was stable. Then three groups of
chemotherapy drugs were separately added into three cell culture
medium at the 3-minite time point (Fig. 5, 2.832min) (Table 2 and
Fig. 6, point B).After adding chemotherapy drugs, Cal-27 cells rapidly
constricted and the fluorescence intensity increased to the top(Fig. 5,
3.54 min) (Table 2 and Fig. 6, point C).The fluorescence intensity at
point C of group DDP+ 5FU + Paclitaxel was significantly lower than
the other two groups. Then Cal-27 cells began to diastole (Fig. 5,
3.54-4.957 min)(Fig. 6, line C-D). The constriction and diastole process
(Fig. 6 line B-D) lasted for about 2 min.

From 4.957 min in Fig. 5 (Table 2 and Fig. 6, point D) the cells
began a constriction process gradually. The line D-E in Fig. 6 of DDP
group and DDP + 5FU group in Fig. 6 began to grow while the line D-E
in Fig. 6 of DDP + 5FU + Paclitaxel group in Fig. 6 was still dropping.
From 14.865 min in Fig. 5 (Table 2 and Fig. 6, point E) the fluorescence
intensity became stable again. For the final GSH level (Fig. 5,
14.865-19.112min) (Fig. 6, line E-F), DDP + 5FU + Paclitaxel
group < DDP + 5FU group < DDP group. There were statistically
significant differences among the three groups. At fifteenth minute the
fluorescent intensity was not changed for the additional 5min of ob-
servation.

4. Discussion

The resistance to chemotherapy and radiotherapy is the primary
problem confronted in the treatment of SCC [28].The mechanism of
GSH and ROS formation is the main reason for the resistance. Recent
studies have proven that chemotherapy drugs can increase GSH level
which is critical to the progression of apoptosis [29]. However it can be
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Fig. 2. Confocal laser scanning microscope images of probe 1 in cal-27 cells. (A) Blue channel fluorescence image of cal-27 cells incubated with probe 1 (10 pM) and
MitoTracker® Red CMXRos(10 uM) (B) Red fluorescence image of cal-27 cells incubated with probe 1 (10 uM) and MitoTracker® Red CMXRos(10 uM) (C)Mix two
channels fluorescence image of cal-27 incubated with probe 1 (10 pM) and MitoTracker® Red CMXRos (10 uM).
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Fig. 4. Time series fluorescence intensity changes under 0.5% and 1.5% in-
tensity laser.

3.54min 4.957min

Fig. 3. Time series fluorescence image under 0.5% and 1.5% intensity laser.

prevented by the prohibition of GSH depletion [30]. From Fig. 2, we see
that the concentration of GSH in mitochondria is much higher than the
others, which is called GSH reservoir. Moreover, the main source of
ROS is mitochondria and it depends on GSH to deal with ROS formation
and protect cells.

Intense laser energy can produce ROS that damage cells. From
Figs. 3, 4 and Table 1, GSH decreases to cope with the increasing ROS
so as to protect the cells under high intensity laser. The common laser
intensity is 40%-60% when using CLSM. In order to detect real time
GSH changes for a long time, a low intensity laser should be chosen. We
selected two very low intensities 0.5% and 1.5% and data (Fig. 4;
Table 1) showed that fluorescent intensity of the 0.5% intensity laser
was stable besides that of the 1.5% intensity laser decreased gradually
as time went on. So a very low intensity laser is needed for continuous
detection and should be tested when using CLSM.

We observed the dynamic reaction of the Cal-27 cells and GSH
changes when chemotherapy drugs were added. Cal-27 cells rapidly

Table 1

Time series fluorescence intensity changes under 0.5% and 1.5% laser.
Lazer intensity\time(min) 0 0.708 1.416 2.124 2.832 3.54 4.248 4.957
0.5% laser 67.268 67.927 66.960 67.567 65.474 66.331 67.174 68.576
1.5% laser 66.937 63.435 60.658 58.057 55.729 53.543 51.261 48.963
P 0.5628 0.0006 2.3E-06 1.3E-06 4.4E-08 8.7E-06 2.6E-07 5.2E-09
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14.865min(E) 19.112min(F)

Fig. 5. Time series fluorescence image treated by DDP, DDP + 5FU and DDP + 5FU+ Paclitaxel.
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Fig. 6. Time series fluorescence intensity changes treated by 3 chemotherapy
schemes. (The point A,B,C,D,E,F are the same as the point A,B,C,D,EF in
Table 2.)

constricted after adding chemotherapy drugs so as to reduce the contact
area exposed to chemotherapy drugs and the fluorescence intensity
increased to the top (Fig. 5, 3.54 min) (Table 2 and Fig. 6, point C).The
fluorescence intensity at point C of group DDP+ 5FU+ Paclitaxel was
significantly lower than the other two groups due to greater ROS pro-
duction and greater GSH consumption. After constriction, Cal-27 cells
began to diastole slowly (Fig. 5, 3.54-4.957 min) (Fig. 6, line C-D).
Then, Cal-27 cells enlarged (Fig. 5, 4.957 min) (Table 2 and Fig. 6, point
D) but they were smaller than their original size. The constriction and

Table 2

Time series fluorescence intensity changes treated by 3 chemotherapy scheme.

diastole process (Fig. 6 line B-D) lasted for about 2 min. In this process
the resident GSH in cells was consumed to oppose the ROS induced by
chemotherapy drugs. Obviously group DDP+ 5FU+ Paclitaxel con-
sumed much more resident GSH than the other groups as more ROS
production.

