Adiyaman Universitesi Saghk Bilimleri Dergisi, 2024;10(3):189-199
doi:10.30569.adiyamansaglik.1522904

E-ISSN: 2458-9176

ADIYAMAN UNIVERSITESI

SAGLIK BILIMLERI DERGISI

JOURNAL OF HEALTH SCIENCES OF ADIYAMAN UNIVERSITY

e,
e
s 2015
2 sCienices oF 19

Research Article/Ozgiin Arastirma

Evaluation of the effect of a natural monoterpenic phenol on the cytotoxicity of
carfilzomib

Dogal bir monoterpenik fenoliin carfilzomibin sitotoksisitesine etkisinin
degerlendirilmesi

Ayse ERDOGAN?

!Alanya Alaaddin Keykubat University, Rafet Kayis Faculty of Engineering, Department of Genetics and Bioengineering,
07425, Antalya-Turkey

Atf gosterme/Cite this article as: Erdogan A. Evaluation of the effect of a natural monoterpenic phenol on the
cytotoxicity of carfilzomib. ADYU Saglik Bilimleri Derg. 2024;10(3):189-199. doi:10.30569.adiyamansaglik.1522904

Abstract

Aim: The aim of this study was to reveal whether
carfilzomib, proteasome inhibitor, and carvacrol, a
natural monoterpenic phenol, causes cytotoxic and
apoptotic effects and oxidative stress on A-549 cells.
Materials and Methods: Lactate dehydrogenase
(LDH) activity test was used. Changes in caspase 3 and
glutathione peroxidase enzyme activities in cells were
determined.

Results: It was determined that carfilzomib alone and
together with carvacrol caused a raise in the activities of
lactate dehydrogenase (LDH), glutathione peroxidase
and apoptotic enzyme, caspase-3 activity, compared to
the control.

Conclusion: Our study showing that carfilzomib alone
and together with carvacrol gave different responses
may be guiding in determining new strategies to be
applied in lung cancer treatment.

Keywords: Lung cancer; Carvacrol; Carfilzomib;
Apoptotic effect.

Oz

Amag: Bu ¢alismanin amaci, bir proteazom inhibitorii
olan carfilzomib ile dogal bir monoterpenik fenol olan
karvakroliin A-549 hiicrelerinde sitotoksik ve apoptotik
etkilere ve oksidatif strese neden olup olmadigini ortaya
koymaktir.

Gerec ve Yontem: Laktat dehidrogenaz (LDH) aktivite
testi kullanilmistir. Hiicrelerdeki kaspaz 3 ve glutatyon
peroksidaz  enzim  aktivitelerindeki  degisiklikler
belirlenmistir.

Bulgular: Carfilzomib’in tek basina ve karvakrol ile
birlikte laktat dehidrogenaz (LDH), glutatyon
peroksidaz ve apoptotik enzim olan kaspaz-3
aktivitelerinde kontrole gore artiglara neden olduklari
belirlenmistir.

Sonug: Carfilzomib’in tek basina ve karvakrol ile
birlikte farkli yanitlar verdigini gosteren ¢alismamiz,
akciger kanseri tedavisinde uygulanacak yeni
stratejilerin belirlenmesinde yol gdsterici olabilir.
Anahtar Kelimeler: Akciger kanseri; Karvakrol;
Carfilzomib; Apoptotik etki.
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Cytotoxicity of carfilzomib and a natural monoterpenic phenol.

Introduction

While lung cancer was a rare disease in the
early twentieth century, it has become one of
the most important health problems today and
is one of the leading causes of cancer-related
deaths worldwide.>? Lung cancer, one of the
most important health problems today, is the
most common type of cancer that causes death
in both women and men.}® More than one
million people die every year in the world due
to lung cancer. It has been determined that the
number of lung cancer cases has increased by
44% in men and 76% in women since 1985
worldwide.> While deaths from other cancer
types have decreased over the years, 3-fold
increase has been detected in lung cancer-
related deaths.* The prognosis of lung cancer
is worse than other types of cancer, with a five-
year survival rate of less than 15%.°

Surgical methods, radiotherapy,
chemotherapy, hormone therapy and new
treatment methods such as immunotherapy,
gene therapy, angiogenesis inhibitors and
signal transduction system inhibitors are used
to reduce the death rate and increase survival
in cancer treatment.®”’

The proteasomal system is involved in
many cellular processes, and changes in the
regulation of these cellular events are directly
related to cancer development.® Studies on the
use of proteasome inhibitors in cancer
treatment have been continuing for more than
20 years. Carfilzomib is one of the most
studied and clinically used proteasome
inhibitors in vitro and in vivo. However, these
proteasome inhibitors, which are used very
effectively in various cancers, have side effects
such as diarrhea, constipation,
thrombocytopenia and most importantly,
peripheral type neuropathy.® These side effects
can limit treatment and even lead to
discontinuation of treatment. As a result, dose
limitation, treatment plan changes or
chemotherapy must be abandoned. %!

