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Glutathione peroxidase (GPx), an important antioxidative enzmye, can be inhibited by various thiols, including 
of tiopronin and mercaptosuccinic acid (MSA). Recently, there has been discussion regarding the combination 
of tiopronin in anticancer therapy to overcome acquired resistance to anticancer drugs. However, thiols are 
also known to act as antioxidants, which can be contraindicated in cancer chemotherapy. This article focuses 
on the inhibitory effects of tiopronin and MSA on bovine and human glutathione peroxidase activities, and their 
effects on the redox status of cancer cells. IC50 values for the inhibition for the bovine erythrocyte enzyme were 
356 and 24.7 μM for tiopronin and MSA, respectively, with the corresponding Ki values of 343 μM and 14.6 μM, 
respectively at pH 7.4 and 25 °C. MSA inhibited human GPx activity in human cancer cell lysates at its IC50 
while tiopronin did not. Both compounds were cytotoxic to human cancer cell lines GUMBUS and HL-60, with 
IC50 values between 42.7 and 149.4 μM. Neither had an effect on cell cycle. Only MSA induced apoptosis in 
HL-60 cells but not in GUMBUS cells, while tiopronin resulted in no apoptosis in either cell line. Combination 
studies of the MSA with hydrogen peroxide in living cells enhanced the production of reactive oxygen species in 
GUMBUS cells while tiopronin acted as antioxidant in HL-60 cells. MSA and tiopronin antagonized the cytotoxic 
effect of cisplatin, doxorubicin and methotrexate in combination studies. Our findings indicate that the antioxidant 
properties of both thiols prevail over their GPx inhibitory activity in human cancer cell lines. 

1. Introduction
Oxidative reactions such as oxidative phosphorylation are 
among the most important biochemical processes. These redox 
processes must be balanced within the cell or else oxidative or 
reductive stress arises. This can result in irreversible alterations of 
membranes, proteins and DNA followed by induction of apoptosis 
or necrosis leading to cell death (Cerutti 1985; Duan et al. 2016; 
Lloret et al. 2016). Oxidative stress is characterised by excesses 
of reactive oxygen species (ROS) like peroxides, superoxide and 
hydroxyl radicals, and reactive nitrogen species (RNS) like peroxi-
nitrite, to name but a few. Cells have a variety of mechanisms to 
deal with oxidative stress, such as maintaining adequate levels of 
antioxidants like glutathione (GSH), tocopherol and ascorbic acid 
or by expressing antioxidative enzymes like catalase, superoxide 
dismutase, thioredoxin reductase, glutathione reductase and gluta-
thione peroxidase (GPx). 
The GPx enzymes are one of the main removers of peroxides in 
pro- and eukaryotes, flora and fungi (Brigelius-Flohe et al. 2013; 
Lubos et al. 2011). GPx reduces organic peroxides to water and 
corresponding alcohols, or, in the case of hydrogen peroxide to 
a second molecule of water, by catalyzing the oxidation of two 

molecules of GSH to the disulphide (GSSG). Eight isoenzymes 
with different localisations and main functions are known. For 
GPx isoenzymes a catalytic tetrade is highly conserved, whereas 
the isoenzymes GPx-1 – GPx-4 and GPx-6 are characterised by 
the use of the unique amino acid selenocysteine in the catalytic 
center. Glutamine, tryptophan and asparagine residues of the cata-
lytic tetrade are crucial for enzyme substrate interaction. The most 
prevalent forms are GPx-1, with localisation in the cytosol, and 
GPx-4, which is located in the cell membrane. 
Inhibiton of GPx-1 could be of therapeutic benefit for diseases 
like cancer, where resistance to anticancer drugs can result when 
antioxidative enzyme become over-expressed (Dokic et al. 2012; 
Jardim et al. 2013; Schulz et al. 2012). However, due to the rela-
tively flat active site of GPx-1, this enzyme is not a readily drug-
able target. Thus, only a few, relatively weak inhibitors are known 
to date. Most of these are either thiols (Chaudiere et al. 1984b), 
acylhydrazone heterocycles (Schulz et al. 2012), misonidazole 
(Kumar et al. 1986) or mercury- and gold compounds (Chaudiere 
et al. 1984a; Farina et al. 2009; Roberts et al. 1998) . Among the 
thiol inhibitors, coenzyme A (Little et al. 1970), tiopronin [(R,S)-
N-2–mercaptopropionylglycine] (Fig. 1a) and mercaptosuccinic 
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Tiopronin [(R,S)-N-2–mercaptopropionylglycine]

