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ABSTRACT

Zerumbone is a sesquiterpene phytochemical with cytotoxic activity against cancer. This study aimed to evaluate the effect
of zerumbone on cell viability by WST-1 test, apoptosis by TUNEL, lipid peroxidation markers (malondialdehyde, MDA, and
4-hydroxynonenal, HNE) by using assay kits, and biomolecular changes by ATR-FTIR spectroscopy in A549 cells. After zerum-
bone (0-100puM) incubation for 24, 48, and 72h, the number of TUNEL-positive cells was found to be higher in zerumbone-
treated cells than in controls, in consistent with cell morphology results. MDA levels increased significantly, although HNE

levels increased non-significantly in zerumbone-treated cells. Spectral analyses revealed that the zerumbone-treated groups had

higher levels of total saturated and unsaturated lipids as well as comparatively shorter-chain lipids. On the contrary, reduced

RNA/DNA ratio, total nucleic acid, and protein content were found in zerumbone-treated groups. Consequently, zerumbone-

induced apoptosis was accompanied by increased aldehyde products during lipid peroxidation as well as biomolecular alterations.

1 | Introduction

Lung cancer ranks first in cancer-related deaths (18.4% of total
cancer deaths) in the world and its effective treatment options re-
main still poor [1]. Non-small cell lung cancer (NSCLC), the most
common type of lung cancer, has limited treatment options such
as surgery and chemotherapy [2]. Chemotherapeutics used today
are insufficient to destroy the tumor or prevent its recurrence and
cause many side effects [2]. Patients with advanced NSCLC re-
spond to cisplatin, the first generation of platinum-based drugs.
However, the development of drug resistance significantly restricts
the efficacy of cisplatin. One of the main causes of cisplatin resis-
tance in NSCLC has been found to be defects in apoptotic signal

transduction [3]. Natural compounds that do not cause toxicity in
normal cells, can inhibit the growth of cancer cells and have an
apoptotic effect on these cells. Therefore, they can be used as new
anti-carcinogenic agents [3-5]. In recent studies, the use of natural
compounds such as zerumbone attracts attention [3, 5-7].

Zerumbone is an organic compound extracted from Zingiber
zerumbet (L.) Smith rhizomes [8]. It has been used in the treat-
ment of many diseases (stomachache, toothache, fever and
indigestion) worldwide [5, 9, 10]. Zerumbone exhibits anti-
proliferative, anti-metastatic and pro-apoptotic properties
against some types of cancer [11, 12]. Since studies to date have
revealed the anticarcinogenic effects of zerumbone in many

Abbreviations: ATR-FTIR, attenuated total reflectance-Fourier transform infrared; HNE, 4-hydroxynonenal; MDA, Malondialdehyde; NSCLC, non-small cell lung cancer; TUNEL, terminal
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types of cancer (liver, breast, leukemia, cervix, ovary, pancreas,
prostate, and lung cancer), it was found to have better cytotoxic
effects and cancer cell selectivity than cisplatin and is consid-
ered as a promising agent [3, 9, 11, 13-19].

Triggering apoptosis is an important mechanism of action in the
use of anticancer agents. It is known that zerumbone induces
apoptosis through events such as loss of mitochondrial mem-
brane potential, release of cytochrome c, activation of caspase-3
and caspase-9, increased expression of p53 and Bax, and increased
reactive oxygen species (ROS) production [6, 20]. ROS that initi-
ate lipid peroxidation plays a role in the formation of cancer cells.
The products formed as a result of peroxidation are involved in
signaling pathways, proliferation, differentiation and apoptosis
in the cell [21]. Malondialdehyde (MDA) and 4-hydroxynonenal
(HNE) resulting from the peroxidation of polyunsaturated fatty
acids have attracted more attention [22]. MDA is regarded as the
most mutagenic byproduct of lipid peroxidation, while 4-HNE
appears to be the most toxic one [23, 24]. Both MDA and HNE
have been implicated in pathological conditions such as can-
cer [22]. Therefore, it is important to evaluate the levels of lipid
peroxidation products, MDA and HNE, and also the effects of
zerumbone on these markers in lung cancer cells.

