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Summary 
Doxorubicin (DOX) is a cytostatic agent belonging to 
anthracycline group. Important role in mechanism associated 
with negative effects of DOX plays an oxidative stress. Heat 
shock proteins (HSPs) are part of mechanisms initiated in 
response to stressful stimuli and play an important role in cellular 
responses to oxidative stress through interaction with 
components of redox signaling. The present work was aimed to 
study the role of HSPs and autophagy in mechanisms underlying 
effects of sulforaphane (SFN), a potential activator of Nrf-2, on 
doxorubicin-induced toxicity in human kidney HEK293 cells. We 
investigated effects of SFN and DOX on proteins associated with 
regulation of heat shock response, redox signaling, and 
autophagy. Results show that SFN significantly reduced cytotoxic 
effects of DOX. The positive effects of SFN on DOX-induced 
changes were associated with up-regulation of Nrf-2 and HSP60 
protein levels. In the case of another heat shock protein HSP40, 
SFN increased its levels when was administered alone but not in 
conditions when cells were exposed to the effects of DOX. 
Sulforaphane also reversed negative effects of DOX on activities 
of superoxide dismutases (SODs) and up-regulation of autophagy 
markers (LC3A/B-II, Atg5, and Atg12). In conclusion, the 
changes observed in HSP60 are of particular importance in terms 
of protecting cells from the effects of DOX. Finding that under 
conditions where SFN reduced cytotoxic effects of DOX were 
significantly increased protein levels of both Nrf-2 and  
HSP60 point to the role of HSP60 in mechanisms of redox 
signaling underlying effects of SFN on DOX-induced toxicity in 
HEK293 cells. Moreover, data confirmed an important role of 
autophagy in effects of SFN on DOX-induced toxicity. 
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Introduction 
 

Doxorubicin (DOX) is a cytostatic agent 
belonging to the anthracycline group. Its use in cancer 
treatment is limited by its toxic effects on normal cells. 
The exact mechanism of its toxicity has not been fully 
elucidated yet, but the most frequently discussed is the 
increase of free radical levels [1]. Reactive oxygen and 
nitrogen species, which are produced at low levels, act as 
important signaling molecules. However, their excessive 
production can lead to oxidative damage of proteins, 
lipids, and DNA. Oxidative stress is one of the most 
common causes of pathological conditions in the body. It 
contributes to the development of many diseases such as 
inflammatory, cardiovascular, and neurodegenerative 
diseases or cancer [2-4]. 

Various antioxidants were studied for their 
effects on lowering of oxidative stress through 
modulation of Nrf-2 signaling pathway [5-7]. One of 
them is sulforaphane (SFN), a natural antioxidant found 
in various vegetables, especially broccoli. Previous 
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studies have demonstrated several positive effects of 
SFN, such as antidiabetic, anticancer or cytoprotective 
[8,9]. Its involvement in the processes of protection of the 
heart [10], kidneys [11], and brain [12,13] from ischemic 
damage has also been documented. Mechanism of its 
action is primarily associated with activation of the Nrf-2 
(Nuclear factor-erythroid factor 2-related factor 2) 
signaling pathway. This pathway is involved in 
elimination of excess of free radicals in the body through 
increased expression of antioxidant and detoxifying 
enzymes [14,15]. SFN may also play an important role in 
protecting cells from the DOX action. It has been found 
that SFN can activate the Nrf-2-related signaling 
pathway, thereby affecting the expression of the genes 
regulated by Nrf-2 after DOX administration [16,17]. 
SFN is also able to induce autophagy, which is associated 
with increased sensitivity of cancer cells to DOX 
treatment [16,18]. Several systems, including heat shock 
proteins (HSPs), are triggered during oxidative stress 
[19]. The family of HSPs includes multifunctional 
proteins that mainly ensure the stability and proper 
function of cellular proteins. They are part of mechanism 
called the heat shock response (HSR), which is triggered 
in response to stressful stimuli and ensures the 
maintenance of homeostasis in cells. HSPs expression is 
mediated by heat shock factors (HSFs). These 
transcription factors were found in six different forms in 
the human genome: HSF1, HSF2, HSF4, HSF5, HSFX 
(located on the X chromosome), and HSFY (located on 
the Y chromosome) [20]. HSF1 regulates genes encoding 
molecular chaperones and appears to play the most 
important role in HSR regulation. It exists interplay and 
feedback between HSF1 and HSPs. Under normal 
conditions HSP40, HSP70, and HSP90 serve as inhibitors 
of HSF1 and prevent translocation of this transcription 
factor into the nucleus [21]. On the other hand, during 
oxidative stress HSF1 increases the synthesis of HSPs [22]. 