Fig. 1: Structures of a) tiopronin and b) mercaptosuccinic acid (MSA).
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acid (MSA) (Fig. 1b) have been described, with MSA being the 
best characterized GPx-1 inhibitor. It has been reported that MSA 
and tiopronin oxidize the selenocysteine in the active side of the 
enzyme, which then undergoes a reactive transfer to the lysine 
166. After oxidation of the sulfenamide to a sulfonamide, GPx-1 
becomes irreversible inhibited (Hall et al. 2014). 
Tiopronin is approved worldwide for the treatment of cystein-
uria, which can lead to the formation of kidney stones; it acts by 
reacting with cysteine in urine, thus increasing the solubility and 
renal elimination of the amino acid (Carlsson et al. 1993). In addi-
tion, tiopronin is used to treat victims of heavy metal poisoning. It 
has also found applications in the treatment of acute and chronic 
hepatitis, fatty liver, cirrhosis of the liver and rheumatoid arthritis. 
Usually these pharmacological activities of tiopronin have been 
attributed not to the inhibition of GPx but rather to the antioxi-
dative activity of the thiol (Fetoni et al. 2004; Zhang et al. 1999) 
and metal chelating ability (Domingo 1995; Fujimoto et al. 1979). 
Recently, there has been interest in combining tiopronin with 
anticancer drugs to overcome acquired resistance. One publication 
reported that tiopronin may act as a GPx inhibitor to selectively 
kill multi-drug resistant (MDR) cancer cells (Hall et al. 2014). 
Another reported that MDR overexpressing cancer cells were 
more sensitive to tiopronin than native cells, and that tiopronin 
suppressed the expression of the P-gp (ABCB1) and MDR protein 
MRP1 (ABCC1) in cancer cells, protecting them from the cyto-
toxicity of doxorubicin (DOX) and paclitaxel (Goldsborough et al. 
2011). Thus, tiopronin could find an additional indication in cancer 
therapy. 
The interesting pharmacological features of tiopronin led us 
to examine the inhibitory activities of tiopronin on GPx-1 from 
both bovine as well as human origins, which have 87 % amino 
acid homology and possess the same catalytic tetrade (Wilde et 
al. 2014). Moreover, we investigated the effects of tiopronin and 
MSA on the proliferation of cancer cells and their ability to induce 
apoptosis. The redox state of cells treated with tiopronin or MSA 
in combination with hydrogen peroxide was also investigated. 
Finally, we performed drug combination studies of tiopronin and 
MSA with cisplatin (CDDP), doxorubicin (DOX) or methotrexate 
(MTX) to probe for synergistic, additive or antagonistic effects on 
human cancer cells.

2. Investigations and results

2.1. Inhibition of GPx activity by tiopronin and MSA

2.1.1. Inhibitory activity of tiopronin and MSA on isolated 
bovine glutathione peroxidase 1
To determine the inhibitory activity of MSA and tiopronin on GPx, 
an enyzme assay that mimics the natural catalytic reaction of the GPx 
was used. In this assay, GPx-1 reduces tert.-butyl hydroperoxide by 
converting GSH to GSSG while glutathione reductase (GR) recycles 
GSSG back to GSH under consumption of NADPH, which can be 
monitored spectrophotometrically by a decrease of absorption at 
λ=340  nm. Figure 2 shows concentration dependent inhibition of 
bovine erythrocyte GPx-1 by both tiopronin and MSA, which were 

used for the estimation of the IC
50

 values. We obtained IC
50

 values 
for tiopronin and MSA of 356.2±17.71 and 24.73±1.79 μM at pH 
7.4 and 25 °C, respectively (Table 1). Thus, MSA is 14.4 times more 
potent than tiopronin at inhibiting bovine erythrocyte GPx-1. 

Table 1: Values (μM) for GPx-1 inhibition at 25 °C [mean ± SD; n>3].

Tiopronin MSA

IC50 356.2 ± 17.71 24.73 ± 1.79

K
i

343.3 ± 13.77 14.60 ± 0.70

Fig. 2: Concentration-inhibition plots of bovine GPx-1 inhibited by tiopronin and 
MSA with 1.5 mM GSH at pH 7.4 and 25° C [mean ± SD; n=3].

A modified GPx–1 assay with varying concentrations of gluta-
thione was used to determine the maximum conversion rates (V

max
) 

and the Michaelis Menten constant (K
m
) of the bovine enzyme 

(Fig. 3). Fitting the data to a parabolic function gave a V
max

 of 143.0 
±  6.35  U/L and a K

m
 of 1.72±0.17  mM for the substrate GSH. 

