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Caffeine May Improve the Chemotherapeutic Effect of
Docetaxel by Inducing Unfolded Protein Response and
Autophagy in Breast Cancer Cells

Yalcin ERZURUMLU", Deniz CATAKLI"™, Hatice Kubra DOGAN™,

Esra AYDOGDU™

Caffeine may tmprove the chemotherapeutic effect of
docetaxel by inducing unfolded protein response and
autophagy in breast cancer cells

SUMMARY

Breast cancer is the most frequently diagnosed cancer type among
women. Chemotherapeutic agents are widely used in the treatment of
breast cancer, but acquired drug resistance limits their effectiveness.
Therefore, there is a continuing need for more effective treatment
approaches with fewer side effects. Caffeine is one of the naturally
occurring xanthines in coffee beans, caffeine is the most commonly
used  psychoactive substance worldwide. Numerous studies have
highlighted the health benefits of coffee consumption, including
reducing the risk of heart disease and certain cancers. Docetaxel
is a second-generation antineoplastic agent of the taxane family
and is widely used in the treatment of numerous cancers such as
breast cancer. Herein, we evaluated the effect of caffeine and its
combination with docetaxel on MCF-7 breast cancer cells. 1o test the
effect of caffeine and its combination with docetaxel, we evaluated
the autophagy, ubiquitin-proteasome system (UPS), unfolded protein
response (UPR) signaling and apoptosis-related protein levels by
immunoblotting. Cell viability was measured by WST-1 method.
Morphological alterations in cells were evaluated in microscopical
examinations. We found that caffeine remarkably induced UPR
signaling, accelerated autophagic flux, and UPS-dependent protein
turnover. Co-administration of caffeine and docetaxel strongly
diminished the viability of MCF-7 cells by expanding the cyrotoxic
effect of docetaxel through accelerating the UPS-dependent protein
turnover, induction of UPR and autophagy and apoptotic protein
levels in a dose-dependent manner. Our results suggest that caffeine
supplementation with docetaxel may expand the chemotherapeutic
efficiency of docetaxel in breast cancer.
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Kafein, meme kanseri hiicrelerinde katlanmamis protein
tepkisini ve otofajiyi indiikleyerek dosetakselin kemoterapitik
etkisini artirabilir

0z

Meme kanseri, kadinlar arasinda en sik teshis edilen kanser tiiriidiir.
Kemoterapotik ajanlar meme kanseri tedavisinde yaygin olarak
kullanilmaktady, ancak  kazanilmis ilag  direnci  etkinliklerini
stnirlamaktadsr. Bu nedenle, daha az yan etkiye sahip ve daha etkili
tedavi yaklasgimlarma ibtiyag vardr. Kahve cekirdeklerinde dogal
olarak bulunan ksantinlerden biri olan kafein, diinya ¢apinda en
yaygin kullanilan psikoaktif maddedir. Cok sayida calima, kalp
hastaligt ve bazi kanser risklerinde azalma da dahil olmak iizere kahve
tiketiminin sagliga faydalarina dikkar cekmigtir. Dosetaksel, taksan
ailesinden ikinci nesil bir antineoplastik ajandir ve meme kanseri
gibi cok sayida kanserin tedavisinde yaygin olarak kullanilmaktadsr.
Bu  ¢aligmada  kaféin ve dosetaksel kombinasyonunun MCF-7
meme kanseri hiicreleri iizerindeki etkisini degerlendirdik. Kafeinin
dosetaksel ile kombinasyonunun etkisini test etmek icin otofaji,
ubikitin-proteazom sistemi (UPS), katlanmamag protein yanits sinyali
(UPR) ve apoptozisle ilgili protein seviyelerini immiinoblotlama ile
inceledik. Hiicre canliligt WST-1 yontemi ile dl¢iildii. Hiicrelerdeki
morfolojik  degisiklikler mikroskopi ile degerlendirildi. Kafeinin
dikkat ¢ekici bir sekilde UPR sinyalini wyardigini, otofajik aksg:
hizlandirdigin: ve UPSYye bagle protein dindisiimiinii uyardigin
belirledik. Kafein ve dosetakselin birlikte wygulanmasi, dosetakselin
sitotoksik etkisini UPS aracili protein iglenmesini hizlandirarak, UPR
ve otofajiyi uyararak ve apoptotik protein seviyelerini doz bagiml
bir sekilde arttirarak MCF-7 hiicrelerinin canlihigini giiclhii bir
sekilde azaltti. Sonuglarimiz, dosetaksel ile kafein takviyesinin meme
kanserinde doserakselin kemoterapitik etkinligini genigletebilecegini
diisiindiirmektedir.

Anabtar Kelimeler: Otofaji, Apoprozis, Meme Kanseri, Kafein,
Katlanmamas Protein Yaniti, Dosetaksel
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INTRODUCTION

Breast cancer is described as a heterogeneous neo-
plasm accumulation around the mammary epitheli-
um. It is divided into different subtypes according to
the origin of cancer or receptor expression profiles
and incidence, risk factors, prognosis and treatment
options show differences between these subtypes.
Breast cancer is the most frequently diagnosed cancer
type among the women and second most common
cause of death from cancer in the United States (Prat
et al,, 2015; Trayes & Cokenakes, 2021). Although
there are different treatment options for breast cancer
including radiation, endocrine therapy, immunother-
apy, and chemotherapy, the need for novel therapeu-
tic approaches continues (Trayes & Cokenakes, 2021).
Acquired drug resistance is the main reason limiting
the eflicacy of chemotherapeutic agents (Trayes &
Cokenakes, 2021). Thus, improving alternative ther-
apeutic options such as natural products or combin-
ing these products with existing therapies may offer a

good treatment option for breast cancer.