Determining the possible structural and relative changes in bio-
molecules is important to elucidate the action mechanism of
compounds that can be used in cancer treatment. Infrared (IR)
spectroscopy has been widely used to detect and differentiate
different types of cancer cells based on spectral differences, as
it elucidates the biochemical composition of cells [25-28]. It de-
tects not only the chemical nature of biomolecules, but also their
conformations. It has the potential to provide fast, sensitive and
simultaneous monitoring of biological specimens without de-
stroying the sample. In addition, this technique is also used to
discriminate drug-resistant and drug-sensitive cancer cells and to
determine apoptosis in cancer cells [29].

Studies investigating the effects of zerumbone on lung cancer are
limited [3, 5, 10, 30]. Its exact mechanism has not been fully clar-
ified. In the present study, we investigated the cell viability and
apoptotic activity of zerumbone on human NSCLC. In addition,
we determined the levels of MDA and HNE as lipid peroxidation
markers, and also the alterations in the biomolecules of NSCLC
cells using Fourier transform infrared (FTIR) spectroscopy after
zerumbone treatment. The effects of zerumbone on cancer cells
using FTIR spectroscopy were explored for the first time, which
could provide new insights into cancer treatment. The results ob-
tained will contribute to molecular studies that can be performed
with zerumbone in the future.

2 | Experimental Section
2.1 | Cell Culture

Human lung cancer A549 (ATCC CCL-185) cell line was cul-
tured in Dulbecco's modified Eagle's medium (DMEM-HG)
supplemented with 10% fetal bovine serum (FBS), 1% antibiotic
(penicillin-streptomycin) and incubated at 37°C in a humidified
incubator with 5% CO,. The medium of the cells was replaced
with fresh medium every 3-4days.

2.2 | Zerumbone Treatment

Zerumbone was prepared in basal medium containing 0.01%
dimethyl sulphoxide (DMSO). After cells reached 70% con-
fluency, cells were treated with different concentrations of
zerumbone (0-100puM). Cell viability was determined by
WST-1 Assay (cat. no: 5015944001, Roche, Switzerland).
Culture medium containing 0.01% DMSO was used as the
negative control.

2.3 | Cell Viability Assay

Cells were cultured at a density of 5x103cells/well in 96 well
plates with different concentrations of zerumbone and incu-
bated for 24, 48, and 72h. After incubation, 10uL of WST-1 re-
agent was added to wells and the absorbance was measured at
450 with 620nm reference wavelength using the ELISA reader
(Biotek Epoch 2, Agilent, USA).

Percentage of cell viability (%)
=(Optical density (OD) of treated cells/OD of untreated cells) x 100

2.4 | AO/PI Staining

To determine the apoptotic properties of zerumbone-treated
A549 cells, acridine orange (AO) (cat. no: 212536, BD, USA)
and propidium iodide (PI) (cat. no: 81845, Sigma-Aldrich,
USA) were used to stain the cells. Briefly, cells were cul-
tured in 6-well plates and treated with different zerumbone
concentrations (80, 60, and 50 uM) for 24, 48, and 72h. After
trypsinization, the cells (2 x 10°cells/mL) were centrifuged at
1200rpm for 5min and the supernatant was discarded. The
tubes were kept on ice until the staining process. 10uL PI
(Img/mL)and 1uL AO (10 mg/mL) dyes were added to the cell
pellet and incubated at room temperature for 15 min. After in-
cubation in the dark, a drop was taken from the suspension
and placed on a glass slide and examined with a fluorescent
microscope (Olympus IX35, Japan). The same procedure was
applied to the cells that were not treated with zerumbone used
as a control.