Carfilzomib, which we used in our study, is
a second generation proteasome inhibitor,
causes irreversible proteasome inhibition and
has an epoxyketone structure. Carfilzomib is
structurally different from Bortezomib but
similarly but more specifically inhibits the 5
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subunit of the proteasome and does not affect
other proteases.? In studies conducted with
Bortezomib and Carfilzomib in cell culture, it
was determined that Carfilzomib had a more
cytotoxic effect than Bortezomib.
Hematological cancer cells are more sensitive
to Carfilzomib exposure than solid tumors and
non-transformed cells. Proteasome inhibition
with Carfilzomib is longer lasting than
Bortezomib due to Carfilzomib covalently
binding to the target protein.!t

Essential oils obtained from various
Origanum species have been widely used to
flavor foods, alcoholic beverages, and wounds
and burns since ancient times.}*® Essential
oils of Origanum genus, the main component
of which is carvacrol, have been scientifically
demonstrated to have many specific biological
effects such as antioxidant, analgesic,
antifungal, antibacterial, insecticidal,
antimelanogenic,  anti-inflammatory  and
wound healing effects.}’® Carvacrol, a
monoterpenic ~ phenolic  essential  oil
component, is known to have antibacterial,
antioxidant, analgesic, antifungal, insecticidal,
phytotoxic, antiviral, antiparasital and anti-
inflammatory effects in different organisms,

parallel to the effects of the essential oil.1"?#3%
40

There are studies on the anti-cancer effect
of carvacrol in some types of cancer in in vivo
and in vitro conditions. The growth and
tumorigenesis of chronic myeloid leukemia
cells, N-ras transformed mouse myoblast cells,
murine melanoma cells, and human cervical,
lung, and breast cancer cells are known to be
inhibited by carvacrol.***° Although there is
not much information about the mechanism of
action of carvacrol, studies have shown that
carvacrol specifically changes the cytoplasmic
membrane surface and permeability and thus
affects cells.®°0 Although many studies have
been carried out at the molecular level on the
effect of carvacrol, especially on cancer cells,
there is still not enough information today, so
it is very important to investigate its anti-
cancer effect mechanism.

Carfilzomib, known to be a second-
generation proteasome inhibitor, may cause
many side effects when used alone in
treatment. New strategies in cancer treatment
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may emerge as a result of the combined
application of targeted cancer drugs such as
carfilzomib and natural compounds such as
carvacrol. By increasing the effectiveness of
targeted drugs at low doses, their side effects
can be reduced and the desired success in
treatment can be achieved.

The results of this study revealed the
cytotoxic, membrane-damaging, oxidative
stress-inducing and apoptotic effects of
carfilzomib, a targeted drug, alone and in
combination with carvacrol, on lung cancer
cells (A-549), which is the most common type
of cancer that causes death.

Materials and Methods
Chemicals and drugs

Carfilzomib was supplied under the trade
name as Kyprolis. The drug used in the
experiments was diluted in appropriate
proportions using the medium. Carvacrol is
commercially available with 99% purity
(Sigma Chemical Co.). The kit used for
caspase activity was obtained from
Elabscience Biotechnology Co., Ltd, USA.
The kit wused to determine Lactate
Dehydrogenase  Activity was purchased
commercially from Sigma-Aldrich (St. Louis,
MO, USA).

Cell Lines and culture

The cell line we used in the experiments, A-
549 (human non-small cell lung cancer
(NSCLC)), was purchased from the American
Type Culture Collection (ATCC) and
reproduced under suitable conditions. Cells
were grown using Roswell Park Memorial
Institute 1640 medium (RPMI 1640) and other
medium  components  in  appropriate
proportions. After the cells reach sufficient
density (more than 75%) in the culture vessel,
experimental groups were created and then
proteasome inhibitdr (carfilzomib) (<ICsp),
and natural monoterpenic phenol (carvacrol)
(<ICs0), were applied to the cells for 48 h.

Cytotoxicity assay

After the cells grown in the flask were
trypsinized, they were counted and planted in
96-well plates at 10* cells per well. The
cytotoxicity of carfilzomib (250-2000 pg/mL)

ADYU Saglik Bilimleri Derg. 2024;10(3):189-199.

and carvacrol (20-70 ug/mL) on A-549 cells
was determined for 48 h. Moreover, cells were
treated with carfilzomib (<ICso) and carvacrol
(<ICs0) together for 48 h. 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium
bromide (MTT) test was used to evaluate the
cytotoxic effect after applications. In this test,
tetrazolium salts such as MTT are metabolized
by mitochondrial dehydrogenases to form a
blue formazan dye that is used to measure
cytotoxicity. Test reagents were added to the
culture medium and incubated at 37 °C for 2 h.
Then, solubilizing/stopping solutions
(dimethyl sulfoxide) was added to each well
for a 1 h incubation. The absorbance of all
samples was measured at 490 nm.*! Eight
wells were replicated for each concentration.

Lower ICso concentrations (<ICso values)
were calculated separately for carfilzomib and
carvacrol. Subsequent combination
applications were continued using the
calculated IC values (<ICsp).

According to the cytotoxicity results, the
most effective combination concentration was
determined after carfilzomib (<ICso) and
carvacrol (<ICso) were applied together. The
most effective combination concentrations
were also used in other ongoing experiments.
The combination index (CI) was calculated to
determine whether the combined
administration of carfilzomib and carvacrol in
cells exhibited additive, synergistic or
antagonistic effects.5? Cells treated with only
medium or 0.1% DMSO were considered as
control cells.

Lactate dehydrogenase (LDH) assay

LDH activity were determined after the
cells were exposed to carfilzomib alone (1C10)
and combination of carfilzomib (IC1) and
carvacrol concentrations (IC1o), showing the
most effective cytotoxic effects, in A-549 cells
for 48 h. Changes in LDH activity were
determined to determine whether either
application caused any membrane damages of
lung cancer cells. LDH activity in each sample
was determined by following the procedure
included in the commercially available kit
(MAKO066, Sigma-Aldrich). The formula used
to calculate LDH activity is given below.
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LDH Activity = The amount of NADH that
occurs between the first and last measurement
(nmol) x Sample Dilution Factor/Reaction
Timex Sample volume (mL)

Glutathione peroxidase (GPx) activity

After carfilzomib alone (IC10) and
combination of carfilzomib (IC1y) and
carvacrol concentrations (1C10), showing the
most effective cytotoxic effects, were applied
to the cells for 48 h, the cell supernatant to be
used in GPx activity measurement was
prepared. GSH-Px activity was determined
according to the method using tert-butyl
hydroperoxidase as the substrate. > The
amount of protein was determined using the
Bradford method, in which bovine serum was
used as standard. >* Tests were performed in
triplicate.