A tight connection between HSPs and redox 
signaling exists. Free radicals are able to oxidize reactive 
protein residues, leading, in addition to the HSF1 
activation, to the activation of other important 
transcription factors such as Nrf-2 [23]. Nrf-2 is 
a transcription factor normally maintained in the 
cytoplasm by its endogenous inhibitor Keap-1  
(Kelch-like ECH-associated protein 1), where it is 
continuously degraded via ubiquitination [24]. Under 
pathological conditions (conditions of oxidative stress), 
Nrf-2 is translocated into the nucleus and through binding 
to the antioxidant-response element (ARE) sequence in 

the promoter region of Nrf-2 target genes is responsible 
for induction of their expression. In this way, Nrf-2 
controls the expression of several antioxidant and 
detoxifying enzymes such as superoxide dismutase 
(SOD), heme oxygenase 1 (HO-1), catalase (CAT) or 
NAD(P)H quinone dehydrogenase 1 (NQO1) [25]. HSF1 
has been shown to be involved in the activation of 
multiple genes together with Nrf-2, their joint 
involvement has been demonstrated in the regulation of 
HO-1 [26], HSP70 [27] or the adaptor protein for 
autophagy p62 [28]. 

Heat shock proteins are co-chaperones playing 
important role also in chaperone-mediated autophagy 
[29]. There is a direct interplay between autophagy and 
Nrf-2 signaling. They may regulate each other with a key 
role for the positive feedback loop p62-Keap-1-Nrf-2. 
Autophagy can activate Nrf-2 through a competitive 
interaction between p62 and Keap-1. The p62 contains  
a Keap-1 interacting region (KIR) motif that allows direct 
interaction of p62 with Keap-1 [30]. A direct link 
between autophagy and Nrf-2 signaling has also been 
documented in the cardiovascular system in heart failure, 
ischemic heart disease, cardiomyopathies or doxorubicin-
induced cardiotoxicity [31-33]. The putative mechanism 
of the reciprocal action of HSPs and Nrf-2 in regulation 
of autophagy has not yet been elucidated, but there is  
a close link between these pathways in cellular responses 
to stress stimuli [34]. 

The aim of our study was to study the role of 
heat shock proteins in mechanisms underlying effects of 
sulforaphane on doxorubicin-induced toxicity in human 
kidney HEK293 cells. As part of this, we investigated the 
effects of both SFN and DOX on proteins associated with 
the regulation of heat shock response, redox signaling, 
and autophagy. 
 
Materials and Methods 
 
Materials 

DL Sulforaphane (SFN), dimethyl sulfoxide 
(DMSO), and phenylmethylsulfonyl fluoride were 
purchased from Sigma Aldrich (USA), doxorubicin 
hydrochloride was obtained from Ebewe. Dithiothreitol 
(DTT) and ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) were obtained from 
Serva (Heidelberg, Germany). Primary antibodies against 
Nrf-2 (ab89443) and Keap-1 (ab119403) were purchased 
from Abcam (Cambridge, UK). Antibodies against 
HSP60 (sc-13115), HSP70 (sc-66048), HSP90  
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(sc-13119) and GAPDH (sc-32233) were obtained from 
Santa Cruz Biotechnology (Dallas, TX, USA). Primary 
antibody recognizing HSP40 (#4871S), Beclin-1 
(#3495S), LC3A/B (#12741), Atg5 (#12994), Atg12 
(#4180), and secondary peroxidase-labeled anti-rabbit 
(#7074S) or anti-mouse (#7076S) antibodies were 
purchased from Cell Signaling Technology (Danvers, 
MA, USA). The Colorimetric SOD Assay kit (ab65354) 
was purchased from Abcam (Cambridge, UK). 
 