From 4.957 min in Fig. 5 (Table 2 and Fig. 6, point D) the cells
began a second constriction process gradually, and from this point cells
began to composite GSH using the amino acid from the environment
(cell culture medium) to deal with ROS. So the line D-E in Fig. 6 of DDP
group and DDP + 5FU group in Fig. 6 began to grow because of the
newly synthesized GSH. But the line D-E in Fig. 6 of DDP + 5FU+
Paclitaxel group in Fig. 6 was still dropping as Paclitaxel produced
much more ROS, that was the reason why Paclitaxel was more available
to kill cancer cells and reached much significant curative effect in
clinical caner treatment. From 14.865 min in Fig. 5 (Table 2 and Fig. 6,
point E) the fluorescence intensity became stable again as the produ-
cing GSH was balanced to the ROS induced by chemotherapy drugs,
which was a continuous process. For the final GSH level (Fig. 5,
14.865-19.112min) (Fig. 6, line E-F), DDP + 5FU+ Paclitaxel
group < DDP + 5FU group < DDP group. There were statistically sig-
nificant differences among the three groups. High GSH protected cancer
cells from chemotherapy-induced death and the final GSH level (Fig. 5,
14.865-19.112 min) (Fig. 6, line E-F) measured here was similar to in
vivo GSH level for patient in chemotherapy. It took 12 min for Cal-27
cells to reach GSH equilibrium (Fig. 6 and Table 2, point E) after adding
chemotherapy drugs.

Chemotherapy scheme\time(min) 0 (A) 0.708 1.416 2124 2.832(B) 3.54(C) 4.248 4.957 (D) 5.665 6.372 7.081 7.787 8.495 9.203
DDP 67.352 65.266 66.12 66.961 68.358 101.324 84.878 71.238 70.141 72161 75.38 76.562  77.98 78.482
DDP + 5FU 67.431 66.784 66.515 66.526 66.546 99.24 68.842 61.017 59.85 60.569 61.867 63.646 64.802 66.635
DDP + 5FU + Paclitaxel 67.141 66.687 66.974 67.659 68.76 80.314 66.734 61.946 58.447 58.035 57.89 56.469 53.71 51.548
pl 0.5516 0.1963 0.6986 0.6949 0.0602 0.0062  1.3E-05 8.5E-06 2.8E-05 8.5E-06 2.1E-06 2.6E-06 5.9E-06 4.0E-07
p2 0.6890 0.8951 0.6632 0.1330 0.0006 3.7E-07 0.0332 0.1814 0.0359 0.0027 0.0001 4.3E-06 1.4E-05 2.1E-07
Chemotherapy scheme\time 9.911 10.619 11.327 12.035 12.743 13.449 14.157 14.865(E) 15.573 16.28 16.988 17.696 18.404 19.112 (F)
(min)

DDP 78.881 79.668 80.347 80.819 81.185 81.042 81.811 82.137 82.673 82947 82.677 82961 82.802 81.96
DDP + 5FU 68.224 69.782 71.22 72.238 72.687 72991 74185 74.056 74.044 74217 74365 74.044 74.178 74.026
DDP + 5FU + Paclitaxel 50.762 48,903 48.998 48579 48.153 49.135 48.514 49.411 49.998 50.395 49.501 49.685 48.769 49.602

pl 1.0E-06 8.1E-06 9.7E-06 4.9E-06 1.1E-05 3.1E-06 1.3E-05 7.1E-05 3.5E-05 2.8E-06 3.3E-05 5.2E-05 6.5E-05 1.7E-05
p2 4.1E-08 5.1E-07 6.6E-07 1.4E-07 2.5E-07 4.2E-08 5.2E-08 3.4E-06 5.3E-08 3.5E-07 6.6E-07 5.1E-07 3.2E-07 1.1E-07

The A,B,C,D,E,F are the same as the point A,B,C,D,E,F in Fig. 5.

pl means the statistical differences between DDP and DDP + 5FU, p2 means the statistical differences between DDP + 5FU and DDP + 5FU + Paclitaxel.
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5. Conclusion

In summary, the results show that it is the first report with probe 1
that to quantifying real-time GSH level changes in cultured che-
motherapy cancer cells. The results of this study demonstrate the fea-
sibility of probe 1 imaging in detecting GSH in SCC cells. The probe 1 is
cell-permeable and can monitor specific cellular locations of GSH. Also,
fluorescent intensity is stable when cells are incubated with the probe 1
using a 0.5% intensity laser (405 nm) under the confocal laser scanning
microscopy. The probe 1 can be used to measure GSH changes in living
cancer cells during different chemotherapy, which may confer che-
motherapy resistance.
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