2.5 | TUNEL Assay

To evaluate cell death by apoptosis, In Situ Cell Detection
Kit (cat. no: 11684817910, Roche, Switzerland) was used ac-
cording to the manufacturer's protocol. In brief, cells were
cultured with zerumbone for 48 h. Then fixation (with para-
formaldehyde of 4%), blocking (with H,O, of 0.3%) and per-
meabilization (with triton X-100 of 0.1% containing sodium
citrate of 0.1%) were done. After addition of label and enzyme
solutions, the samples were incubated at 37°C for 60min.
Nucleus staining was performed with DAB Substrate Kit (cat.
no: ab64238, Abcam, UK) and counterstaining was performed
with hematoxylin. The samples were mounted and examined
under a light microscope (Olympus CKX53, Japan). The apop-
totic index was calculated by counting a minimum of 100 cells
for each sample.

Apoptotic index = (Number of dead cells / Total number of cells) x 100
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2.6 | Measurement of Lipid Peroxidation

The levels of MDA as an indicator of lipid peroxidation were
measured using an assay kit (cat. no: ab118970, Abcam, UK) ac-
cording to the manufacturer's protocols. After treatment, A549
cells were washed with cold phosphate buffer saline (PBS) and
then, homogenized with MDA lysis buffer containing butylated
hydroxytoluene. The samples were centrifuged at 13000g at 4°C
for 10min and the supernatant was taken. MDA concentrations
were measured by a method based on the reaction of MDA with
TBA (2-thiobarbituric acid). MDA levels were expressed as nmol/
mg protein. The protein concentrations were determined by the
Bradford method [31]. The 4-HNE ELISA Kit (cat. no: E-EL-0128,
Elabscience, USA) was used to determine the levels of HNE,
which is a marker of lipid peroxidation. Briefly, 4-HNE in the
samples were probed with biotinylated detection antibody spe-
cific to 4-HNE, followed by incubation with avidin conjugated to
horseradish peroxidase. The levels of 4-HNE were determined by
comparing the OD of the samples to the standard curve. HNE
levels were expressed as pmol/mg protein.

2.7 | ATR-FTIR Spectroscopy

A549 cells (2 x 10°cells/mL) were re-suspended in 10 uL PBS for
ATR-FTIR analysis. The IR spectra of A549 cells treated with
zerumbone and control (untreated cells) were collected with the
one-bounce attenuated total reflectance mode of a Perkin Elmer
Frontier model FTIR spectrometer (Perkin Elmer Inc., USA)
equipped with a Quest single reflection ATR accessory (Specac
Ltd., UK). The cells were directly placed onto the ATR crystal.
Drying with a mild flow of N, gas was applied to remove water
in PBS for 10min. The cell films were obtained from five inde-
pendent experiments for each group. ATR-FTIR spectra were
collected in the 4000-450 cm™ region with 64 scans and 4cm™!
resolution at room temperature and used for spectral analy-
sis. The average spectra obtained for each group were baseline
corrected and normalized to the amide A band for visual rep-
resentation. The qualitative and quantitative differences in the
molecular composition of cells can be obtained by the position
and the area of the characteristic bands by IR spectroscopy. The
area of the characteristic bands is directly proportional to the
concentration of the relevant molecule according to the Beer-
Lambert law. The integrated area ratios of some specific bands

were evaluated to eliminate the artifacts caused by experimen-
tal conditions and to show relative quantitative analysis.

2.8 | Statistical Analysis

Statistical analyses were performed with GraphPad Prism
(GraphPad Software Inc., USA). The normality of the data was
analyzed by the Kolmogorov-Smirnov test. One-way ANOVA
with Tukey's post hoc test was used for comparison of multiple
groups. The results were presented as mean + SEM. Significance
was considered as *p <0.05, **p <0.01, and ***p <0.001.