Caspase-3 activity

Caspase-3 activity was determined after A-
549 cells had been exposed to carfilzomib
(IC10) and combined with carvacrol (IC1o) (the
most effective combination concentrations in
cytotoxicity) for 48 h. Apoptotic enzyme
activity were determined using commercially
available colorimetric Caspase-3 Activity
Assay Kit (Elabscience) according to kit
protocol after application of carfilzomib alone
and also together with carvacrol. The plates
were read at 405 nm using the microplate
reader. Tests were performed in triplicate.
Results are given as Unit/mg protein.

Data analysis

The results of the replicates were pooled
and expressed as mean + standard deviation
(SD). Analysis of variance (ANOVA) was
carried out. The one-way ANOVA was used to
determine whether there were any significant
differences between the means of three or more
independent (unrelated) groups on some
variable. Tukey multiple comparisons tests
were used. Statistical differences were
considered significant at p<0.05.%° Statistical
analyses were performed using the Minitab
program (http://www.minitab. com/products),
release 13.0.
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Results

Determination of cytotoxic effects of
carfilzomib and carvacrol

The cytotoxic effect of both applications
was measured using the MTT assay. I1C1o, 1C20,
IC30, 1Cs0 and ICso concentrations (the
concentration that kills 50% of cells) were
determined for each of -carfilzomib and
carvacrol, which will be used in further
experiments (Figure 1 and 2). After applying
carfilzomib and carvacrol for 48 h, the
cytotoxicity observed in A-549 cells was
observed to be parallel to the increase in
concentration (Figure 1 and 2).
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Figure 1. Dose-dependent cytotoxicity of carfilzomib.
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Figure 2. Dose-dependent cytotoxicity of carvacrol.

IC10, I1C20, IC30, IC40 and I1Csg values of A-
549 cells exposed to carfilzomib for 48 hours
were calculated as 197, 440, 683, 927 and 1170
ng/mL, respectively. In this study, we also
wanted to investigate whether carvacrol
concentrations lower than ICsq increased the
cytotoxic effect of carfilzomib (<ICs). By
applying carfilzomib and carvacrol together at
concentrations  lower than the ICso
concentration, it was determined at which
combination concentrations they showed the
most effective cytotoxic effect (Figure 3).
When carvacrol (IC1o, 1C20, I1C30, 1C40) treated
with carfilzomib (<ICso) were ranked among
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themselves, the concentrations showing the
most effective cytotoxic effect were found to
be ICio carfilzomib + 1Cyo carvacrol. The
synergistic effect of 1C1o carfilzomib and IC1o
carvacrol application in A-549 cells was also

BIC10 Carvacrol BIC20 Carvacrol BIC30 Carvacrol
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demonstrated by calculating the CI value of
1.75. Subsequent studies with cells continued
using ICyo carfilzomib + ICy carvacrol, which
are the most effective cytotoxic combination
concentrations.
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7 %
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Figure 3. Combined cytotoxic effects of carfilzomib (IC10, IC20, 1C30, 1Ca0) and carvacrol (IC1o, 1Cz0, 1Cs0, ICa0) for 48 h
on A-549 cells. Results are presented as viability ratio compared with the control group (treated with only the medium-
untreated cells). Values are expressed as the mean of three separate trials with three replications + standard deviation
(SD). * Significantly different from control (untreated cells) (p<0.05). #Significantly different that 1Cy carvacrol and 1Cyo
carfilzomib combination treatment from all other combination treatments except I1Cyo carfilzomib + 1C, ¢ carvacrol

combination treatment in A-549 cells (p<0.05)

Lactate dehydrogenase (LDH) activity
measurement

Since release of Lactate dehydrogenase
(LDH) from the cells into the medium was
measured, as an indicator of early cell
apoptosis, we determined the changes in LDH
activity to measure whether there was any
damage to the membranes of A-549 cells when
applied with carfilzomib alone (IC10) and also
combined with carvacrol (ICio carfilzomib +
IC10 carvacrol) (combination concentrations
showing the most potent cytotoxic effect).%

After 48 h of applications, LDH enzyme
activity rised approximately 2.1 times where
combination concentrations (IC1o carfilzomib
+ ICiy carvacrol) were applied and
approximately 1.6 fold in the cells where
carfilzomib was applied only, relative to
control group cells (cells present in medium
containing only culture medium components).
LDH enzyme activity in cells where
combination concentrations and carfilzomib

were applied alone was shown to be
statistically different according to control
(Figure 4).

Measurement of the effects of carfilzomib
alone and combined with carvacrol on
glutathione peroxidase activity in A-549
cells

Cells have a complex enzymatic and non-
enzymatic  antioxidant defense  system.
Antioxidant mechanisms develop a defense
system against free radicals that have harmful
effects on cells. Glutathione peroxidase (GPx)
is one of the enzymes that constitute the basic
line of defense against free radicals in the cell.

After treatment with carfilzomib alone
(ICi) and also with  combination
concentrations (ICio carfilzomib + ICyo
carvacrol) (the most potent cytotoxic effect) to
A-549 cells for 48 h, changes in GPx activity,
which is an important antioxidant that breaks
down hydrogen peroxide into water in
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mitochondria and sometimes in the cytosol,
were determined (Figure 5).
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Figure 4. Changes in LDH activities after treated with
carfilzomib alone and combine with carvacrol.
*Significantly distinct from control  (p<0.05).
$Significantly distinct from carfilzomib alone
treatment (p<0.05). One unit of LDH activity is defined
as the amount of enzyme that catalyzes the conversion
of lactate into pyruvate to generate 1.0 pmol of NADH
per min at 37 °C.
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Figure 5. Effect of carfilzomib alone and combine
with carvacrol on glutathione peroxidase (GPx)
activity. *Significantly distinct from control (p<0.05).
$Significantly distinct from carfilzomib alone treatment
(p<0.05).