Xanthine is a derivative of purine alkaloids with a
wide range of biologically active components (Jacob-
son et al., 1985). One of the naturally occurring xan-
thines in coffee beans, caffeine (1,3,7-trimethylxan-
thine) is the most widely used psychoactive substance
around the world. Coffee, tea and beverages such as
cola are the main vehicles for caffeine consumption
in daily routine (Campa et al., 2005; Mitchell et al,,
2015). Numerous studies have shown the health ben-
efits of coffee intake including decrement in the risk of
heart disease, endothelial dysfunction, inflammation,
diabetes incidence and risk of some cancers (Ander-
sen et al., 2006; Ding et al., 2014; Lopez-Garcia et al.,
2006; A. Wang et al., 2016). Anti-cancer effects of caf-
feine have been studied for a long time. Studies have
demonstrated a negative correlation between coffee
consumption and the occurrence of various cancer
types such as glioma and endometrial cancer (Prana-
ta et al,, 2022). Also, it has been reported that using a

combination of caffeine and other chemotherapeutic

922

agents such as paclitaxel, cisplatin, 5-fluorouracil and
doxorubicin has enhanced antitumor effects in vari-
ous cancer types such as breast, colorectal, lung and
hepatocellular carcinoma (Mhaidat et al., 2014; Tomi-
ta & Tsuchiya, 1989; Z. Wang et al., 2019; Yamamoto
& Tsuchiya, 2011). However, the effects of caffeine on
various cancer types, including breast cancer, are still
controversial and have not been achieved consensus.
Thus, the possible synergistic effects of the chemo-
therapeutic agent docetaxel, which is frequently used
in clinical applications for many cancer types, with

caffeine were investigated in the present study.

Docetaxel also known as Taxotere, is a sec-
ond-generation antineoplastic agent of the taxane
family. It inhibits proliferation and causes cell death
by disrupting microtubule functions and leading to
cell cycle arrest at the G2/M phase (Jordan & Wilson,
2004). The eflicacy of docetaxel has been shown in
various types of cancer such as head and neck, gastric,
non-small lung, hormone-refractory prostate and
breast as well (Lyseng-Williamson & Fenton, 2005).
Although it is commonly used in the treatment of
breast cancer, adverse effects like unpredictable hy-
persensitivity reactions, neutropenia, fluid retention,
and ocular toxicity limit its usage in advanced and
recurrent cancer (Palmeri et al., 2008). Combined
treatment of docetaxel with other agents has proven
its effectiveness. Also, it is a valuable agent as it is a
first-line treatment option for metastatic and aggres-
sive cancer types (Hikita et al., 2021). Therefore, it is
important to investigate the combined applications of
docetaxel with natural products that do not have side
effects that will increase its biochemical action. Here-
in, we aimed to investigate the possible anti-cancer ef-
fects of caffeine and its combined administration with

docetaxel on MCEF-7 breast cancer cells.

In the present study, we tested the effects of caf-
feine and its combination with docetaxel on unfolded
protein response (UPR) signaling, the ubiquitin-pro-
teasome system (UPS), autophagy and apoptotic

cell death in MCF-7 human breast cancer cells. Our
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results suggest that caffeine supplementation with
docetaxel may expand the chemotherapeutic effi-
ciency of docetaxel in breast cancer cells. However,
the potential enhancer effect of caffeine on docetaxel
needs to be broadly investigated with advanced ex-

perimental models in in vitro and in vivo.
MATERIAL AND METHODS
Materials

All cell culture reagents including fetal bovine se-
rum (FBS), L-Glutamine and additional cell culture
grade growth requirements were purchased from
Biological Industries. Dulbecco’s Modified Eagle Me-
dium (DMEM) was purchased from LONZA Biosci-
ence. Docetaxel (#9886), Bafilomycin Al (#54645)
and Staurosporine (#9953) were obtained from Cell
Signaling Technology, Tunicamycin (sc-3506A)
from Santacruz Biotechnology. Rabbit polyclonal
antibodies PERK (#24390-1-AP), IREla (#27528-1-
AP), XBP-1s (#24868-1-AP), ATF4 (#10835-1-AP),
ubiquitin  (#10201-1-AP), BiP/GRP78 (#11587-1-
AP) and PARP1 (#13371-1-AP) were obtained from
Proteintech. Rabbit monoclonal antibody against
Hrdl (#14773) and rabbit polyclonal cytochrome-c
(#11940), elF2a (#9722), phospho-elF2a (Ser51)
(#9721), caspase-3 (#9662), Beclin-1 (#3495), Atg5
(#12994), LC3-I/II (#12741), p62/SQSTM1 (#5114)
were obtained from Cell Signaling Technology.
Mouse monoclonal beta-actin antibody (#A5316) was
purchased from Sigma Aldrich. HRP-conjugated goat
anti-mouse (#31430) or goat anti-rabbit (#31460) IgG
(H+L) was purchased from Pierce. High pure dimeth-
yl sulfoxide (DMSO) was obtained from Genaxxon
bioscience. Caffeine (C0750) was obtained from Sig-
ma Aldrich.