3 | Results and Discussion
3.1 | Effect of Zerumbone on Cell Viability

The effect of zerumbone on cell viability was examined in A549
cells. The WST-1 assay revealed that zerumbone treatment for
24, 48, and 72h causes a significant decrease in cell viability in
a dose-dependent manner. The half maximal inhibitory con-
centration (IC, ) values for 24, 48, and 72h were found 80, 60,
and 50 uM, respectively (Figure 1). Our findings demonstrated
that IC, values were changing according to incubation times in
a dose-dependent manner. It was concluded that the exposure
to zerumbone for a longer incubation time leads to inhibition
of cell growth and viability at a lower dose, which is consistent
with previous studies [5, 32].

3.2 | Zerumbone Affects Morphology of A549 Cells

Morphological changes of A549 cells after zerumbone treatment
were examined by AO/PI staining method. It was observed that
the density of live cells was higher with AO staining (green color)
and showed normal morphology (Figure 2A). After treatment
with zerumbone, it was observed that early properties such as
chromatin condensation and membrane blebbing were increased.
Changes in these properties from the 24th hour to the 72nd hour
increase the probability of necrosis in cells with long-term expo-
sure to zerumbone. At the end of the 72nd hour, the late apoptotic
stage appears in a red-orange color due to the binding of PI to
denatured DNA (Figure 2B-D).
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FIGURE1 | Effect of zerumbone at different concentrations (0-100 uM) on the cell viability of A549 cells after (A) 24h, (B) 48h, and (C) 72h in-

cubation periods (the results are expressed as the mean +SEM of three independent experiments).
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FIGURE 2 | Fluorescence microscope images of A549 cells stained with AO and PI. (A) A549 cells not treated with ZER were healthy (magnifi-
cation: 200x). After (B) 24h and (C) 48h post-treatment with ZER, early apoptotic features, including cell membrane blebbing (yellow arrow) and

chromatin condensation, were observed (magnification: 100x). (D) Signs of late apoptosis were observed after 72h ZER treatment (magnification:

200x). CC: chromatin condensation; LA: late apoptosis; LC: living cells.

According to our results, zerumbone lead to morphological
changes associated with apoptosis in A549 cells depending on
time, as expected. Similar to our study, Nathaniel et al. reported
that there were apoptotic figures in the cells treated with zerum-
bone for 72h in colorectal cancer with AO/PI staining [33]. In
another study conducted with breast cancer cells, AO/PI stain-
ing showed that zerumbone caused early and late apoptotic fea-
tures after 72h [34].

3.3 | Zerumbone Treatment Induces Apoptosis

TUNEL assay was performed to investigate whether zerum-
bone treated A549 cells go through apoptosis. TUNEL method
allows us to examine the early stages of apoptosis [35]. In this
method, DNA breaks in the apoptotic cell nucleus react with
DAB and appear brown, while non-apoptotic cells appear pur-
ple as a result of counterstaining with hematoxylin. The num-
ber of TUNEL positive cells was found to be higher in A549
cells (46.3%) treated with zerumbone for 48 h than the control
cells (3.7%) (p < 0.0001). According to TUNEL results, apoptotic
cells increased in zerumbone-treated cells compared to control
(Figure 3).

Our data indicates that apoptotic cell death increases due to
zerumbone treatment, consistent with previous studies on col-
orectal [33], breast [16, 36|, prostate [32], and lung cancer cells
[3, 5]. Previous studies on breast and colorectal cancers have
shown the anticancer effects of zerumbone and zerumbone-
loaded nanostructured lipid carriers [16, 33]. Zerumbone in-
duced apoptosis via caspase-dependent pathway in prostate
cancer [32]. Several studies also reported that zerumbone in-
duces apoptosis in NSCLC [3, 5]. It was demonstrated that
zerumbone and cisplatin inhibited the growth of NSCLC cells.
Even, zerumbone (20.9%) induced apoptosis more than cisplatin
(7.8%), leading to an almost 3-fold increase in apoptosis [3]. The
studies conducted emphasize the cytotoxic effect of zerumbone
in cancer cells, consistent with our findings.