It was determined that GPx activity in A-
549 cells applied only with carfilzomib (1C10)
was 90.5% higher than the glutathione
peroxidase activity measured in the control
group cells, and this excess was found to be
statistically significant (p<0.05). It was found
that GPx activity measured in the cells after the
combination application (ICyo carfilzomib +
IC10 carvacrol) was 2.9 fold higher than GPx
activity measured in the control group cells.
This difference was shown to be statistically
significant. It was determined that the
combination application was more effective in
increasing GPx activity than the carfilzomib
application alone, and the GPx activity
measured in the cells after the combined
application was 1.5 times higher than GPx
activity measured after the application alone
(Figure 5).

IC10 Carfilzomib
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Measurement of the effect of carfilzomib
alone and together with carvacrol on
caspase-3 enzyme activity in A-549 cells

There are at least 12 caspases in mammals;
It is divided into two groups: initiator (-8, -9, -
10) and terminator (effector) (-3, -6, -7)
caspases. Caspase-3, whose activity we
determined  through  experiments after
carfilzomib alone and also with carvacrol
application, is also one of the effector caspases.

It was determined that after carfilzomib
alone incubation, caspase-3 activity in A-549
cells was 1.8 fold higher compared to control,
and after combined application, caspase-3
activity was increased 2.5 fold compared to
control (Figure 6). While it was observed that
the combined application was more effective
in increasing caspase-3 activity than the
application of carfilzomib alone, it was
revealed that the combined application caused
an increase in caspase-3 activity 1.4 fold more
than the application alone. It was determined
that caspase-3 activity in all applications was
statistically different from each other and from
the control (p<0.05).

Discussion

Approximately 2 million patients are
diagnosed with lung cancer every year and 1.8
million people die due to lung cancer.
Therefore, it is one of the cancer types with
high cancer incidence and mortality in the
world. It ranks second in frequency in women
and men.®” Survival rates after lung cancer
treatment are very low. Although cancer
survival rates are successful thanks to existing
treatment methods (surgery, chemotherapy,
radiotherapy), patients have begun to seek new
methods other than existing methods. For this
reason, cancer patients have turned to the use
of complementary and alternative treatments.>®

The development of new pharmacological
strategies for cancer treatments is seen as a
very important need today. In this context,
there is an increasing interest in natural
compounds day by day, thanks to the revealing
of their promising therapeutic potential against
cancer types such as lung, breast and colon.>®

According to research conducted in recent
years, new potential drugs have begun to be
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produced for different pathologies that have
important social impacts. For this purpose,
studies have been conducted on biologically
active species of medicinal plants.%
Approximately 1/3 of the plants in Tiirkiye
consist of medicinal and aromatic plants. The
Lamiaceae family, which includes the thyme
plant, has the widest distribution in the world
and is a widespread plant family. Plants
belonging to the Lamiaceae family; it is the
source and main component of many essential
oils used in medicine and perfumery. Its use for
treatment and spice purposes shows that this
family is important. One of the most important
plants belonging to the Lamiaceae family is
thyme. There are five species of thyme in
Tiirkiye. These; Thymus, Origanum, Satureja,
Tymbra and Coridothymus. With some
exceptions, the main component of the
essential oils of these genera is usually thymol
or carvacrol or both.5162

Carvacrol (2-methyl-5- (1-methylethyl)-
phenol) is a monoterpenic phenol component
that has an isomeric structure with thymol, an
essential oil component found in many
aromatic plants.%® Carvacrol has antimicrobial,
antioxidant, anticancer and anti-inflammatory
effects.®*

Oxidative stress occurs by detoxifying
reactive intermediates with reactive oxygen
species. Free radicals affect proteins, lipids and
nucleic acids, causing oxidative damage to
different molecules in cells. Essential oils,
which can be obtained from many aromatic
plants, can prevent or decrease oxidative
damage by showing antioxidant effects. In
addition, since essential oils have an
antioxidant effect and scavenge radicals, they
can prevent mutagenesis, carcinogenesis and
aging, which are known to be effective in the
formation mechanisms of radicals. It is known
that different enzymatic antioxidants such as
superoxide dismutase, catalase and glutathione
peroxidase show activity within the cell.
Carvacrol, which is an essential oil component
and is known to show different biological
activities, can also increase the activity of such
antioxidant enzymes. It not only increases the
activity of enzymatic antioxidants, but also
increases the activity of non-enzymatic
antioxidants such as vitamin C, vitamin E and
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reduced  glutathione.® It has  been
demonstrated that carvacrol stimulates reactive
oxygen-mediated apoptosis and arrests the cell
cycle in human prostate cancer cells, and that
it does this in the GO/G1 phase of the cell
cycle.®

Since proteasome inhibition in multiple
myeloma causes intracellular proteins to
accumulate and cause cell death, the first
generation Bortezomib has revolutionized the
improvement of survival times of multiple
myeloma patients. Second-generation
carfilzomib provides a significant reduction in
the risk of death by overcoming the resistance
that occurs in bortezomib -resistant patients in
the clinic.%® Drug resistance developing under
carfilzomib  treatment  currently  limits
therapeutic success in multiple myeloma, and
furthermore, the mechanism of carfilzomib
resistance is not fully understood to date.®’
Although carfilzomib is more effective than
bortezomib, the desired treatment response
rates are still not achieved from carfilzomib in
patients. Additionally, drug resistance that
develops in patients also affects the treatment
response rates achieved by carfilzomib.
Therefore, new combined treatment strategies
are needed in which the drug doses used in
treatment can be reduced. In this context, the
combined application of existing proteasome
inhibitors such as carfilzomib with naturally
occurring essential oil components such as
carvacrol may be a new strategy.