Cell Culture

Human epithelial metastatic adenocarcinoma cell
line, MCF-7 (HTB-22™) was obtained from Ameri-
can Type Tissue Culture (ATCC). Cells were routinely
propagated in DMEM enriched with 10% FBS, 5mg
ml™ penicillin/streptomycin, and 2mM L-glutamine

in a conventional cell culture condition, humidified

atmosphere of 5% CO, and 95% air at a constant
temperature of 37 °C. The absence of mycoplasma
contamination was routinely confirmed by using My-

coAlert™ Mycoplasma Detection Kit (Lonza).

in DMSO (Serva
#20385.01) to prepare the stock solution. Caffeine was

Docetaxel was dissolved

prepared in cell culture media. The final concentra-
tion did not exceed 0.05% of the DMSO application
amount. For this purpose, docetaxel was prepared at
2000X concentration. An equal amount of DMSO was

applied as a vehicle application.
WST-1 Cell Proliferation Assay
The cell proliferation was measured by WST-1

based cell proliferation assay according to the manu-
facturer’s instructions (Takara). The cells were seeded
in 96-well plate (5000 cells/wells). Compound was
applied to the cells for 24 or 48 h. To analyze the cell
proliferation, 20 ul WST-1 reactive was added per well
and cells were incubated for 2 hours under the con-
ventional cell culture conditions. The absorbance was
read at 450nm, with 600nm set as the reference wave-
length by microplate spectrophotometer (BioTek, Ep-
och 2). The results were graphed to % fold change.

Microscopic Examination

Morphological changes of cells were performed
using a phase-contrast inverted microscope (Sun-
ny SopTop ICX41) and a digital camera system
(OD400UHW). All photographs were taken with a

20x lens.
Protein Isolation and Immunoblotting

Cells were lysed in a Radioimmunoprecipitation
assay (RIPA) buffer. After the removal of pellet by
centrifugation at 14.000 rpm for 20 min at 4°C, to-
tal protein concentrations were determined from
supernatant by bicinchoninic acid assay (BCA) kit
(Takara). Generally, 30 pg of total protein was used
for immunoblotting studies. Samples were denatured
in 4x Laemmli buffer at 95°C for 5 min and protein
samples were separated on 12% - 15% hand-cast poly-

acrylamide gels. Separated proteins were transferred
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to an Immun-blot°® polyvinylidene difluoride (PVDEF)
membrane (Bio-Rad). The membrane was blocked
in 5% nonfat dry milk in Phosphate-buffered saline
(PBS) containing 0.1% Tween (PBS-Tween) for 1 h
which was followed by incubation with the primary
antibody in blocking buffer that was waited for 1-2
hours at room temperature. Protein bands were visu-
alized by using clarity western enhanced chemilumi-
nescence (ECL) substrate (Bio-Rad) and ChemiDoc
XRS+ system (Bio-Rad).

Statistical Analysis

The results were presented as mean + standard de-
viation (SD). The statistical significance of the differ-
ences between the groups was determined by the two-
tailed equal variance student’s t-test with a minimum
confidence interval of 95% using GraphPad Prism 7
software. To determine differences among the groups,
one-way ANOVA and Tukey’s tests were used. The
significant level was set at 5% (p < 0.05) for all tests.

RESULTS AND DISCUSSION

Caffeine remarkably induces UPR signaling and
co-treatment with docetaxel exhibits a stronger ef-
fect on UPR in breast cancer cells.

Firstly, we determined the IC,, values of caffeine
and docetaxel for 24 and 48 hours in MCF-7 cells
(Figure 1a, b). We found that IC, values of caffeine
were 17.131mM + 1.13 and 9.813mM =+ 1.09 for 24

and 48 hours, respectively (Figure 1a). IC_ values for

94

docetaxel were determined as 23.621nM + 1,84 and
14.207nM + 1.35 for 24 and 48 hours, respectively
(Figure 1b). In further analysis, doses of 15nM for
docetaxel and 1, 5 and 10mM for caffeine were used

according to the cell viability assay data.

To test the effect of caffeine on UPR signaling, we
treated the MCF-7 cells with 1, 5, 10mM caffeine for
24 hours and then tested the inositol-requiring en-
zyme-la (IREla) and protein kinase R (PKR)-like en-
doplasmic reticulum kinase (PERK) branches of UPR
proteins including total-eukaryotic translation initia-
tion factor 2 (eIF2a), phospho (Ser51)-elF2aq, activat-
ing transcription factor 4 (ATF4) and PERK; IREla
and spliced form of X-box binding protein 1 (XBP-1s)
proteins and also ER stress related chaperone bind-
ing immunoglobulin protein (BiP)/glucose-regulated
protein 78 (GRP78) by immunoblotting. Our data
indicated that caffeine treatment gradually increased
protein expression level of all tested UPR members
in a dose-dependent manner (Figure 1c). Similar
to caffeine, docetaxel was determined to stimulate
UPR proteins compared to the control group (Fig-
ure 1d). Moreover, co-administration of caffeine with
docetaxel more strongly induced the expression of
all tested proteins in a dose-dependent manner com-
pared to docetaxel alone administration (Figure 1d).
These results suggested that caffeine positively regu-
lated UPR signaling and its combined treatment with
docetaxel expanded the chemotherapeutic efficiency