3.4 | Lipid Peroxidation Increases After
Zerumbone Treatment in A549 Cells

Lipid peroxidation reactions are induced as a result of ex-
cess ROS formation, resulting in high generation of reactive
aldehydes and their derivatives including MDA and 4-HNE
[24]. The main lipid peroxidation product, MDA can promote
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FIGURE 3 | Apoptotic index graphs and micrographs after ZER treatment of A549 cells by the TUNEL method. (A) Apoptotic index graph of
ZER-treated cells compared to untreated cells (****p <0.0001). (B) Light microscope images of control cells as a result of TUNEL staining (x10). (C)
Light microscope images of ZER-treated cells resulting from TUNEL staining (X10). Yellow arrows indicate TUNEL positive cells with brown nuclei.
Counterstaining was done with hematoxylin. TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.
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FIGURE 4 | Effects of zerumbone on MDA and HNE levels. (A) The effect of zerumbone treatment on MDA levels in A549 cells at the 24, 48,
and 72h (80, 60, and 50 uM, respectively, p <0.01). (B) The effect of zerumbone treatment on HNE levels in A549 cells at 24, 48, and 72h (80, 60, and
50 uM, respectively, p>0.05) (Graphs represent the results of three independent experiments with mean + SEM).

protein/DNA crosslinking that may stimulate alteration in DNA to generate adducts that lead to various cytotoxic and
the biomolecules and also accumulate during aging and in genotoxic outcomes [23].

chronic diseases. In addition, it can modify significant pro-

teins and could contribute to reduction of protein synthesis In our study, MDA and HNE concentrations in A549 cells were
[23, 37]. The aldehyde compound 4-HNE is also highly reac-  evaluated at IC. values of different incubation times. MDA lev-
tive and generates adducts with cellular proteins and DNA els were higher in the groups treated with zerumbone when com-
[24]. Elevated 4-HNE levels can react with proteins and/or pared to controls (p <0.01). The levels of HNE tended to increase
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in the zerumbone-treated groups compared to controls. However,
no statistically significant difference was detected (p>0.05)
(Figure 4). Consistent with our findings, Bianchi et al. showed that
curcumin, another natural compound from ginger family, induces
apoptosis in cancer cells by promoting the formation of MDA
[38]. Additionally, similar to our results, it was reported that the
MDA levels increased in the lung tumor model after zerumbone
treatment compared to control [39]. Contrary to these studies and
our results, Yao et al. found that curcumin treatment caused a de-
crease in MDA and HNE levels in A549 cells [40].

Our results demonstrated that zerumbone administration may
increase lipid peroxidation, leading to irreversible damage that

induces the apoptotic pathway in A549 cells. Zerumbone treat-
ment caused an increase in lipid peroxidation products, suggest-
ing that zerumbone may overcome antioxidant defenses and
drive cancer cells to apoptosis.

3.5 | Zerumbone Changes Cellular Biomolecular
Content

In this study, ATR-FTIR spectroscopy was used to follow
structural and compositional alterations in biomolecules of
all groups at different incubation times. The averages of the
baseline corrected normalized IR spectra of all groups and
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FIGURE 5 | Average FTIR spectra of control (untreated A549 cells) and ZER-treated A549 cells for 24, 48, and 72h (A) 3020-2800cm™! region,
(B) 1800-800cm™! region (baseline corrected, normalized with respect to Amide A). Difference IR spectra were obtained by the subtraction of the

control spectrum from the treated cells’ spectra in the subpanels for both regions.
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TABLE 1 | Band assignments of major absorptions in IR spectrum
of A549 cells [42-44].