In one of the studies, carfilzomib was
loaded into new nickel-based metal-organic
frameworks (Ni-MOFs) and a drug delivery
system that could be evaluated in targeted
cancer treatment was created. The effects of
drug delivery systems loaded with carfilzomib
were investigated in vitro and in vivo by
comparing them with standard drugs. After
experiments, it has been shown that the drug
delivery system releases the drug in a
controlled manner and has a high loading
efficiency. According to cytotoxicity results, it
has been reported that carfilzomib-loaded drug
delivery systems are more cytotoxic than free
carfilzomib and show this effect more
effectively on A-549 lung cancer cells. It has
been shown that drug delivery systems not
only increase cytotoxicity more effectively,
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but also affect the mRNA level of TP53 and
are more effective in increasing the level. It has
been reported that when free and loaded
carfilzomib was applied to rats, it affected
various  biochemical  parameters  and
significantly  increased serum  alanine
aminotransferase (ALT), serum creatinine,
blood urea nitrogen (BUN), aspartate
aminotransferase (AST) and liver
malondialdehyde (MDA). Ni-MOFs loaded
with high doses of carfilzomib were also found
to cause serious histopathological changes.®®
In another study, researchers investigated
whether carfilzomib (proteasome inhibitor)
and vorinostat (histone deacetylase inhibitor)
had higher antitumor effects after co-
administration in non-small cell lung cancer
(NSCLC) cell lines by increasing endoplasmic
reticulum stress. It has been reported that the
co-administration of the two inhibitors showed
a synergistic effect at the end of 48 and 72 h in
all cell lines used. H520 and A-549 cell lines
were used in this study to evaluate cell viability
and apoptosis. It was found that co-
administration of the two inhibitors caused
more death and caspase-3 cleavage in both cell
lines studied than the application of each
inhibitor alone. Co-administration of the two
inhibitors was observed to cause upregulation
of endoplasmic reticulum stress-regulating
proteins, activating transcription factor 4,
GRP78/BiP and C/EBP homologous protein.
After the application of the two inhibitors
together, it was observed that there was an
increase in the amount of reactive oxygen
species in the cell and the level of oxidative
stress-related proteins such as heat shock
protein 70 in both cell lines.®® In a different
study, the anti-proliferative and cytotoxic
effects of carfilzomib were evaluated using
different lung cancer cell lines, and after the
experiments, it was found that carfilzomib had
strong anti-proliferative and cytotoxic activity.
Carfilzomib-resistant cells were obtained by
exposing A-549 and H520 non-small cell lung
cancer (NSCLC) cells to increasing
concentrations of carfilzomib. When 1Cso
value calculated for drug-resistant cells and
parental cells was compared, it was shown that
ICso value in drug-resistant A-549 cells
increased 2.5 times compared to the parental
cells, and ICso value in the drug-resistant H520
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cells increased 122 times compared to the
parental cells. It was observed that after
carfilzomib application in resistant cells, cell
deaths decreased compared to parental cells,
and there was also a decrease in the expression
of apoptotic and autophagy markers. When
both resistant cells were compared with the
parental cells, higher P-glycoprotein (Pgp)
gene expression was observed to increase 1.2
times in A-549 drug-resistant cells and more
than 9000 times in H520 drug-resistant cells. It
has been observed that in drug-resistant cells,
doxorubicin accumulates less intracellularly
and cross-resistance develops against drugs
such as bortezomib, doxorubicin and
paclitaxel, except cisplatin (P-glycoprotein
client drugs).”

In one of the studies, it was investigated
whether fractional distillation had any effect
on the physicochemical and biological
properties of oregano essential oil obtained
from Lippia graveolens H.B.K. It was
observed that oregano essential oil was
separated into two different fractions by dry
vacuum fractional distillation.

When these two fractions were compared in
terms of their content, it was determined that
they consisted of different main components
and the ratios of these components were
different. According to the content analysis
results, it was found that 45.32% of the first
fraction was p-cymene and 19.14% was vy-
terpinene, while 47.63% of the second fraction
was phenolic thymol and 35.56% was
carvacrol, approximately 83% of the content of
the fraction was determined. It has also been
shown that obtaining different fractions affects
the biological properties of the essential oil.
When the antioxidant activity of the fraction
containing thymol and carvacrol as the main
components was evaluated using the DPPH
method, it was determined that it showed more
antioxidant activity than the whole oregano
essential oil and also the fraction containing p-
cymene and vy-terpinene as the main
components. It has been observed that the
phenolic fraction has a cytotoxic effect on
HeLa, Hep2 and A-549 cancer cell lines, and
this effect increases with increasing
concentration. When the cytotoxic activities of
different fractions (phenolic and terpenic
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fractions) and whole oregano essential oil were
compared, it was determined that the phenolic
fraction showed the highest cytotoxic
activity.”

The results obtained from this study, in
which carfilzomib was treated alone and
together with carvacrol to human lung cancer
A-549 cells for the first time, may may serve
as a precursor to future clinical trials of
combination therapies using carfilzomib.

Conclusion

The results obtained from our study may
provide justification for future combined
treatments with carfilzomib. Thus, lower doses
of carfilzomib can be used in combined
application compared to carfilzomib alone, and
side effects caused by carfilzomib can be
reduced or eliminated. In addition, greater
response to treatment can be achieved, thus
easing the economic burden of patients.
Indirectly, profits can be made for the country's
economy. Our study showing that carfilzomib
alone and together with carvacrol gave
different responses may be guiding in
determining new strategies to be applied in
lung cancer treatment.