Interestingly, this K
m
 value lies within the concentration range of 

1-12 mM for GSH in many human cancer cells (Bracht et al. 2004). 

Fig. 3: Concentration-rate plot of bovine GPx-1 activity with various concentrations 
of GSH at pH 7.4 and 25° C [mean ± SD; n=8].

The inhibition constants (K
i
) for tiopronin and MSA were deter-

mined with the same assay by measuring enzyme activity at 
varying concentrations of the substrate GSH and at approximately 
multiples of the IC

50
-values of either tiopronin or MSA (Fig. 4). To 

calculate the K
i
-values GraphPad Prism 6.0 software was used. In 

addition to the calculation of the K
i
 values, the software also calcu-

lates an alpha–value, which gives information on the particular 
mode of the inhibitor to the enzyme. Alpha values of one indicate 
that the inhibitor does not change the binding of enzyme and inhib-
itor, indicating a non-competitive inhibition. Is the alpha–value 
less than one, the inhibitor would appear to enhance the substrate 
binding (uncompetitive inhibition). In contrast, very high values 
mean that the inhibitor displaces the substrate from the active site, 
indicating a competitive inhibition mode. For tiopronin and MSA, 
K

i
-values of 343.0±13.77 and 14.60±0.70 μM were found, respec-

tively; thus, MSA is 23 times more potent at inhibiting GPx-1 
compared to tiopronin, which is consistent with what was found 
by comparing IC

50
 values. Very high alpha-values of 1.5 × 1012 and 

1.4 × 1013 for tiopronin and MSA, respectively, indicate that both 
inhibitors act by a competitive inhibition mode. 

2.1.2. Inhibitory activity of GPx activity in human cancer 
cell lysates by tiopronin and MSA
Tiopronin and MSA were evaluated for their ability to inhibit 
GPx activity from human sources. For these studies, cell lysates 
from human cancer cells were used in place of bovine GPx-1. Not 
surprisingly, cancer cell lines are characteristic for their varying 
GPx activity (Fig. 5); e.g., SISO cell lysates have the highest 
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2.2. Effects of tiopronin and MSA on human cancer cells

2.2.1. Inhibition of viability in GUMBUS und HL-60 cell 
lines by tiopronin and MSA
Earlier studies reported weak cytotoxic activities of tiopronin and 
MSA in various human cell lines (Goldsborough et al. 2011; Hall 
et al. 2014). For our studies, we determined the cytotoxic activity 
of tiopronin and MSA by the MTT-viability assay with a human 
B-cell lymphoma (GUMBUS) and a human leukemia (HL-60) 
cell line for 48 h. Figure 7 shows the concentration-effect curves 
used in the determination of the IC

50
-values, which are compiled 

in Table 2. The IC
50

 values indicate that tiopronin is slightly more 
toxic to GUMBUS cell line then MSA, with IC

50
 values of 42.7 

Fig. 4: Concentration-rate plots of bovine GPx-1 activity with various concentra-
tions of GSH and the GPx-inhibitors tiopronin (top) and MSA (bottom) at 
pH 7.4 and 25° C [mean ± SD; n=3].

Fig. 5: GPx activity of various cells lysates per μg of total protein at pH 7.4 and 
25° C [mean ± SD; n<3].

GPx-activity followed by the cell lysates of HL-60, LCLC-103H 
and GUMBUS having the lowest activity. The addition of the 
inhibitors to the lysates of human cancer cells resulted in an 
inhibitory effect for MSA but not for tiopronin (Fig. 6). Tiopronin 
showed no GPx-inhibiting effect on GUMBUS, HL-60, LCLC-
130H and SISO cell lysates but MSA showed an inhibitory effect 
in cell lysates of HL-60, LCLC-130H and SISO but not in lysates 
of GUMBUS cells. On the average of all cell lines, a residual 
activity of 102.0±8.4 % for tiopronin and 80.4±7.7 for MSA was 
detected. 

Fig. 6: Relative GPx-activity of cell lysates after exposure to tiopronin (150 μM) and 
MSA (5.9 μM) at pH 7.4 and 25° C; line marks the untreated control [mean 
± SD; n>3; inhibition by MSA was significant with p<0.05].