by synergistically affecting UPR signaling.
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Figure 1. Evaluation of caffeine and its combination with docetaxel on UPR related proteins. (a, b) The effect
of caffeine and docetaxel on the cell viability of MCF-7 cells was analyzed using the WST-1 assay. IC_ values
were calculated using GraphPad Prism 7 Data represented as mean + SE of three independent experiments
made in three replicates. (c) MCF-7 cells were treated with a vehicle or 1, 5 and 10mM for 24 hours and then
UPR related protein levels were analyzed by immunoblotting using antibodies raised against them. (d) Com-
bine treatment of caffeine as indicated doses and 15nM docetaxel for 24 hours and then the expression level of
UPR proteins was analyzed by immunoblotting. Beta-actin was used as a loading control.
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Caffeine dose-dependently decreased the po-
ly-ubiquitination and it exhibits a synergistic effect

with docetaxel in breast cancer cells

To evaluate the effect of caffeine on protein turn-
over, we tested the poly-ubiquitination pattern in
MCEF-7 cells by immunoblotting. We found that caf-
feine treatment dose-dependently reduced the po-
ly-ubiquitination levels compared to control group
(Figure 2a). Next, we examined the levels of HMG-
CoA reductase degradation 1 (Hrdl)/Synoviolin 1

Cfn 1ImM = 4 m =
Cfn 5mM - -+
Cfn 10mM - -

W

-+

Poly Ub

- —

70 kDa s Hrd1

(SYVN1), which is the major E3 ubiquitin ligase en-
zyme that plays a role in ER-associated degradation
(ERAD), we determined that Hrdl protein levels
increased in a dose-dependent manner (Erzurumlu
& Ballar, 2017)(Figure 2a). Combined treatment of
caffeine with docetaxel more strongly induced Hrd1
protein levels compared to the docetaxel alone group
(Figure 2b). Also, the poly-ubiquitination pattern was
more robustly decreased by the caffeine-docetaxel

group in a dose-dependent manner (Figure 2b).

b.
Doce - + + + +
Cfn 1mM S
Cfn 5mM L
¢fn10mm - - - - +

ol N

70 kDa — Hrd1

- —

Figure 2. The effect of caffeine and co-treatment with docetaxel on ERAD E3 ligase Hrd1 and poly-ubiqg-
uitination pattern. (a) MCEF-7 cells were treated with a vehicle or as indicated doses of caffeine for 24 hours and
Hrd1l and poly-ubiquitination levels were analyzed by immunoblotting. (b) As indicated doses of caffeine and
its combination with docetaxel were applied to the MCF-7 cells for 24 hours and target proteins were analyzed
by immunoblotting. Beta-actin was used as a loading control.

Caffeine ameliorates the biochemical effect of

docetaxel by autophagic induction

We investigated the effects of caffeine on basal
autophagic activity in MCF-7 by testing the Beclin-1,
autophagy related 5 (Atg5) protein levels, p62/seques-
tosome 1 (SQSTM1) turnover and microtubule asso-
ciated protein 1 light chain 3 (LC3)-I conversion to
LC3-II by immunoblotting. Our data indicated that
caffeine administration gradually increased Beclinl
levels whereas we did not determine any alteration
level of Atg5 at administered all doses of caffeine (Fig-
ure 3a). p62/SQSTM1 levels slightly decreased by caf-
feine treatment in a dose-dependent manner. More
strikingly, LC3-I conversion to LC3-II remarkably ac-
celerated with caffeine (Figure 3a).

Next, we evaluated the combined effect of caffeine
96

with docetaxel on autophagy in MCF-7 cells. Docetaxel
administration does not affect the Atg5, p62/SQSTM1,
LC3-1 and LC3-II protein levels whereas Beclinl ex-
pression was decreased (Figure 3b). Co-treatment
caffeine with docetaxel remarkably increased Beclinl
and Atg5 protein levels in a dose-dependent manner.
Moreover, the turnover of p62/SQSTM1 was acceler-
ated with combined treatment. Additionally, LC3-I
to LC3-II conversion was dramatically induced by
co-administration compared to the docetaxel-treated
group (Figure 3b). In this assay system, BafA1, which
is a well-known autophagy inhibitor used as a positive
control (Yoshii & Mizushima, 2017). As expected, the
steady-state level of LC3-I and LC3-II increased due to
the inhibition of the fusion of the autophagosome with
the lysosome by 1uM BafA1 treatment (Figure 3b).
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Figure 3. The effect of caffeine and docetaxel on autophagy. (a) Autophagy protein levels including Beclin-1,
Atg5, p62/SQSTM1, LC3-I and LC3-II were analyzed by immunoblotting. (b) Autophagy-related protein levels
were examined in MCF-7 cells treated with caffeine or co-treatment with docetaxel. Beta-actin was used as a

loading control. 1uM BafA1 was used as an autophagic inhibitor control.

Caffeine synergistically enhanced the apoptotic

effect of docetaxel

To investigate the cell-death-related effect of caf-
feine on MCF-7 cells, we tested the Poly(ADP-Ribose)
Polymerase 1 (PARP-1) and caspase-3 cleavage, and
cytochrome-c levels by immunoblotting. In this assay
system, staurosporine, which is a well-characterized
apoptotic inducer used as a positive control of apop-
totic cell death (Malsy et al., 2019). Our data indicat-
ed that caffeine treatment at indicated doses has no
apoptotic effect on MCF-7 cells (Figure 4a). Next, we
tried its combination with docetaxel, we found that
co-treatment of caffeine with docetaxel strongly in-
duced PARP-1 cleavage in a dose-dependent manner
compared to docetaxel. We obtained similar results in
the caspase-3 cleavage product. (Figure 4b). Moreover,