Ethics Committee Approval

The study does not require ethics committee
approval since it does not involve any human
or animal subject.

Author Contributions

Concept — A.E.; Design — A.E.; Supervision
— A.E.; Resources — A.E.; Materials — A.E;
Data Collection and/or Processing — A.E,;
Analysis and/or Interpretation - A.E.;
Literature Search — A.E.; Writing — AE,;
Critical Reviews — A.E.

Conflict of Interest
There is no conflict of interest to declare.
Financial Disclosure

No sponsorship or funding from agencies in
the commercial sectors were received for this
research. The author wish to thanks to Alanya
Alaaddin Keykubat University for providing
the necessary facilities to conduct this study.

ADYU Saglik Bilimleri Derg. 2024;10(3):189-199.

Peer-review
Externally peer-reviewed.

References

1. Greenlee RT, Murray T, Bolden S, Wingpo CA. Cancer
statistics. Cancer J Clin. 2000;50: 7-33.

2. Roberts AB, Wakefield LM. The two faces of transforming
growth factor B in carcinogenesis. Proceedings of the National
Academy of Sciences. 2003;100:8621-8623.

3. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics.
CA Cancer J Clin. 2005;55: 74-108.

4. Yurdakul AS, Caligir HC, Demirag F, Taci N, Ogretensoy M.
Akciger Kanserinin Histolojik Tiplerinin Dagilimi (2216
olgunun analizi). Toraks Dergisi. 2002;3:59-65.

5. Bunn PA Jr, Franklin W. Epidermal growth factor receptor
expression, signal pathway, and inhibitors in non-small cell lung
cancer. Semin Oncol. 2002;29:38-44.

6. Dellabona P, Moro M, Crosti MC, Casorati G, Corti A. Vascular
attack and immunotherapy: a ‘two hits’ approach to improve
biological treatment of cancer. Gene Therapy, 1999;6:153-154.

7.  Aktag SH. Kemoterapinin Kolon Kanseri, M eme Kanseri ve
Mide Kanserinde VEGF Diizeylerine Etkisinin in Vivo Ve In
Vitro Incelemesi. Biyoteknoloji Enstitiisii, Temel Biyoteknoloji
Anabilm Dali. Yiiksek Lisans Tezi, Ankara: Ankara
Universitesi, 2010.

8. Jung T, Catalgol B, Grune T. The proteasomal system.
Molecular Aspects of Medicine, 2009; 30:191-296.

9. Crawford LJ, Walker B, Irvine AE. Proteasome inhibitors in
cancer therapy. Journal of Cell Communication and Signaling,
2011;5;101-110.

10. Richardson PG, Briemberg H, Jagannath S, Wen PY, Barlogie
B, Berenson J, et al. Frequency, characteristics, and reversibility
of peripheral neuropathy during treatment of advanced multiple
myeloma with bortezomib. Journal of Clinical Oncology,
2006;24:3113-3120.

11. Manasanch EE, Orlowski RZ. Proteasome inhibitors in cancer
therapy. Nature reviews Clinical oncology, 2017; 14:417-433.

12. Kortuem KM, Stewart AK. Carfilzomib. Blood, 2013;121:893-
897.

13. Teicher BA, Tomaszewski JE. Proteasome inhibitors.
Biochemical pharmacology, 2015;96:1-9.

14. Sivropoulou A, Papanikolaou E, Nikolaou C, Kokkini S, Lanaras
T, Arsenakis M. Antimicrobial and cytotoxic activities of
Origanum essential oils. Journal of Agricultural and Food
Chemistry, 1996;44:1202-1205.

15. Aligiannis N, Kalpoutzakis E, Mitaku S, Chinou IB.
Composition and antimicrobial activity of the essential oils of
two Origanum species. Journal of Agricultural and Food
Chemistry, 2001;49:4168-4170.

16. Sahin F, Gulluce M, Daferera D, Sokmen A, Sokmen M,
Polissiou M, et al. Biological activities of the essential oils and
methanol extract of Origanum vulgare ssp. vulgare in the
Eastern Anatolia region of Turkey. Food Control, 2003;15:549-
557.

17. Aydmn S, Oztiirk Y, Beis R, Baser KHC. Investigation of
Origanum onites, Sideritis congesta, Satureja cuneifolia
essential oils for analgesic activity. Phytotherapy Research,
1998;10:342-344.

18. Vincenzi MD, Stammati A, Vincenzic AD, Silanoa M.
Constituents of aromatic plants: Carvacrol. Fitoterapia,
2004;75:801-804.

19. Choriannopoulos N, Kalpoutzakis E, Aligiannis N, Mitaku N,
Nychas GJ, Haroutounian SA. Essential oils of Satureja,
Origanum, and Thymus species: chemical composition and
antibacterial activities against foodborne pathogens. Journal of
Agricultural and Food Chemistry, 2004;52:8261-8267.

20. Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological
effects of essential oils-A review. Food and Chemical
Toxicology, 2008;46:446-475.

21. Aslim B, Yucel N. In vitro antimicrobial activity of essential oil
from endemic Origanum minutiflorum on ciprofloxacin-resistant
Campylobacter spp. Food and Chemical, 2008;107:602-606.

22. Kordali S, Cakir A, Ozer H, Cakmakci R, Kesdek M. Antifungal,
phytotoxic and insecticidal properties of essential oil isolated
from Turkish Origanum acutidens and its three components,

197



Cytotoxicity of carfilzomib and a natural monoterpenic phenol.

23.

24,

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

carvacrol, thymol and p-cymene. Bioresource Technology,
2008;99:8788-8795.

Karpouhtsis |, Pardali E, Feggou E, Kokkini S, Scouras ZG,
Tsipidou PM. Insecticidal and genotoxic activities of oregano
essential oils. Journal of Agricultural and Food Chemistry,
1998;46:1111-1115.