Wavenumber

(cm™) Band assignments

3008 Olefinic =CH stretching:

unsaturated lipids

2957 CH, antisymmetric

stretching: protein, lipid

2922 CH, antisymmetric

stretching: mainly lipid

2872 CH, symmetric stretching: mainly protein

2853 CH, symmetric stretching: mainly lipid

1740 Ester C—O stretching:

triglyceride, cholesterol ester

1640 Amide I: protein (mostly due to C=0

stretching vibration of amide groups)

1540 Amide II: protein (60% N—H

bending, 40% C—N stretching)

1469 CH, bending: lipid

1453 CH, antisymmetric bending: mainly

lipids and little contribution from proteins

1398 COO™ symmetric stretching:
fatty acids and amino acids

1307 Amide III: C—N stretching

and N—H bending
1238 PO,~ antisymmetric stretching:
mainly nucleic acids with minor
contribution of phospholipids

1170 CO—0O—C antisymmetric stretching:

ester bonds in cholesteryl esters

1118 C—oO stretching: ribose ring

vibrations (RNA)

1084 PO,~ symmetric stretching: nucleic acids

and phospholipids; C—O stretching:
polysaccharide and glycolipid

1055 C—O stretching: polysaccharide

(glycogen)

968 C—C/C—O stretching: DNA
(deoxyribose and phosphate
moieties of DNA backbone)

915 Bending vibrations of carboxylic acid

groups/ribose ring vibrations (RNA)

the difference spectra, in which the average spectrum of
each zerumbone-treated A549 cells was subtracted from the
average spectrum of the untreated A549 cells (control) in
the 3020-2800cm™' (C—H region) and 1800-800cm™" (fin-
gerprint region) wavenumber range are shown in Figure 5.
Different functional groups in the biomolecules such as lipid,
protein, nucleic acid, and carbohydrate create characteristic
absorption bands in the IR spectrum of biological specimens

[41]. The assignments of the spectral bands related to the func-
tional groups of biomolecules according to the related liter-
ature [42-44] are given in Table 1. The area ratios of some
specific spectral bands were calculated to analyze zerumbone-
induced changes in A549 cells (Table 2).

Infrared spectra have been used for the observation of various
lipids, structural details of biomembranes [42, 45] and lipid
self-assemblies [46, 47]. Absorptions in the 3020-2800cm™!
region arising from the olefinic =CH stretching, the antisym-
metric and symmetric stretching of methylene (—CH,) and
methyl (—CH,) groups were monitored to evaluate the changes
in lipid content of the cells such as saturated and unsaturated
lipid content, chain length, order and dynamics. The antisym-
metric and symmetric stretching of methylene groups (around
2922 and 2852 cm™, respectively) originate from the long hydro-
carbon chains in lipids and their total area corresponds to the
saturated lipid content. The saturated lipid content increased
in zerumbone-treated groups. The unsaturated/saturated lipid
ratio provides an unsaturation index indicating the double bond
content in the lipid structure. This ratio tended to increase in
the 24 and 48h zerumbone-treated groups compared to con-
trols, suggesting the increased lipid peroxidation in ZER-treated
groups. However, a slightly similar value was found with con-
trol group in this ratio for the 72h zerumbone-treated groups
(Figure 6A). The methyl/methylene area ratio represents the
changes in the acyl chain length. A higher value of this ratio
indicates the presence of relatively shorter chains and/or more
branched lipids, resulting in lipid peroxidation. Figure 6B shows
the increased methyl/methylene area ratio in the 24 and 48h
zerumbone-treated groups, but no significant changes were ob-
served in this ratio. However, this ratio was also found slightly
similar to control group for the 72h zerumbone-treated groups.
The prolonged exposure of cells to zerumbone suggests that they
can deal with lipid peroxidation. The carbonyl (C=0)/lipid and
ester CO—O—C/lipid ratios yield the triglyceride and choles-
terol ester content. Significant reductions in these ratios were
found for zerumbone-treated groups in comparison with control
(Figure 6C,D). Total lipids demonstrated a significant increase
in zerumbone-treated groups, which may be used as a defense
mechanism to counteract oxidative damage. Moreover, we ob-
served a higher unsaturation index by zerumbone treatment.
It was supported by our lipid peroxidation results (Figure 4).
Zerumbone may increase lipid peroxidation and cause oxidative
damage by changing lipid content in cancer cells.