Fig. 7: Concentration-activity plots of the cell viability after incubation with tiopro-
nin (top) and MSA (bottom) for 48 h in GUMBUS and HL-60 cells [mean ± 
SD; n>3].
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and 74.5 μM, respectively. However, the HL-60 cell line is nearly 
twice as sensitive towards tiopronin as MSA, with IC

50
 values of 

64.9 and 149.4 μM, respectively. These IC
50

 values after 48 h for 
tiopronin are considerably lower than those reported for the wild-
type KB-3-1 cell line after 72 h (e.g. 3.9 mM by Hall et al. 2014 or 
rather 7.5 by Goldsborough et al. 2011). For the ensuring investi-
gations we incubated cells with either the IC

50 
concentration or the 

IC
90

 (IC
90-GUMBUS

: tiopronin = 210 μM, MSA = 154 μM; IC
90-HL

-
60

: 
tiopronin = 150 μM, MSA = 668 μM)

2.2.3. Induction of apoptosis in GUMBUS and HL-60 cell 
lines by tiopronin and MSA
To assess the mechanism of cell death induced by tiopronin and 
MSA, flow cytometric technique based on FITC linked Annex-
in–V and PI double staining was used to differentiate between 
viable, early apoptotic and late apoptotic cells (Martin et al. 1995). 
Both GUMBUS and HL-60 cells were treated with tiopronin and 
MSA at their IC

50
 or IC

90
 concentrations of viability inhibition for 

48 h. Neither GUMBUS nor HL-60 cells showed an increase in 
apoptotic cells after a 48 h incubation with tiopronin (see Fig. 9). 
For MSA, no induction of apoptosis in the GUMBUS cell line 
was observed but a strong induction in apoptotic cells was noted 
in the HL-60 cell line, which is consistent with the cell cycle data 
reported above. 

2.3. Combination experiments with tiopronin or MSA in 
cancer cell lines

2.3.1. Infl uence of tiopronin and MSA on the ROS produc-
tion by hydrogen peroxide in GUMBUS and HL-60 cells
If tiopronin and MSA were effective, irreversible GPx-1 inhibi-
tors in cells, then one would expect that a pre-incubation of cells 
with either of these would result in an increase in reactive oxygen 
species (ROS) when the cells were exposed to a peroxide such 
as hydrogen peroxide. To determine whether tiopronin and MSA 
have an effect on the intracellular levels of (ROS), induced by the 
addition of hydrogen peroxide, cells were pre-incubated for 24 h 
with either of the two thiols to ensured their cellular uptake and 
inhibition of GPx. Neither tiopronin nor MSA affected the basal 

Table 2: IC50 values (μM) for inhibition of cell viability after 48 h 
[mean ± SD; n>3].

tiopronin MSA

GUMBUS 42.7 ± 18.9 74.5 ± 13.9

HL-60 64.9 ± 20.8 149.4 ± 19.2

2.2.2. Infl uence of tiopronin and MSA on the cell cycle 
progression of Gumbus and HL-60 cells
The influence of tiopronin and MSA on the cell cycle was deter-
mined by a standard flow cytometric technique based on staining 
nuclear DNA with propidium iodide (PI). A shift in the distribution 
of cells from one phase to the previous phase indicates cell cycle 
arrest, while as shift of cells to the subG phase indicates induction 
of apoptosis. No influence by either tiopronin or MSA on cell 
cycle progression in the both cell lines at either the IC

50
 or the IC

90
 

of the viability inhibition was detected after 48 h (Fig.). However, 
a strong increase in the subG fraction by MSA at both the IC

50
 

and IC
90

 concentrations in HL-60 cells was highly significant 
compared to control. 

Fig. 8: Fractions of the cell cycle after incubation with tiopronin (left) or MSA 
(right) in GUMBUS and HL-60 cells for 48 h (tiopronin IC

50
 Gumbus: 42.7 

μM, HL-60: 64.9 μM; IC
90

 GUMBUS: 210 μM, HL-60: 154 μM; MSA IC
50

 
Gumbus: 74.5 μM, HL-60: 149.4 μM; IC

90
 GUMBUS: 150 μM, HL-60: 668 

μM)[mean ± SD; n=2 for tiopronin, n=3 for MSA;  **p<0.01, ****p<0.0001 
related to control].

Fig. 9: Fractions after Annexin-V / PI double staining for apoptosis detection after 
incubation with tiopronin (left) or MSA (right) in GUMBUS and HL-60 cells 
for 48 h (tiopronin IC

50
 Gumbus: 42.7 μM, HL-60: 64.9 μM; IC

90
 GUMBUS: 

210 μM, HL-60: 154 μM; MSA IC
50

 Gumbus: 74.5 μM, HL-60: 149.4 μM; 
IC

90
 GUMBUS: 150 μM, HL-60: 668 μM) [mean ± SD; n=3; ****p<0.0001 

related to control].