cytochrome-c levels were remarkably up-regulated by

combined treatment compared to docetaxel alone ad-
ministration (Figure 4b). Microscopic examination
results showed that combined treatment of docetaxel
with caffeine more strongly induced shrinking and
the levels of dead cell debris compared to docetaxel
group (Figure 4c). Additionally, cell proliferation as-
say data indicated that co-treatment of docetaxel and
caffeine significantly decreased % cell viability (Fig-
ure 4d) (Table 1). Collectively these results indicated
that caffeine expanded the anti-tumorigenic effect of
docetaxel by more efficiently inducing apoptotic cell
death. Additionally, we calculated the combination
index (CI) value for determining whether the effect
of the combined treatment of docetaxel and caffeine
synergistically manner. Also, caffeine exhibited a syn-
ergistic effect at 5 and 10mM doses with docetaxel on
MCEF-7 cells (Table 2).
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Figure 4. The effects of co-treatment of caffeine with docetaxel on cell-death related proteins. (a) Apoptotic
protein levels were analyzed as described Figure 1. Staurosporine (1nM) was used as a positive control of apop-
totic cell death. (b) Cells were treated with a vehicle or combined treated with docetaxel and caffeine as indicat-
ed doses for 24 hours and target proteins were analyzed by immunoblotting. Beta-actin was used as a loading
control. (c) MCF-7 cells were treated with docetaxel and its combination with caffeine and the morphological
alterations were visualized in inverted microscope and photographed. Staurosporine was used as a positive
control. The scale bar represents 25um. (d) Cells were treated with vehicle and indicated doses of caffeine or its
combination with docetaxel for 24 and 48 hours. % cell viability was analyzed by WST-1 assay. Data represented
as mean + SE of three independent experiments made in three replicates. *p < 0.05, #p < 0.001, ##p<0.0001.
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Table 1. The % cell viability values of Docetaxel and its combination with Caffeine.

% Cell Viability (24h) % Cell Viability (48h)
Control 100 +7.11 100 + 4.67
Doce 85,723 + 6.41 78,105 + 8.37
Doce + 1mM Cfn 79,831 + 4.46 63,832 +4.016
Doce + 5mM Cfn 68,732 £ 3.24 49,921 + 6.87
Doce + 10mM Cfn 51,084 +2.24 28,943 +2.24
Sta 22,161 £4.71 13,051 £ 3.17
Data represent mean % cell viability value with + standard deviations.
Table 2. Values of combination index (CI) for docetaxel-caffeine interactions.
ClI value + SEM Combine Effect
Docetaxel [15nM] + Caffeine 1ImM 1.03 +0.03 Additive
Docetaxel [15nM] + Caffeine 5mM 0.83+0.11 Synergistic
Docetaxel [15nM] + Caffeine 10mM 0.65+0.13 Synergistic

CI greater than 1.1 denotes an antagonist effect; CI
between 0.99-1.1 indicates an additive effect; CI value
less than 0.99 indicate a synergistic effect. Data repre-
sent mean CI value with * standard deviations. Cal-
culations of CI were calculated with GraphPad Prism

7 software.

Caffeine is the most common consumed dietary
ingredient around the world. It has various potent
biochemical activities such as antioxidant, anti-in-
flammatory and anti-cancer. Studies demonstrated
that it is effective against various diseases such as Alz-
heimer’s disease, Parkinson’s disease and cancer in in
vitro and in vivo (Campa et al., 2005; Mitchell et al.,
2015; Pranata et al., 2022). Also, it has been shown to
give effective results when used as an auxiliary ingre-
dient with traditional drugs and chemotherapeutics
(Mhaidat et al., 2014; Tomita & Tsuchiya, 1989; Z.
Wang et al., 2019; Yamamoto & Tsuchiya, 2011). In
the present study, we evaluated the effect of caffeine
and its combination with docetaxel on MCF-7 breast
cancer cells. Docetaxel which belongs to the taxane
family is one of the commonly used antineoplastic
agents in the treatment of breast cancer. It is also ef-
fective in the treatment of other cancer types includ-
ing gastric cancer, head and neck cancer and non-

small cell lung cancer. However, long-term usage of

docetaxel in treatments causes systemic disturbances,
therefore, its therapeutic efficiency is limited clinically
(Lyseng-Williamson & Fenton, 2005).

The goal of our study is to test the effects of caf-
feine on UPS, autophagy and UPR signaling, which
are critical mechanisms for breast and other cancer
types and they often have increased activity in breast
cancer cells. Also, the possible synergistic effects of the
use of caffeine together with docetaxel are evaluated

through these mechanisms.

Today, it is known that UPS, UPR, and autophagy
work together to regulate physiologically cellular ho-
meostasis. UPS is the main proteolytic system that is
crucial in the regulation of many cellular processes by
promoting protein degradation and homeostasis (Er-
zurumlu & Ballar, 2017; Mata-Cantero et al., 2015).
The endoplasmic reticulum-associated degradation
(ERAD) mechanism, which is one of the most effective
protein degradation systems in the ER, ubiquitinates
the substrate molecules to target 26S proteasome by
ubiquitin ligase enzymes (Erzurumlu & Ballar, 2017).
Impairment of UPS has been associated with various
diseases such as diabetes, Alzheimer’s disease, Parkin-
son’s disease, hemophilia, and numerous cancer types
(Erzurumlu & Ballar, 2017). The variable factors such