Cell culture and treatment 

In this study, we used HEK293 cells,  
an adherent cell line derived from human embryonic 
kidney cells [35]. Cells were cultured in RPMI 1640 
complete medium supplemented with fetal bovine serum 
(10 % final concentration, Gibco, Thermo Fischer 
Scientific, Rockford, IL, USA) and penicillin-
streptomycin (BioSera, France). Culturing was performed 
in a CO2 incubator (ESCO, Singapore) at 37 °C in  
an atmosphere containing 5 % CO2. Passaged cells were 
washed with serum-free RPMI 1640 medium and serum-
free medium containing 0.25 % trypsin and 0.53 mM 
EDTA was used to release them from the Petri dish or 
plate. After 5 min of centrifugation at 125× g (centrifuge, 
Eppendorf Czech & Slovakia), were aliquots of cells 
resuspended for further cultivation in complete culture 
medium. 
 
Determination of effects of sulforaphane and doxorubicin 
on viability of HEK293 cells 

Firstly, we investigated the cytotoxic effects of 
DOX and SFN on HEK293 cells using MTT assay. For 
these experiments, we added 100 µl of cell suspension 
(104 cells) and 100 µl of medium containing DOX or 
SFN to a 96-well plate. To monitor cytotoxicity, we used 
DOX in the concentration range of 0-5 µmol/l and SFN in 
the concentration range of 0-40 µmol/l. After 21 h of 
culturing the cells in the presence of DOX or SFN, we 
determined their cytotoxicity using the MTT assay. 
Experiments were performed independently three times 
in triplicate. 
 
Determination of the influence of sulforaphane on 
doxorubicin-induced cytotoxicity 

To investigate the effect of SFN on the 
cytotoxicity of DOX, we precultured the cells for 2 h with 
10 µmol/l sulforaphane [36,37] and then added DOX in 
the concentration range of 0-10 µmol/l. In control 
conditions, cells were before DOX treatment precultured 

for 2 h in the presence of 0.1 % DMSO (vehicle for 
SFN). After a further 21 h of cell culture, we determined 
the cell viability using the MTT assay. We analyzed the 
cytotoxicity of DOX (IC50 value for DOX) in the absence 
and presence of SFN. Experiments were performed 
independently three times in triplicate. 
 
MTT assay to analyze cell viability 

The impact of DOX and SFN on viability of 
HEK293 cells was determined using MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide] 
assay. After 21 h of culturing the cells in the presence of 
DOX and/or SFN we exposed cells for 3 h to 100 µl of 
1 mg/ml MTT reagent in serum-free culture medium. 
After that, the formazan crystals were dissolved in 100 µl 
of dimethyl sulfoxide and the absorbance of each well 
was detected at 590 nm using a microplate (ELISA) 
reader (Labsystem). 
 
Samples preparation 

After the DOX and SFN culture experiments, the 
cells were also used to prepare samples for further 
biochemical analyses. To investigate the effect DOX 
and/or SFN we precultured the cells for 2 h with 
10 µmol/l sulforaphane [36] and then added 2.5 µmol/l 
DOX or cell culture medium (control conditions without 
DOX). In control conditions without SFN were cells 
before DOX treatment precultured for 2 h in the presence 
of 0.1 % DMSO (vehicle for SFN). After a further 21 h of 
cell culture the cells on the plates were exposed to lysis 
solution (50 mM Tris-HCl, pH 7.40; 1 mM DTT; 1 mM 
EGTA; 1 mM PMSF). Subsequently, the obtained lysate 
was centrifuged for 10 min at 10000× g, at 4 °C. The 
supernatant obtained after this centrifugation was used for 
subsequent analyses. Protein concentrations in samples 
were determined by the Bradford method [38]. 
 