Aydin S, Cakmak A, Arslan R. Role of carvacrol on the analgesic
actions of natural products. Journal of Physiological Sciences,
2009;59:381-381.

Govaris A, Solomakos N, Pexara A, Chatzopoulou PS. The
antimicrobial effect of oregano essential oil, nisin and their
combination against Salmonella enteritidis in minced sheep meat
during refrigerated storage. International Journal of Food
Microbiology, 2010;137:175-180.

Ding HY, Chou TH, Liang CH. Antioxidant and
antimelanogenic properties of rosmarinic acid methyl ester from
Origanum vulgare. Food Chemistry, 2010;123:254-262.
Fuentes AO, Gutiérrez EA, Sefiorans FJ, Reglero G.
Supercritical fluid extraction of oregano (Origanum vulgare)
essentials oils: Anti-inflammatory properties based on cytokine
response on THP-1 macrophages. Food and Chemical
Toxicology, 2010;48:1568-1575.

Rivas L, McDonnell MJ, Burgess CM, O'Brien M, Villa AN,
Fanning S, et al. Inhibition of verocytotoxigenic Escherichia coli
in model broth and rumen systems by carvacrol and thymol.
International Journal of Food Microbiology, 2010;139:70-78.
Terenina MB, Misharina TA, Krikunova NI, Alinkina ES,
Fatkulina LD, Vorob'yova AK. Oregano essential oil as an
inhibitor of higher fatty acid oxidatio. Applied Biochemistry and
Microbiology, 2011;47:445-449.

Guarda A, Rubilar JF, Miltz J, Galotto MJ. The antimicrobial
activity of microencapsulated thymol and carvacrol.
International Journal of Food Microbiology, 2011;146:144-150.
Monzote L, Stamberg W, Staniek K, Gille L. Toxic effects of
carvacrol, caryophyllene oxide, and ascaridole from essential oil
of Chenopodium ambrosioides on mitochondri. Toxicology and
Applied Pharmacology, 2009;240:337-347.

Undeger U, Basaran A, Degen GH, Basaran N. Antioxidant
activities of major thyme ingredients and lack of (oxidative)
DNA damage in V79 Chinese hamster lung fibroblast cells at
low levels of carvacrol and thymol. Food and Chemical
Toxicology, 2009;47:2037-2043.

Ghomi JS, Ebrahimabadi AH, Bidgoli ZD, Batooli H. GC/MS
analysis and in vitro antioxidant activity of essential oil and
methanol extracts of Thymus caramanicus jalas and its main
constituent carvacrol. Food Chemistry, 2009;115:1524-1528.
Landa P, Kokoska L, Pribylova M, Vanek T, Marsik P. In vitro
anti-inflammatory activity of carvacrol: Inhibitory effect on
COX-2 catalyzed prostaglandin E2 biosynthesis. Archives of
Pharmacal Research, 2009;32:75-78.

Burt SA, Fledderman MJ, Haagsman HP, Knapen F, Veldhuizen
EJA. Inhibition of Salmonella enterica serotype enteritidis on
agar and raw chicken by carvacrol vapour. International Journal
of Food Microbiology, 2007;119:346-350.

Tepe B, Sokmen M, Akpulat HA, Daferera D, Polissiou M,
S6kmen A. Antioxidative activity of the essential oils of Thymus
sipyleus subsp. sipyleus var. Sipyleus and Thymus sipyleus
subsp. sipyleus var rosulans. Journal of Food Engineering,
2005;66:447-454,

Yanishlieva NV, Marinova EM, Gordon MH, Raneva VG.
Antioxidant activity and mechanism of action of thymol and
carvacrol in two lipid systems. Food Chemistry, 1999;64: 59-66.
Ultee A, Gorris LGM, Smid EJ. Bactericidal activity of carvacrol
towards the food-borne pathogen Bacillus cereus. Journal of
Applied Microbiology, 1998;85:211-218.

Aeschbach R, Loliger J, Scott BC, Murcia A, Butler J, Halliwell
B, Aruoma Ol. Antioxidant actions of thymol, carvacrol, 6-
gingerol, zingerone and hydroxytyrosol. Food and Chemical
Toxicology, 1994;26:31-36.

Didry N, Dubreuil L, Pinkas M. Activity of thymol, carvacrol,
cinnamaldehyde and eugenol on oral bacteria. Pharmaceutica
Acta Helvetiae, 1994;69:25-28.

He L, Mo H, Hadisusilo S, Qureshi AA, Elson CE. Isoprenoids
suppress the growth of murine B16 melanomas in vitro and in
vivo. Journal of Nutrition, 1997;127:668-674.

Stammati A, Bonsi P, Zucco F, Moezelaar R, Alakomi HL,
Wright A. Toxicity of selected plant volatiles in microbial and

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Erdogan A.

mammalian short-term assays. Food and Chemical Toxicology,
1999;37:813-823.

Zeytinoglu H, Incesu Z, Baser KHC. Inhibition of DNA
synthesis by carvacrol in mouse myoblast cells bearing a human
N-RAS oncogene. Phytomedicine, 2003;10:292-299.

Koparal AT, Zeytinoglu M. Effects of carvacrol on a human non-
small cell lung cancer (NSCLC) cell line, A549. Cytotechnology,
2003;43:149-154.

Karkabounas S, Kostoula OK, Daskalou T, Veltsistas P,
Karamouzis M, Zelovitis |, et al. Anticarcinogenic and
antiplatelet effects of carvacrol. Experimental Oncology,
2006;28:121-125.

Lampronti I, Saab AM, Gambari R. Antiproliferative activity of
essential oils derived from plants belonging to the
Magnoliophyta division. International Journal of Oncology,
2006;29: 989-995.