as deficiency of nutrients, toxic stimulation and im-
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balance of metabolic Ca** can trigger stressful condi-
tions in ER and these conditions induce called “ER
stress” signaling (Madden et al., 2019). Induction of
ER stress leads to activation of the UPR mechanism,
supporting the restoration of ER homeostasis. UPR
is coordinated through the activation of ER-mem-
brane localized three transmembrane proteins, PERK,
IREla, and activating transcription factor 6 (ATF6)
sensor protein and their down-regulators (Madden et
al., 2019). To evaluate the effects of caffeine on UPR
signaling, we tested effector proteins of UPR, includ-
ing p(Ser51)-elF2a, total-eIF2a, ATF4, and PERK and
also IREla branch, XBP-1s and IREla protein levels.
Caffeine treatment increased expression of all tested
UPR proteins in a dose-dependent manner. Also, to
understand the relationship between UPR induction
and ER stress, we examined the levels of BiP/GRP7S8,
a well-known stress protein. Our results showed that
caffeine administration increased the protein level of
BiP/GRP78 in a dose-dependent manner (Figure 1c).
These results suggest that caffeine induces ER stress
in breast cancer cells and activation of the UPR oc-
curs in this way. In addition, the dose-dependent de-
crease in the poly-ubiquitination pattern in the cells
with caffeine administration and the dose-dependent
increase in the levels of Hrd1/SYVNI1, one of the ma-
jor ubiquitin ligase enzymes associated with ERAD,
suggests that caffeine decelerates the UPS in breast
cancer cells (Figure 2a). Similar results were obtained
with the co-administration of caffeine and docetaxel.
Co-treatment more strongly decreased the poly-ubiq-
uitination state, whereas increased Hrdl levels and
induced the UPR signaling in MCF-7 cells (Figure 1b,
2b).

Autophagy is a conserved program that is com-
prised of initiation and membrane nucleation, pha-
gophore formation and expansion, fusion with the
lysosomes and degradation (Glick et al., 2010). It con-
trols the level of damaged organelles, long-lived and
misfolded proteins (Glick et al., 2010). To investigate
effects of caffeine on autophagy, we tested critical reg-
ulator proteins Beclin-1 and Atg5, turnover of p62/
100

SQSTM1I, which is well known autophagic cargo pro-
tein and lipidation of LC3 considered necessary for

autophagosome formation.

Our results indicated that caffeine increased Be-
clinl levels and did not cause changes in Atg5 levels.
Also, it slightly decreased p62/SQSTML1 levels, where-
as it remarkably induced LC3-I to LC3-II conversion
in a manner dose-dependently (Figure 3a). These re-
sults observed that caffeine accelerated the autophag-
ic flux in breast cancer cells. Moreover, co-treatment
of caffeine and docetaxel led to an increment level of
Beclinl and Atg5 compared to control or docetaxel
alone. More strikingly, the combined treatment of caf-
feine and docetaxel remarkably accelerated the p62/
SQSTMI turnover and also strongly increased LC3-1
to LC3-1I conversion. In this assay system, BafAl was
used as an autophagic blocker, which blocks the fu-
sion of autophagosomes with lysosomes, and as ex-
pected, it increased p62/SQSTM1 accumulation and
LC3-1I levels (Figure 3b). Collectively these results
suggest that caffeine alone positively regulates auto-
phagic activity, and when combined with docetaxel,
it synergistically stimulates autophagic flux in breast
cancer cells. Autophagy is also known as the type 2
cell death program, highly increased autophagic ac-
tivity leads to cell death (Kroemer & Levine, 2008).
Consistent with the cell death findings observed in
our microscopic results, increased autophagic activity
may have led to the death of MCEF-7 cells (Figure 4c).

Next, we tested the effect of caffeine and its com-
bination with docetaxel on apoptotic cell death. We
observed caffeine administration did not induce any
apoptotic cell death-associated protein levels, includ-
ing PARP-1 and caspase-3 cleavage, cytochrome-c
(Figure 4a).

The evaluation of the cleavage forms of caspase-3
and PARP-1 is widely used for understanding apoptotic
cell death in in vitro and in vivo studies (Cohen, 1997;
Lazebnik et al., 1994). Also, cytochrome c is a compo-
nent of the mitochondrial electron transport chain and

is an essential parameter for the evaluation of extrin-
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sic apoptotic cell death (Liu et al., 1996). Our findings
indicated that co-treatment of caffeine with docetaxel
strongly induced 89 kDa cleavage fragment of PARP-1,
which is one of the main targets of caspase-3 and cleav-
age form of caspase-3, which is a critical executioner of
apoptosis in a dose-dependent manner (Cohen, 1997;
Lazebnik et al., 1994). Consistent with these data,
co-treatment synergistically increased cytochrome-c
levels in MCF-7 cells (Figure 4b).

It is frequently stated as a fact that chemothera-
peutic agents trigger cell death through apoptotic

mechanisms. However, recent studies indicated that
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these agents could activate complex cell death modes
by affecting different cellular signaling mechanisms,
including necrosis, ferroptosis and autophagic cell
death (Gao et al., 2022). Herein we tested the possible
effects of the natural product caffeine in breast cancer
cells and also determined the synergistic effect of its
combination with docetaxel. Our results suggest that
the concomitant use of caffeine and docetaxel affects
breast cancer cells by autophagic induction and in-
trinsic/extrinsic apoptotic pathway. The mode of ac-
tion of the combination of caffeine with docetaxel was

illustrated in Figure 5.