Western blot analysis 

For Western blot analysis, samples containing 
equivalent amounts of proteins in a single lane were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Before electrophoretic 
separation, isolated individual samples were mixed with 
reducing Laemmli sample buffer in a 1:1 ratio. These 
samples were heated for 5 min at 95 °C to denature the 
proteins. Proteins were separated by electrophoresis, the 
total amount of protein loaded into the gel was 15 µg. 
After electrophoretic separation, the proteins were 
transferred to nitrocellulose membranes, and after 
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blocking nonspecific binding sites with 5 % non-fat milk 
in Tris Buffered Saline (TBS), the membranes were 
incubated overnight at 4 °C with the appropriate specific 
primary antibody. The corresponding peroxidase-labeled 
anti-rabbit or anti-mouse immunoglobulins (Cell 
Signaling Technology, Danvers, MA, USA) were used as 
secondary antibodies. Peroxidase reactions were detected 
by an enhanced chemiluminescence (ECL) system and 
quantified using Carestream software (version 5.0, 
Carestream Health, New Haven, CT, USA). 
 
Determination of Superoxide Dismutase Activity 

SOD activity in the samples was determined 
using a colorimetric superoxide dismutase activity assay 
kit (ab65354, Abcam, Cambridge, UK) according to the 
manufacturer's protocol. The assay kit uses the water-
soluble tetrazolium salt WST-1, which, when reduced 
with a superoxide anion, produces a formazan dye. The 
higher the SOD activity in the sample, the less formazan 
dye is formed. The production of formazan was 
determined by measuring the absorbance at 450 nm. 
 
Statistical evaluation 

Results are presented as mean values ± standard 
error of the mean (SEM). We used one-factor ANOVA to 
detect statistically significant differences between groups. 
Differences between individual groups were determined 
using Tukey's post hoc test. Differences were considered 
significant at *p<0.05. 
 
Results 
 
Doxorubicin and sulforaphane cytotoxicity on  
HEK293 cells 

The cytotoxicity of the substances used in 
further experiments was determined in culture 
experiments performed on HEK293 cells. Cytotoxicity 
was evaluated by determining the IC50 value ('inhibitory 
concentration'), which is a value indicating the 
concentration of the substance at which 50 % of the cells 
survive. In the case of DOX, we found the IC50 value to 
be 0.8 µM; in the case of SFN, we did not observe 
significant cytotoxic effects on HEK293 cells even at a 
concentration of 40 µM. Subsequently, we used the MTT 
assay to investigate how sulforaphane affects DOX-
induced cytotoxicity. We found that preculture of cells 
with SFN at a concentration of 2.5 µM and also 10 µM 
significantly reduced the cytotoxic effects of DOX 
(Fig. 1). Therefore, we used SFN at a concentration of 
10 µM in further biochemical analyses. 

 
 
Fig. 1. Effect of sulforaphane on changes in cytotoxicity of DOX. 
Quantitative analysis of changes in the IC50 value for DOX after 
precultivation with sulforaphane. The IC50 value indicates the 
concentration of the DOX at which 50 % of the cells survive. 
Statistical significance was analyzed by one-way ANOVA analysis. 
Each bar represents mean ± SEM. * p<0.05 compared to DOX. 
DOX-doxorubicin, DOX+SFN2.5 – doxorubicin with sulforaphane 
in a concentration of 2.5 µM, DOX+SFN10 – doxorubicin with 
sulforaphane in a concentration of 10 µM. Data were obtained 
from three independent experiments performed in triplicate. 
 