Fig. 10: Relative ROS accumulation induced by hydrogen peroxide after a 24 h pre-
incubation with tiopronin or MSA [mean and each measured sample; n>3; 
***p<0.001, ****p<0.0001 related to corresponding control].
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levels of ROS in GUMBUS and HL-60 cells after 24 h (Fig. 10). 
The incubations of cells with just hydrogen peroxide resulted in a 
significant concentration dependant increase in intracellular ROS 
levels (significance not shown in Fig. 10). In the GUMBUS cell 
line, only MSA led to a statistically significant increase in ROS 
levels compared to controls with just hydrogen peroxide incu-
bation, consistent with our hypothesis and suggesting that MSA 
can act intracellularly as a GPx inhibitor. On the other hand, no 
effect on ROS levels was observed in the GUMBUS cell line with 
tiopronin pre-treatment. However, in the HL-60 cell line, MSA 
was unable to change the ROS levels. Contrary to our hypothesis, 
tiopronin actually led to a decrease in ROS levels in HL-60 cells, 
suggesting that this thiol may act directly as an antioxidant and not 
as a GPx inhibitor in cells. 

2.3.2. Combinations of tiopronin or MSA with cisplatin, 
doxorubicin or methotrexate in GUMBUS and HL-60 cells
Anticancer drugs such as DOX, CDDP and MTX have been 
reported to increase oxidative stress in cells as one of their mech-
anism of cytotoxicity (Herman et al. 2005; Miyajima et al. 1997; 
Yang et al. 1996). Thus, a combination of such an anticancer 
drug with a GPx-1 inhibitor might lead to a further increase in 
oxidative stress and thus a synergistic killing of cancer cells. To 
test this hypothesis, experiments with combinations of anticancer 
drugs with either tiopronin or MSA were performed and analysed 
by the method of Chou-Talalay to detect synergistic, additive or 
antagonistic effects in combination treatments (Chou 2006, 2010). 
For these experiments, a constant combination ratio of tiopronin or 
MSA with either DOX, CDDP or MTX in multiple concentrations 
(0.25×, 0.5×, 1×, 2× and 4×) of the IC

50
 for the viability inhibi-

tion were added to cultures of either GUMBUS or HL-60 cells. 
Cytotoxicity was determined by the MTT assay. The underlying 
IC

50
 values of the anticancer drugs are reported in Table 3. The 

combination index (CI) was calculated by CompuSyn 1.0 soft-
ware, which gives information on the effect of the combination; 
i.e, is the CI near one, the combination acts additively, is the CI 
smaller than one the two compounds act synergistically together, 

is the CI much greater than one, then an antagonistic action of the 
two compounds is indicated (Chou TC 2006). Figure 11 show the 
CI plots for the combination assays as a function of combination 
ratios. In this figure each point is a calculated result of the dose-re-
sponse curve for the viability determination under combination of 
both drugs and the effect of the combination related to the effect 
of each drugs alone. 
The combination of tiopronin with CDDP resulted in an antago-
nistic effect in both cell lines while the combination of MSA with 
CDDP resulted in an additive toxicity effect in GUMBUS cell 
line for high doses and a slight antagonistic effect in HL-60 cells. 
The CI values increases with decreasing concentrations of the 
anticancer drug, indicating a stronger antagonistic effect at higher 
residual viabilities. CI values for the combinations of tiopronin or 
MSA with DOX indicate additive or antagonistic effects for the 
entirety combination ratios. The CI values vary between 1 and 
3.36 under combined drug exposure for residual viabilities under 
75 %. Only at very high concentrations of tiopronin and DOX in 
the HL-60 cell line does the CI values fall below 1: i.e., to 0.68 at 
residual viability of 10 %. The combination of MSA with MTX 
in HL-60 cell was the only example of a synergistic effect with 
CI values below one. For the combination of MTX with tiopronin 
in GUMBUS and HL-60, and with MSA in GUMBUS cells we 
detected CI values greater than 1, indicating antagonistic combi-
nation effects.