Figure 5: Schematic illustration of the mode of action of caffeine with docetaxel in breast cancer cells.

CONCLUSION

Testing the well-known traditional chemothera-
peutics and their combination with natural products
is a very valuable effort for increasing their utilization
and establishing less toxic treatment protocols. The
present study suggests that caffeine, which is frequent-
ly consumed in the community as part of the daily
diet, may increase the chemotherapeutic efficacy of

docetaxel in breast cancer treatment.
ACKNOWLEDGEMENTS

We thank Suleyman Demirel University-Innova-

tive Technologies Application and Research Center.

We apologize that we could not perform comprehen-
sive reference representation due to reference limita-
tions. This study was supported by Suleyman Demirel
University internal funds (TSG-2021-8302, TAB-
2020-8253).

CONFLICT OF INTEREST

Authors declare that there is no conflict of interest.
AUTHOR CONTRIBUTION STATEMENT
Y.E. initiated and directed the project, designed,

and conducted the experiments, analyzed, and inter-
preted the results, and wrote the manuscript. D.C.,
H.K.D. and E.A. assisted experimental studies. All

101



Erzurumlu, Catakli, Dogan, Aydogdu

correspondence and requests for materials should be
addressed to Y.E. All authors have read and approved
the final version of the article.

REFERENCES

Andersen, L. F, Jacobs, D. R,, Jr, Carlsen, M. H., &
Blombhoft, R. (2006). Consumption of coffee is as-
sociated with reduced risk of death attributed to
inflammatory and cardiovascular diseases in the
Iowa Women’s Health Study. The American Jour-
nal of Clinical Nutrition, 83(5), 1039-1046. https://
doi.org/10.1093/ajcn/83.5.1039

Campa, C., Doulbeau, S., Dussert, S., Hamon, S., &
Noirot, M. (2005). Qualitative relationship be-
tween caffeine and chlorogenic acid contents
among wild Coffea species. Food Chemistry,
93(1), 135-139. https://doi.org/10.1016/j.food-
chem.2004.10.015

Cohen, G. M. (1997). Caspases: the executioners of
apoptosis. Biochemical Journal, 326 ( Pt 1), 1-16.
https://doi.org/10.1042/bj3260001

Ding, M., Bhupathiraju, S. N., Chen, M., van Dam, R.
M., & Hu, F. B. (2014). Caffeinated and decaffein-
ated coffee consumption and risk of type 2 diabe-
tes: a systematic review and a dose-response me-
ta-analysis. Diabetes Care, 37(2), 569-586. https://
doi.org/10.2337/dc13-1203

Erzurumlu, Y., & Ballar, P. (2017). Androgen Medi-
ated Regulation of Endoplasmic Reticulum-As-
sociated Degradation and its Effects on Prostate
Cancer. Scientific Reports, 7, 40719. https://doi.
org/10.1038/srep40719

Gao, W,, Wang, X., Zhou, Y., Wang, X., & Yu, Y. (2022).
Autophagy, ferroptosis, pyroptosis, and necropto-
sis in tumor immunotherapy. Signal Transduc-
tion and Targeted Therapy, 7(1), 196. https://doi.
org/10.1038/541392-022-01046-3

102

Glick, D., Barth, S., & Macleod, K. E (2010). Auto-
phagy: cellular and molecular mechanisms. The
Journal of Pathology, 221(1), 3-12. https://doi.
org/10.1002/path.2697

Hikita, K., Honda, M., Shimizu, R., Teraoka, S., Kawa-
moto, B., Yumioka, T., Tsounapi, P., Iwamoto, H.,
Morizane, S., & Takenaka, A. (2021). Efficacy of
Combination Chemotherapy With Docetaxel,
Estramustine and Carboplatin in Men With
Castration-resistant Prostate Cancer. Cancer Di-
agnosis ¢ Prognosis, 1(5), 451-457. https://doi.
org/10.21873/cdp.100607

Jacobson, K. A, Kirk, K. L., Padgett, W. L., & Daly, J.
W. (1985). Functionalized congeners of 1,3-dial-
kylxanthines: preparation of analogues with high
affinity for adenosine receptors. Journal of Me-
dicinal Chemistry, 28(9), 1334-1340. https://doi.
0rg/10.1021/jm00147a038

Jordan, M. A., & Wilson, L. (2004). Microtubules
as a target for anticancer drugs. Nature Reviews.
Cancer, 4(4), 253-265. https://doi.org/10.1038/
nrcl317

Kroemer, G., & Levine, B. (2008). Autophagic cell
death: the story of a misnomer. Nature Reviews.
Molecular Cell Biology, 9(12), 1004-1010. https://
doi.org/10.1038/nrm2529

Lazebnik, Y. A, Kaufmann, S. H., Desnoyers, S., Poir-
ier, G. G., & Earnshaw, W. C. (1994). Cleavage
of poly(ADP-ribose) polymerase by a proteinase
with properties like ICE. Nature, 371(6495), 346—
347. https://doi.org/10.1038/371346a0

Liu, X,, Kim, C. N,, Yang, J., Jemmerson, R., & Wang,
X. (1996). Induction of apoptotic program in
cell-free extracts: requirement for dATP and cy-
tochrome c. Cell, 86(1), 147-157. https://doi.
0rg/10.1016/s0092-8674(00)80085-9