 
Effect of doxorubicin and/or sulforaphane on Nrf-2 and 
Keap-1 in HEK293 kidney cells 

Changes in Nrf-2 and Keap-1 protein levels after 
DOX and/or SFN administration were monitored by 
Western blot analysis using specific antibodies. We found 
that SFN significantly increased protein levels of Nrf-2. 
The increase was observed not only in the situation when 
SFN was administered alone but also in the conditions 
when cells were exposed to both SFN and DOX  
(Fig. 2A, C). In contrast to Nrf-2, application of SFN did 
not significantly influence the protein levels of Keap-1. 
However, the levels of Keap-1 were significantly 
increased after DOX administration. Precultivation of 
cells with SFN did not have a significant impact on 
DOX-induced changes in Keap-1 protein levels  
(Fig. 2B, C). 
 
Effect of doxorubicin and/or sulforaphane on superoxide 
dismutase activities 

We found that SFN up-regulated Nrf-2, a key 
component of redox signaling. We also investigated how 
SFN and DOX affects activities of superoxide dismutases 
(SODs), enzymes regulated by the Nrf-2 signaling 
pathway. Total SOD activity was determined using 
a commercially available SOD colorimetric assay kit. We 
found that DOX administration resulted in a significant 
reduction in SOD activity compared to the control group. 
SFN alone had no significant effect compared to control 
conditions. However, SFN had a positive effect on  
DOX-induced changes, which was associated with
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Fig. 2. Effect of doxorubicin and/or sulforaphane on protein levels of Nrf-2 and Keap-1 in kidney HEK293 cells. (A) Quantitative analysis 
of changes in protein levels of Nrf-2 and (B) Keap-1. Values are expressed as the intensity of the reaction compared to the control  
(in %). (C) Western blot records showing the protein levels of Nrf-2, Keap-1, and housekeeping protein GAPDH. Statistical significance 
was analyzed by one-way ANOVA. Each bar represents mean ± SEM, n=4-6, * p<0.05 compared to control, & p<0.05 compared to SFN, 
# p<0.05 compared to DOX. C – Control (0.1 % DMSO), SFN – 10 µM sulforaphane, DOX – 2.5 µM doxorubicin,  
SFN+DOX – sulforaphane + doxorubicin. 
 
 

 
 
Fig. 3. Effect of doxorubicin and/or sulforaphane on SOD activities in kidney HEK293 cells. SOD activities were determined using 
colorimetric assay kit (Abcam). The data represents the percentage of inhibition of superoxide production by SOD activity. Statistical 
significance was analyzed by one-way ANOVA. Each bar represents mean ± SEM, n=4-6, * p<0.05 compared to vehicle control, 
# p<0.05 compared to DOX. C – Control (0.1 % DMSO), SFN – 10 µM sulforaphane, 2.5 µM DOX – doxorubicin,  
SFN+DOX – sulforaphane + doxorubicin. 
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a significant increase in SOD activity when SFN was  
co-administered with DOX (Fig. 3). 
 
Effect of doxorubicin and/or sulforaphane on protein 
levels of heat shock proteins in HEK293 kidney cells 

Heat shock proteins (HSPs) are activated in 
cellular responses to stress stimuli. They have several 
functions in the cells and they can serve also as  
co-chaperones in chaperones mediated autophagy 
(CMA). We investigated how DOX administration affects 
protein levels of HSP40, HSP60, HSP70, and HSP90, and 
how these effects of DOX are modulated after SFN admi-
nistration. We found that DOX alone had no significant 
effects on the monitored HSPs. Significant changes 
occurred after SFN administration, namely in the protein 
levels of HSP40 and HSP60 (Fig. 4A, B, C), suggesting 
a specific role of these HSPs in the cellular responses to 
administration of SFN alone or in combination with 
DOX. While in the case of HSP40 sulforaphane 
stimulated an increase of protein levels under control 
conditions (Fig. 4A, C), for HSP60 sulforaphane 
increased the levels of this protein in the situation where 
cells were also exposed to DOX (Fig. 4B, C). 

In the case of heat shock proteins HSP70 and 
HSP90, we did not observe any significant changes in 
their protein levels after SFN and/or DOX treatment 
(Fig. 5A, B, C). 