3. Discussion
Tiopronin and MSA have been reported to be inhibitors of GPx, 
however, to the best of our knowledge, enzyme inhibitory IC

50
 or 

Ki values have never been published for either of these compounds. 
Only two publications (Chaudiere et al. 1984b; Hall et al. 2014) 
reported inhibitory activities for tiopronin, but these were at just 
one concentration; e.g., they detected a residual activity of bovine 
GPx after incubation with 200 μM at 60 % for tiopronin. By means 
of concentration-inhibition curves we detected a residual GPx 
activity of 37 % at 200 μM tiopronin (Fig. 2). For MSA, Chaudiere 
et al. (1984b) and Michiels et al. (1988) reported total GPx inhi-
bition at quite high concentrations of MSA (0.2 mM and 50 μM, 
respectively), while Wilde et al. (2014) detected a residual activity 
of 17 % at 40 μM. Under the conditions of our experiments (e.g. 
at 25 °C), we found residual activities of 11 % and 0 % at 22.2 
and 66.6 μM, respectively, similar inhibitory activity of MSA was 
reported by Chaudiere, Hall and Wilde. 
We note an approximate 20 times greater potency for MSA 
compared to tiopronin based on the determined IC

50
 und K

i
 values. 

Interestingly, the K
i
 for MSA is approx. 100 times lower than the 

K
m
 value for GSH, leading us to conclude that the affinity of MSA 

to GPx is much higher than to its physiological substrate GSH. The 
very high calculated alpha-values for tiopronin and MSA confirm 
the studies of Hall et al. (2014) that MSA acts through a competi-
tive inhibition mode. 
In studies of GPx-1 inhibition, the bovine enzyme is often used 
because it is commercially available, with a high homology of 
87 %, and 93 % homology in the active site compared to human 
source (Wilde et al. 2014). We examined whether tiopronin and 
MSA are able to inhibit human GPx activity and found a signifi-
cant inhibition of GPx activity by MSA but not by tiopronin. Hall 
et al. (2014) identified the MSA and tiopronin binding residue 
for bovine GPx, a lysine near to members of the catalytic tetrade 
(asparagine and tryptophan – WN motif). A replacement of an 
alanine to a serine next to the WN – motif in human GPx–1 could 
explain the loss on the inhibitory activity for tiopronin compared 
to bovine enzyme.
A more potent toxic effect of MSA compared to tiopronin was 
detected in both cell lines by the MTT viability assay. There were 
no effects on the cell cycle progression, indicating a non-selective 
mechanism of action for both compounds. Measurements of apop-
tosis by Annexin-V and PI double staining gave negative results 
for tiopronin with both cell lines and for MSA in GUMBUS cells. 
However, the exposure of HL–60 cells to MSA produced a signif-
icant increase in apoptotic cells. A similar significant increase in 

Fig. 11: CI-plots for drug combinations of tiopronin (top) or MSA (bottom) with 
CDDP, DOX and MTX in GUMBUS (left) and HL-60 cells (right); plotted as 
relative residual viability under combination versus combination index (CI=1 
additive effect; CI<1synergistic effect; CI>1 antagonistic effect) [mean ± 
SEM; n>3].

Table 3: IC50 values (mean in μM) of viability inhibition by anticancer 
drug in GUMBUS and HL-60 cell line used in multiples for combina-
tion assay 