FABAD ]. Pharm. Sci., 48, 1, 91-104, 2023
Doi: 10.55262/fabadeczacilik. 1164699

Lopez-Garcia, E., van Dam, R. M., Willett, W. C,,
Rimm, E. B., Manson, J. E., Stampfer, M. J.,
Rexrode, K. M., & Hu, E. B. (2006). Coffee con-
sumption and coronary heart disease in men and
women: a prospective cohort study. Circulation,
113(17), 2045-2053. https://doi.org/10.1161/CIR-
CULATIONAHA.105.598664

Lyseng-Williamson, K. A., & Fenton, C. (2005).
Docetaxel: a review of its use in metastatic breast
cancer. Drugs, 65(17), 2513-2531. https://doi.
org/10.2165/00003495-200565170-00007

Madden, E., Logue, S. E., Healy, S. J., Manie, S., & Sa-
mali, A. (2019). The role of the unfolded protein
response in cancer progression: From oncogene-
sis to chemoresistance. Biology of the Cell / under
the Auspices of the European Cell Biology Orga-
nization, 111(1), 1-17. https://doi.org/10.1111/
boc.201800050

Malsy, M., Bitzinger, D., Graf, B., & Bundscherer, A.
(2019). Staurosporine induces apoptosis in pan-
creatic carcinoma cells PaTu 8988t and Panc-1
via the intrinsic signaling pathway. European
Journal of Medical Research, 24(1), 5. https://doi.
org/10.1186/s40001-019-0365-x

Mata-Cantero, L., Lobato-Gil, S., Aillet, E, Lang, V,
& Rodriguez, M. S. (2015). The Ubiquitin-Pro-
teasome System (UPS) as a Cancer Drug Target:
Emerging Mechanisms and Therapeutics. In G. T.
Wondrak (Ed.), Stress Response Pathways in Can-
cer: From Molecular Targets to Novel Therapeutics
(pp. 225-264). Springer Netherlands. https://doi.
org/10.1007/978-94-017-9421-3_11

Mhaidat, N. M., Alzoubi, K. H., Al-Azzam, S. L,
& Alsaad, A. A. (2014). Caffeine inhibits pacli-
taxelinduced apoptosis in colorectal cancer cells
through the upregulation of Mcll levels. Molec-
ular Medicine Reports, 9(1), 243-248. https://doi.
org/10.3892/mmr.2013.1763

Mitchell, D. C., Hockenberry, J., Teplansky, R., &
Hartman, T. J. (2015). Assessing dietary exposure
to caffeine from beverages in the U.S. population
using brand-specific versus category-specific caf-
feine values. Food and Chemical Toxicology: An In-
ternational Journal Published for the British Indus-
trial Biological Research Association, 80, 247-252.
https://doi.org/10.1016/j.fct.2015.03.024

Palmeri, L., Vaglica, M., & Palmeri, S. (2008). Week-
ly docetaxel in the treatment of metastatic breast
cancer. Therapeutics and Clinical Risk Manage-
ment, 4(5), 1047-1059. https://doi.org/10.2147/
tcrm.s3397

Pranata, R., Feraldho, A., Lim, M. A., Henrina, J., Va-
nia, R., Golden, N., & July, J. (2022). Coffee and tea
consumption and the risk of glioma: a systematic
review and dose-response meta-analysis. The Brit-
ish Journal of Nutrition, 127(1), 78-86. https://doi.
org/10.1017/S0007114521000830

Prat, A., Pineda, E., Adamo, B., Galvan, P, Fernandez,
A., Gaba, L., Diez, M., Viladot, M., Arance, A., &
Muiioz, M. (2015). Clinical implications of the in-
trinsic molecular subtypes of breast cancer. Breast
, 24 Suppl 2, $26-$35. https://doi.org/10.1016/j.
breast.2015.07.008

Tomita, K., & Tsuchiya, H. (1989). Caffeine en-
hancement of the effect of anticancer agents on
human sarcoma cells. Japanese Journal of Can-
cer Research: Gann, 80(1), 83-88. https://doi.
org/10.1111/j.1349-7006.1989.tb02249

Trayes, K. P, & Cokenakes, S. E. H. (2021). Breast
Cancer Treatment. American Family Physician,
104(2), 171-178.

Wang, A., Wang, S., Zhu, C., Huang, H., Wu, L,
Wan, X., Yang, X., Zhang, H., Miao, R., He, L.,
Sang, X., & Zhao, H. (2016). Coffee and cancer
risk: A meta-analysis of prospective observation-
al studies. Scientific Reports, 6, 33711. https://doi.
org/10.1038/srep33711

103



Erzurumlu, Catakli, Dogan, Aydogdu

Wang, Z., Gu, C., Wang, X., Lang, Y., Wu, Y., Wu, X,,
Zhu, X., Wang, K., & Yang, H. (2019). Cafteine en-
hances the anti-tumor effect of 5-fluorouracil via
increasing the production of reactive oxygen spe-
cies in hepatocellular carcinoma. Medical Oncol-
ogy, 36(12), 97. https://doi.org/10.1007/s12032-
019-1323-8

104

Yamamoto, N., & Tsuchiya, H. (2011). Clinical Ob-
servations of Caffeine-Potentiated Chemother-
apy. Journal of Caffeine Research, 1(3), 163-168.
https://doi.org/10.1089/jcr.2011.0007

Yoshii, S. R., & Mizushima, N. (2017). Monitoring
and Measuring Autophagy. International Jour-
nal of Molecular Sciences, 18(9). https://doi.
org/10.3390/ijms18091865