Effect of doxorubicin and/or sulforaphane on protein 
levels of Beclin-1 and LC3A/B-II in HEK293 kidney cells 

To monitor changes in proteins associated with 
autophagy, we focused on the Beclin-1 and LC3A/B-II. 
These proteins are essential for autophagosome formation 
and thus important for proper autophagy function. We 
found that DOX administration, similarly to Keap-1, 
significantly increased Beclin-1 protein levels compared 
to the control group. However, SFN administration had 
no significant effect on the levels of this protein 
(Fig. 6A, C). Also in case of LC3A/B-II, we observed its 
elevated levels after DOX administration. But when SFN 
was co-administered with DOX, there was a significant 
decrease in its protein levels (Fig. 6B, C). 
 
Effect of doxorubicin and/or sulforaphane on protein levels 
of autophagy related proteins in HEK293 kidney cells 

Autophagy related proteins Atg5 and Atg12 are 
a part of complex which is responsible for elongation of 
the phagophore in the autophagy pathway. We 
investigated how DOX administration affects the levels 
of these proteins and whether SFN influences possible 
effect of DOX. We found that, similarly to other studied 
autophagic proteins, there was a significant increase in 
the levels of both Atg5 and Atg12 after DOX 
administration compared to the control group. In the case 
of Atg5, there was a significant decrease in its protein

 
 

 
 
Fig. 4. Effect of doxorubicin and/or sulforaphane on protein levels of HSP40 and HSP60 in HEK293 cells. (A) Quantitative analysis of 
changes in protein levels of HSP40 and (B) HSP60. Values are expressed as the intensity of the reaction compared to the control (in 
%). (C) Western blot record showing the protein levels of HSP40 and HSP60. Statistical significance was analyzed by one-way ANOVA. 
Each bar represents mean ± SEM, n=4-6, * p<0.05 compared to vehicle control, & p<0.05 compared to SFN, # p<0.05 compared to 
DOX. C – Control (0.1 % DMSO), SFN – 10 µM sulforaphane, DOX – 2.5 µM doxorubicin, SFN+DOX – sulforaphane + doxorubicin. 
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Fig. 5. Effect of doxorubicin and/or sulforaphane on protein levels of HSP90 and HSP70 in kidney HEK293 cells. (A) Quantitative 
analysis of changes in protein levels of HSP90 and (B) HSP70. Values are expressed as the intensity of the reaction compared to the 
control (in %). (C) Western blot record showing the protein levels of HSP90 and HSP70. Statistical significance was analyzed by  
one-way ANOVA. Each bar represents mean ± SEM, n=4-6, C – Control (0.1 % DMSO), SFN – 10 µM sulforaphane, DOX – 2.5 µM 
doxorubicin, SFN+DOX – sulforaphane + doxorubicin. 
 

 
 
Fig. 6. Effect of doxorubicin and/or sulforaphane on protein levels of Beclin-1 and LC3A/B-II in HEK293 cells. (A) Quantitative analysis 
of changes in protein levels of Beclin-1 and (B) LC3A/B-II. Values are expressed as the intensity of the reaction compared to the control 
(in %). (C) Western blot records showing the protein levels of Beclin-1 and LC3A/B-II. Statistical significance was analyzed by one-way 
ANOVA. Each bar represents mean ± SEM, n=4-6, * p<0.05 compared to vehicle control, & p<0.05 compared to SFN, # p<0.05 
compared to DOX. C – Control (0.1 % DMSO), SFN – 10 µM sulforaphane, DOX – 2.5 µM doxorubicin, SFN+DOX – sulforaphane + 
doxorubicin. 
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Fig. 7. Effect of doxorubicin and/or sulforaphane on protein levels of Atg5 and Atg12 in HEK293 cells. (A) Quantitative analysis of 
changes in protein levels of Atg5 and (B) Atg12. Values are expressed as the intensity of the reaction compared to the control (in %). 
(C) Western blot records showing the protein levels of Atg5 and Atg12. Statistical significance was analyzed by one-way ANOVA. Each 
bar represents mean ± SEM, n=4-6, * p<0.05 compared to vehicle control, & p<0.05 compared to SFN, # p<0.05 compared to DOX.  
C – Control (0.1 % DMSO), SFN – 10 µM sulforaphane, DOX – 2.5 µM doxorubicin, SFN+DOX – sulforaphane + doxorubicin. 
 
 
levels after SFN co-administration with DOX. A similar 
trend we observed for Atg12, but the observed change 
was not significant. (Fig. 7A, B, C). 
 