 Cisplatin Doxorubicin Methotrexat

GUMBUS 0.92 0.020 0.034

HL-60 3.3* 0.046* 0.017* 

* from Bracht et al. (2006)
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the subG population of the cell cycle in HL-60 cells treated with 
MSA support this finding. 
For drug combination studies we used anticancer agents that are 
known to partially mediate their cytotoxicity through ROS produc-
tion. We hypothesized that a synergistic combination effect would 
be found for both thiols because the inhibition of GPx would be 
expected to enhance the toxicity of these anticancer drugs by 
reducing the antioxidative capacity of the cells. Instead, combi-
nations between DOX, CDDP or MTX and tiopronin or MSA 
showed in most cases either additive or even antagonistic effects. 
Only in the combination of MTX with MSA in the HL-60 cell line 
was a synergistic cytotoxic effect apparent.
It is well known that antioxidants can cause reduced toxicity of 
DOX or MTX leading to the presumption that tiopronin and MSA 
might be acting as antioxidants (Barros et al. 2013; Burcu et al. 
2016; Herman et al. 2005). An antagonistic combination effect 
between CDDP and tiopronin was not unexpected because CDDP 
is known to be inactivated by thiols and it is also known that 
tiopronin can reduce oto- and nephrotoxicity of CDDP by acting as 
antioxidant in vivo (Fetoni et al. 2004; Zhang et al. 1999). However, 
if protection against side effects were to compromise drug efficacy, 
then such combinations should be avoided in the practice. 
We investigated the effect of tiopronin and MSA on the ROS 
induction by hydrogen peroxide. If both were acting as effective 
GPx inhibitors within cells, then an increase in ROS production 
by hydrogen peroxide could be expected. We found that a prein-
cubation of GUMBUS cells with MSA before hydrogen peroxide 
exposure significantly enhances ROS levels. In the case of HL–60 
cells, which have 10-times greater catalase activity than GUMBUS 
cells (Bracht et al. 2007), no enhancement of ROS by hydrogen 
peroxide in combination with MSA was observed. A pre-incuba-
tion with tiopronin for 24 h in GUMBUS cells had no effect on 
ROS levels induced by hydrogen peroxide while in HL-60 cells 
a reduction in ROS levels was observed. This result indicates that 
tiopronin may be acting as antioxidant in the HL-60 cell line. 
In conclusion, the inhibiton of GPx-1 by tiopronin and MSA was 
confirmed, with MSA being 20-times more potent asan inhibitor 
than tiopronin. We also showed that MSA is able to inhibit GPx 
activity of human source by investigations with cell lysates and by 
combination studies with living cells in dependence to hydrogen 
peroxide exposure. In contrast, tiopronin had none of these effects. 
While both thiols are cytotoxic to cancer cells, only MSA induces 
apoptosis in the HL-60 cell line. Furthermore, our results indicate 
that tiopronin can antagonize the cytotoxic effects of various 
anticancer drugs, presumably because it acts as an antioxidant in 
human cancer cells. Thus, combination therapies of tiopronin with 
anticancer drugs should be reconsidered in light of this data.

4. Experimental

4.1. Chemicals
The following chemicals were purchased from Sigma Aldrich (Taufkirchen, 
Germany): 2´,7´-dichloro fluorescein diacetate (DCFDA), fetal bovine serum, gluta-
thione, glutathione disufilde, bovine glutathione peroxidase-1, glutathione reductase, 
mercaptosuccinic acid, methotrexat, propidium iodide, ribonuklease A, tert-butyl-
hydroperoxide, tiopronin, whereas both RPMI  1640 and penicillin/streptomycin 
were purchased from PAN Biotech (Aidenbach, Germany), MTT from Alfa Aesar 
(Haverhill, MA, USA), NADPH from Carl Roth (Karlsruhe, Germany), cisplatin from 
Chempur (Karlsruhe, Germany) and doxorubicin from Pharmacia & Upjohn (Stock-
holm, Sweden). The Annexin-V kit was purchased from Miltenyi Biotech (Teterow, 
Germany). For spectroscopic measurements a Spectramax 384 Plus plate reader 
from Molecular Devices (Sunnyvale, CA, USA) was used. Flow cytometric analytics 
were performed with a MACSQuant Analyzer 10 from Miltenyi Biotech (Teterow, 
Germany). Data were calculated and analysed with GraphPad Prism Software 6.0.

4.2. Cell culture
The human acute myeloid leukemia HL-60, the human large cell lung cancer 
LCLC-103H and the human cervix cancer SISO cell lines were obtained from 
Deutsche Sammlung von Mikroorganismen and Zellkulturen GmbH (DSMZ, Braun-
schweig, Germany) while the GUMBUS cell line was derived from a patient with 
chemotherapy refractory aggressive B-Non-Hodgkin’s lymphoma at the University 
Hospital in Greifswald (Bracht et al. 2007), but is now also available at the DSMZ. 
Cells were grown in RPMI 1640 medium supplemented with 10 % fetal bovine serum, 
1 % penicillin (10,000 U/ml) + streptomycin (10 mg/ml) at 37 °C in a humidified 
incubator with 5% CO

2
 atmosphere.

4.3. GPx-Assay
GPx inhibitory effects were measured with microtiter-based modification of the 
GPx-assay by Paglia et al. (1967). All regents were dissolved in a phosphate buffer 
(50 mM, pH = 7.4) containing 1.1 mM EDTA and 0.01 % Triton X. UV-translucent 
Well plates were loaded with reagents to a final volume of 300 μL containing bovine 
GPx-1 (0.015 U/ml), NADPH (0.2 mM), GR (0.2 U/ml), GSH (1.5 mM), tert-butyl 
hydroperoxide (0.2 mM) and appropriate inhibitor concentrations and incubated at a 
temperature 25 °C. For determination of IC

50
 values, inhibitor in serial dilutions were 

added. For the determination of K
i
 values, multiple concentrations of the IC

50
 were 

added as well as varying concentrations of GSH between 0.5–4 mM. For the testing 
of human GPx activity, bovine enyzme was replaced by the total protein cell lysates 
(100 μg/well), with protein quantified by the Bradford method (Bradford 1976). The 
decreasing rate of absorption of NADPH at λ=340 nm was measured every 15 s for 30 
min with a 5 s shaking period at a temperature of 25 °C. The negative rate (in min) of 
the absorption reduction multiplied by the dilution factor and divided by the extinction 
coefficient for NADPH (6.22 x 10-3 l μmol-1 cm-1) is the GPx activity in U/L.