The order/disorder state of lipids (lipid acyl chain flexibility) can
be decided by the shifts in the frequencies of the antisymmetric
and symmetric CH, stretching vibrations [48]. The peak posi-
tions of these bands significantly shifted to lower wavenumber
values in zerumbone-treated groups (Table 3), which indicates
increased number of trans conformers of lipids. Thus, zerum-
bone caused elevated lipid order and reduced acyl chain flexi-
bility. The changes in the lipid order may alter cell shape, hence
changing the thickness of the cell membrane. The alterations in
lipid order can modify crucial cellular activities such as signal-
ing pathways and transport of molecules [42].

Changes in protein amount are calculated by the total areas of
amide I (1640cm™) and amide II (1538cm™!) bands. There was
a slight decrease in total protein content of zerumbone-treated
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TABLE 2 | The IR band area ratios of some functional groups and their indications.
Area ratio Biomolecular origin Indication
S v, (CH)/v,  (CH,) Aliphatic chain length
As08/A 292242853 v (=CH)/v,, (CH,)+v, (CH,) Unsaturation index
Ai0/Bre2040853 Ester v (C=0)/v,, (CH,)+v (CH,) Triglyceride-cholesterol ester amount
A0/ B0 02853 Ester v, (CO—0—C)/v,, (CH) +v (CH,) Cholesteryl ester amount
Algao/Arsio Amide I/amide IT Protein structural and conformational changes
Ao 12855/ B16a0+1540 v, (CH,)+v (CH,)/amide I +amide II Lipid/protein content
A a5 41084/ B 164011540 v, (PO,")+v (PO, )/amide I +amide II Nucleic acid/protein content
Al ss/A6a041540 v (C—0O)/amide I +amide II Glycogen/protein content
Ais/Aos v (C—0)/v (C—=C) orv (C—0) RNA/DNA content

Abbreviations: as =antisymmetric; s=symmetric; v =stretching.
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FIGURE 6 | IR band area ratios in control and ZER-treated A549 cells for 24, 48, and 72h (A) olefinic/saturated lipid, (B) ester C=0/saturated
lipid, (C) ester CO—O—C/saturated lipid, (D) CH, antisym/CH, antisym, (E) lipid/protein, (F) amide I/amide II, (G) RNA/DNA, (H) nucleic acid/

protein, (I) glycogen/protein (the significance levels were denoted as *p <0.05 and **p <0.01).
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TABLE 3 | Changes in the wavenumbers of saturated lipid functional groups and protein amide I and amide II bands.

Wavenumber (cm™1)

Untreated A549 cells ZER-treated A549 cells
Band Control 24h 48h 72h
CH, antisymmetric stretching 2922.71+0.09 2922.49+0.02 2922.22£0.07 *** 2922.20£0.11 **

CH, symmetric stretching 2852.67+0.03

Amide I 1639.98 +0.18

Amide IT 1538.74+0.91

2852.50+0.02 * 2852.32+£0.04 *** 2852.39+0.07 **

1641.51+0.88 1640.81+0.43 1642.55+0.64

1538.52+0.36 1539.61+1.00 1540.51+1.04

Note: The significance levels were denoted as *p <0.05, **p <0.01, and ***p <0.001.

groups. The lipid/protein ratio in zerumbone-treated cells in-
creased compared to the control group indicating the change in
lipid and protein metabolism (Figure 6E). It may be attributed to
increased lipids or decreased protein content.

Amide I/amide II area ratio and changes in the frequencies of
these amide bands are sensitive to structural and conformational
changes of the proteins. A slight increase in the wavenumber
of the amide I and II bands in zerumbone-treated cells shows
alterations in protein conformation (Table 3). Additionally, the
increase in the amide I/amide II area ratio represents the struc-
tural variations in proteins during apoptosis (Figure 6F).