Discussion 
 

Heat shock proteins play important roles in 
processes regulating protein and cell membrane stability 
and function, in the repair of misfolded proteins caused 
by stress conditions, as well as in autophagy [29]. In our 
study, we investigated the possible involvement of HSPs 
in responses of HEK293 cells to the effects of DOX. 
However, we did not observe significant changes in 
monitored HSPs after exposure of HEK293 cells to the 
action of DOX. Nevertheless, we found significant 
changes in heat shock protein levels in HEK293 cells 
after sulforaphane treatment. 

SFN is a natural isothiocyanate compound found 
in various cruciferous vegetables, especially broccoli, and 
its antioxidant, anti-inflammatory, and anticancer effects 
have been documented [39,40]. In our experimental 
model we demonstrated protective role of SFN on 
doxorubicin action in HEK293 kidney cells. We found 
reduction of DOX-induced cytotoxicity after SFN 
treatment at a concentration as low as 2.5 µM. Similarly 

to our findings, SFN has been shown to play a positive 
role in the prevention of doxorubicin-induced toxicity in 
cardiac H9c2 cells [41]. To date, only a small number of 
studies have confirmed the direct effect of SFN on 
individual heat shock proteins. Important role of SFN has 
been demonstrated in increasing proteosome activity, 
which was associated with activation of the heat shock 
response and induction of HSP27 expression [42]. 
Sulforaphane was also found to directly interact with 
specific amino acid residues of HSP90 and inhibit its 
function [43]. However, the exact mechanisms by which 
sulforaphane may influence the heat shock response are 
not yet fully elucidated. In our study, sulforaphane alone 
stimulated an increase in HSP40 levels. The changes 
observed in HSP60 levels seemed to be of particular 
importance in terms of protecting cells from the effects of 
DOX treatment. Here, we found that under conditions 
where SFN reduced the cytotoxic effects of DOX on cells 
was a significant increase in HSP60 protein levels. This 
finding is in agreement with results of studies 
documenting possible role of some HSPs in mechanisms 
of protection of cells from DOX-induced damage [44,45]. 

The activity of HSPs under oxidative stress may 
also be closely linked to the Nrf-2 signaling pathway 
[23]. HSPs are activated by cellular responses to stress 
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stimuli by the action of transcription factor HSF1, which 
may also contribute to the regulation of transcription of 
some genes together with Nrf-2 [24,25]. The effect of 
SFN is likely mediated by affecting the Nrf-2 signaling 
pathway [14,40]. This is confirmed also by our study, 
where application of sulforaphane alone, but also in 
combination with doxorubicin, resulted in an increase in 
Nrf-2 protein levels in HEK293 cells. SFN has been 
shown to realize its positive role in the prevention of 
negative effects induced by DOX through increased Nrf-2 
expression also in H9c2 cells [41]. Interestingly, we 
found that Keap-1 protein was not affected after SFN 
application. This finding is in contrast to results of studies 
documenting changes in Keap-1 protein levels after SFN 
treatment [46,47]. Keap-1 is the major but not the 
exclusive regulator of Nrf-2. Nrf-2 can be regulated by 
multiple signaling pathways and proteins under 
conditions of oxidative stress such as Akt kinase 
signaling pathway proteins. It has been found that SFN 
can affect Nrf-2 indirectly through activation of Akt 
kinase signaling, leading to inhibition of GSK-3β kinase-
mediated proteosomal degradation of Nrf-2 [6]. 
Moreover, it has not yet been fully clarified whether SFN 
can form a stable product with Keap-1 and thus influence 
Keap-1 function directly. Therefore, the ability of SFN to 
affect Nrf-2 independently of Keap-1 and also the not 
very stable direct binding between SFN and Keap-1 could 
explain the fact that we failed to observe changes in 
Keap-1 protein levels after SFN application. 