4.4. Cell viability assay
To assess cytotoxicity a microtiter-based modification of the MTT assay was used 
(Mosmann 1983). Briefly, cells were seeded out in a density of 10.000 cells per well 
for HL-60 or 20.000 cells per well for GUMBUS in 96-well plates and exposed to 
tiopronin or MSA, or to various combinations with anticancer drugs in serial dilutions 
in a volume of 100 μL per well. Plates were returned to the cell incubator for 48 h at 
37 °C. Then 20 μl of MTT solution (2.5 mg/ml in phosphate buffered saline (PBS)) 
was added to wells and incubated in cell incubator for 4 h. The MTT crystals that 
formed were dissolved in 0.04 N HCl in isopropanol by sonification and the optical 
density (OD) was measured at λ=570 nm. Relative viability is the quotient between 
OD

treated
 and OD

untreated
, multiplied by 100.

4.5. Cell cycle assay
To detect an influence of either tiopronin or MSA on cell cycle progression, cells 
were seeded into 6-well plates at a density of 250,000 cells per 3 ml medium. After 
exposure of cells to either tiopronin or MSA, cells were washed with PBS by centrif-
ugation at 500 x g and resuspension in ice-cold ethanol for 30 min on ice. Ethanol 
was then replaced by 500 μL PBS containing PI (0.025 μg/ml) and ribonuclease A 
(0.1 μg/ml) and stored for 30 min at room temperature, followed by flow cytometry 
determination of PI at λ

excitation
/λ

emission
 = 488/655–730  nm. Agglutinated cells were 

discriminated by method of Wersto et al. (2001).

4.6. Apoptosis determination
Apoptosis was determined by an Annexin-V kit based on an Annexin-V / PI double 
staining method (Koopman et al. 1994) according to the manufacturer’s instruc-
tions. Briefly, cells were seeded out into 6-well plates in a density of 125,000 cells 
per 3  ml medium and exposed to either tiopronin or MSA for 48  h. Cells were 
then washed with 500  ml binding buffer (included in the kit), centrifuged and 
resuspension into 50 ml binding buffer. After addition of 5 ml Annexin-V solution 
cell suspension were incubated in the dark for 15 min at room temperature. After 
washing the suspension with 500 ml binding buffer, cells were resuspended in 250 μl 
binding buffer. Before measurement 2.5 μl of PI solution was added and cytometry 
determination was performed at λ

excitation
/λ

emission
 = 488/525±50  nm for Annexin-V 

(FITC labelled) and λ
excitation

/λ
emission

 = 488/655–730 nm for PI. Normal living cells 
show no fluorescence, apoptotic cells show an increased in FITC emission only, 
while both necrotic cells and late apoptotic cells show both FITC emission as well 
as an increased PI signal.

4.7. ROS determination
To detect the effect of either tiopronin or MSA on ROS cellular levels induced by 
hydrogen peroxide, 250,000 cells in 3 ml in 6-well plates were incubated with either 
tiopronin or MSA for 24 h at 37 °C. Afterwards, the cells were washed with 1.0 ml 
PBS and exposed to 2.0 μM 2´,7´-dichloro fluorescein diacetate (DCFDA) in PBS 
(500 μl) for 30 min at 37 °C. After a repeated washing step, cells were incubated at 
37 °C with various concentrations of hydrogen peroxide in PBS for 10 min. After 
a washing step with PBS, the flow cytometric determinations at λ

excitation
/λ

emission
 = 

488/525±50 nm in PBS were performed.

4.8. Statistics
For statistical evaluation a two statistical tests performed via GraphPad Prism 6.0 soft-
ware was used. One way ANOVA: Dunnett´s multiple comparison test were used for 
the comparison of IC

50
 values and for ROS accumulation assays. Two way ANOVA: 

Dunnett´s multiple comparison tests were used for cell cycle analyses, apoptosis 
induction and inhibition of human GPx-activity.

Conflicts of interest: None declared.
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