Horvathova E, Turcaniova V, Slamenova D. “Comparative study
of DNA-damaging and DNA-protective effects of selected
components of essential plant oils in human leukemic cells K56.
Neoplasma, 2007;54:478-483.

Arunasree KM. Anti-proliferative effects of carvacrol on a
human metastatic breast cancer cell line MDA-MB 231.
Phytomedicine, 2010;17(8-9):581-588.

Mehdi SJ, Ahmad A, Irshad M, Manzoor N, Rizvi MMA.
Cytotoxic effects of carvacrol on human cervical cancer cells.
Biology and Medicine, 2011;3(2):307-312.

Storia A, Ercolini D, Marinello F, Pasqua R, Villani F, Mauriello
G. Atomic force microscopy analysis shows surface structure
changes in carvacrol-treated bacterial cell. Research in
Microbiology, 2011;162:164-172.

Mosmann T. Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays. J
Immunol Methods., 1983; 65:55-63.

Huang F, Wu XN, Chen J | E, Wang W X, Lu ZF. Resveratrol
reverses multidrug resistance in human breast cancer
doxorubicin-resistant  cells. Experimental and therapeutic
medicine, 2014;7(6):1611-1616.

Flohe L, Gunzler WA. Glutathione peroxidase. Methods
Enzymol., 1984;105:115-121.

Bradford MM. A rapid and sensitive method for the quantization
of microgram quantities of protein utilizing the principle of
protein dye binding. Anal Biochem., 1976;72:248-254.

Kirkman TW. Statistics to Use [Online]. 1996. Retrieved August
17, 2008, from http://www.physics.csbsju.edu/stats/1996
Nelson DL, Cox MM. Lehninger Biyokimyanin Tlkeleri (Cev.
Edit. Kili¢ N.). Ankara: Palme yayincilik, 2005;130-152.
Thandra KC, Barsouk A, Saginala K, Aluru JS, Barsouk A.
Epidemiology of lung cancer. Wspolczesna Onkologia,
2021;25:45-52.

Giiveli H, Uzsoy A, Ozlii T, Kenger EB, Ergiin C. Onkoloji
hastalarinda tamamlayic1 ve alternatif tip kullanim sikliginin ve
diyet yaklagimlarinin belirlenmesi. European Journal of Science
and Technology, 2021;21:307-312.

Nigro E, Formato M, Crescente G, Daniele A. Cancer initiation,
progression and resistance: are phytocannabinoids from
Cannabis sativa L. promising compounds? Molecules,
2021;26:20.

Arunasree K, Anti-proliferative effects of carvacrol on a human
metastatic  breast cancer cell line, MDA-MB 231
Phytomedicine, 2010;17:581-588.

Bozdemir C. Tiirkiye’de yetisen kekik tiirleri, ekonomik 6nemi
ve kullamim alanlar1. Yiiziincii Yil Universitesi Tarim Bilimleri
Dergisi, 2019;29:583-594.

Salehi B, Mishra AP, Shukla I, Sharifi-Rad M, Contreras MdM,
Segura-Carretero A, et al. Thymol, thyme, and other plant
sources: Health and potential uses. Phytotherapy Research,
2018;32:1688-1706.

Suntres ZE, Coccimiglio J, Alipour M. The bioactivity and
toxicological actions of carvacrol. Critical Reviews in Food
Science and Nutrition, 2015;55;304-318.

Mbese Z, Aderibighe BA. Biological Efficacy of Carvacrol
Analogues. Recent Patents on Anti-infective Drug Discovery,
2018;13:207-216.

Sharifi-Rad M, Varoni EM, Iriti M, Martorell M, Setzer WN, del
Mar Contreras M, et al. Carvacrol and human health: A
comprehensive review. Phytotherapy Research, 2018;32:1675-
1687.

198


http://www.physics.csbsju.edu/stats/1996

Erdogan A.

66.

67.

68.

69.

70.

71.

Robak P, Drozdz I, Szemraj J, Robak T. Drug resistance in
multiple myeloma. Cancer Treatment Reviews, 2018;70:199-
208.

Besse A, Stolze SC, Rasche L, Weinhold N, Morgan GJ, Kraus
M, et al. Carfilzomib resistance due to ABCB1/MDR1
overexpression is overcome by nelfinavir and lopinavir in
multiple myeloma. Leukemia, 2018;32:391-401.

Barani M, Hajinezhad MR, Shahraki S, Mirinejad S, Razlansari
M, Sargazi S, et al. Preparation, characterization, and toxicity
assessment of carfilzomib-loaded nickel-based metal-organic
framework:  Evidence  from in-vivo and in-vitro
experiments. Journal of Drug Delivery Science and Technology,
2023;81:104268.

Hanke NT, Garland LL, Baker AF. Carfilzomib combined with
suberanilohydroxamic acid (SAHA) synergistically promotes
endoplasmic reticulum stress in non-small cell lung cancer cell
lines. Journal of cancer research and clinical oncology,
2016;142:549-560.

Hanke NT, Imler E, Marron MT, Seligmann BE, Garland LL,
Baker AF. Characterization of carfilzomib-resistant non-small
cell lung cancer cell lines. Journal of Cancer Research and
Clinical Oncology, 2018;144:1317-1327.

Castillo Herrera GA, Espinosa ME, Haro Gonzalez JN, Garcia
Fajardo JA, Andrews HE, Velazquez MM. Impact of fractional
distillation on physicochemical and biological properties of
oregano essential oil of Lippia graveolens HBK grown wild in
Mexico. Journal of Essential Oil Bearing Plants, 2023;26:1515-
1525.

ADYU Saglik Bilimleri Derg. 2024;10(3):189-199.

199