Nucleic acids are of vital importance as they undergo changes
in diseases such as cancer, where cell division and growth are
affected. The DNA replication and transcription processes
during carcinogenesis may result in enhanced signals from
unwound DNA. Also, increased signals can arise from RNA
during transcription and translation in cancer cells compared
to normal cells [49]. The vibrations from PO,~ functional
groups at around 1084 and 1238 cm™~! originate mainly in the
phosphodiester groups of nucleic acids (Figure 5 and Table 1).
Integrating the symmetric and antisymmetric vibrations of
PO,~ functional groups corresponds to the nucleic acid con-
tent. RNA/DNA ratio is a parameter with diagnostic poten-
tial in different types of malignancies in previous studies
[48, 50]. High RNA/DNA ratio in controls tended to decrease
in zerumbone-treated cells, which may be due to apoptosis
induced by zerumbone (Figure 6G). The nucleic acid/pro-
tein ratio given in Figure 6H demonstrates a decrease in the
amount of nucleic acid in zerumbone-treated cells compared
to control. Since there is a slight decrease in the total protein
content, it can be concluded that the decrease in the nucleic
acid amountis greater than the decrease in the protein amount.
Zerumbone may cause a decrease in the amount of nucleic acid
by intercalating with the DNA molecule and preventing DNA
replication, as reported in the study by Fale et al. with doxo-
rubicin [51]. In a study on HL60 cells conducted by Gasparri
and Muzio, it was reported that the nucleic acid/protein ratio
was inversely correlated with the apoptotic index [52]. The de-
crease in the nucleic acid/protein ratio after treatment with
zerumbone might be associated with an increased apoptotic
index, which is consistent with our TUNEL results (Figure 3).
The area ratio A1238/A1084 describes the structural changes
of nucleic acids, which decreased in zerumbone-treated cells
compared to control (2.912 and 3.436, respectively, p <0.05).
Reactive species may attack both the deoxyribose and bases

of DNA through oxidative and nitrative modifications, which
can alter the structural integrity and biological functions of
nucleic acids, potentially leading to cell apoptosis [53].

Protein and nucleic acids are prone to be modified by lipid peroxi-
dation products [23]. The adduction of lipid peroxidation-derived
aldehydes to DNA results in the formation of bulky adducts,
which contribute to genome instability. These bulky DNA adducts
play a crucial role in mutagenesis and carcinogenesis [54]. The
mutational spectrum of MDA is associated with DNA interaction
leading to the generation of guanosine, adenosine, and cytidine
adducts [55]. In addition, HNE binds to proteins and may alter
cellular signaling and transcription in a concentration-dependent
manner. At high concentrations, HNE make cells more vulnera-
ble to additional mutagenic and carcinogenic exposures by pre-
venting the repair of bulky adducts. Furthermore, elevated HNE
levels in cells promote apoptotic signaling [56]. The increment in
MDA and HNE levels in our findings suggest that these products
may disrupt cellular processes such as protein and DNA synthesis,
through covalent modifications of proteins and DNA. Therefore,
it may lead to a reduction in protein and nucleic acid content ob-
served in the zerumbone-treated groups.

Glycogen is a crucial energy store in cancer cells and its turnover
helps cells for adaptation and survival under adverse oxygen and
nutrient circumstances. Glycogen content has been shown to be
inversely proportional to the proliferation rate in various cancer
cells and tumors [57]. The area ratio demonstrating the glycogen
level with respect to the protein amount was lower in A549 cells
and increased by zerumbone treatment (Figure 6I). An increase
in the glycogen level indicates a decrease in proliferation, as
stated by Zois et al. [57].

The results of FTIR spectroscopy showed the changes in the con-
tent and structure of biological molecules in A549 cells induced
by zerumbone. Furthermore, the molecular changes occurring
at different incubation times suggest that long-term exposure to
zerumbone (72h) may have caused cells to become resistant.

4 | Conclusion

Our data suggest that zerumbone exhibits anti-cancer activ-
ity by inducing lipid peroxidation and leading to biomolecular
changes that result in apoptosis of NSCLC cells. Therefore, it
was concluded that zerumbone may play a potential role in can-
cer treatment. However, further studies are needed to explain
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the effect of zerumbone on biomolecular changes and also apop-
totic pathways in cancer pathogenesis.
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