A properly functioning Nrf-2 pathway controls 
the expression of several antioxidant and detoxifying 
enzymes. Superoxide dismutase is one of the antioxidant 
enzymes whose expression is directly regulated by Nrf-2 
and plays a very important role in the response 
mechanisms of animal cells to pathological stimuli [23]. 
The link between the effect of DOX and SOD activity is 
documented by our data obtained in the HEK293 cell 
model, where we found inhibition of SOD activity after 
DOX treatment. Here, we also demonstrated a direct 
relationship between SOD and the Nrf-2 pathway, which 
was documented by an increase in SOD activity after 
treatment with the Nrf-2 activator, sulforaphane. It has 
been found that DOX caused a significant decrease in 
SOD activities also in H9c2 cardiac cells and this 
negative effect of DOX on SOD was significantly 
prevented by SFN [41]. 

It is known that autophagy proper function is 
essential to ensure the antioxidant response mediated by 
the Nrf-2 signaling pathway [48]. Also some heat shock 

proteins are important co-chaperones in chaperone-
mediated autophagy [29]. In consequence of SFN 
application we observed significant changes in HSP40 
and HSP60. Therefore, we monitored changes in levels of 
several proteins (LC3A/B-II, Atg5, Atg15, and Beclin-1) 
playing essential role in autophagosome formation and 
the proper functioning of autophagy [49]. However, we 
were unable to demonstrate sufficiently the involvement 
of autophagy in the processes associated with the effects 
of SFN alone on HEK293 cells, as the protein levels of 
several autophagy markers (Beclin-1, LC3A/B-II, and 
Atg12) were not significantly altered after SFN treatment. 
The only exception was Atg5 where we observed 
increased levels of this protein after exposure of cells to 
the effects of SFN. In contrast to SFN, we found that 
doxorubicin administration significantly increased the 
protein levels of all investigated autophagy markers. This 
points to the involvement of autophagy in the processes 
associated with the effects of DOX on HEK293 cells. 
Induction of autophagy after DOX treatment was 
observed also in other experimental studies [50,51]. 
Moreover, our data showed that the effects of SFN on 
DOX-mediated cellular injury in HEK293 cells involve 
modulation of processes associated with autophagy 
induction. This was documented by reversal of DOX-
induced effects on autophagy markers (LC3A/B-II, Atg5, 
and Atg12) by SFN. 
 
Conclusions 
 

Our results suggest the possible involvement of 
heat shock proteins and autophagy in the effects of 
sulforaphane on the cytotoxic effects of doxorubicin. 
However, the role of the distinct types of HSPs seems to 
be different. The changes observed in HSP60 are of 
particular importance in terms of protecting cells from the 
effects of DOX, on the other hand, the role of HSP40 
seems to be more important in the mechanisms of action 
of sulforaphane alone. The finding that under conditions 
in which SFN reduced the cytotoxic effects of DOX, both 
Nrf-2 and HSP60 protein levels were significantly 
increased suggests a role for HSP60 in the mechanisms of 
redox signaling underlying the effects of SFN on DOX-
induced toxicity in HEK293 cells. Up-regulation of 
autophagy markers after DOX treatment points to the 
involvement of autophagy in its cytotoxic effects. The 
reversal of DOX-induced up-regulation of autophagy 
markers (LC3A/B-II, Atg5, and Atg12) in consequence of 
SFN application also indicates that in mechanisms of 
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SFN action on DOX-mediated cellular injury in HEK293 
cells play important role modulation of processes 
associated with autophagy induction. In conclusion, our 
findings may contribute to elucidate the interconnections 
between heat shock response, redox signaling, and 
autophagy under conditions of oxidative stress. However, 
further studies are needed to understand the exact 
mechanism of the interplay between these pathways. 
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