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Abstract. — OBJECTIVE: Among other types of
cancerous lesions, lung cancer is one of the preva-
lent causes of death. Trigonelline is a plant alkaloid,
a significant constituent in coffee, and has shown
health benefits in several disorders. The present
study aims to investigate the potential therapeutic
role of trigonelline in lung cancer.

MATERIALS AND METHODS: Seventy-five
BALB/C mice were assigned to five groups and
treated for 150 days as follows (1): normal con-
trol group; (2) trigonelline only (50 mg/kg/ P.O)
daily for the last thirty days; (3) urethane (1.5 g/
kg B.w/i.p) at day one and sixty; (4) urethane and
carboplatin (15 mg/kg i.p) for the last thirty days;
and (5) urethane and trigonelline for the last thir-
ty days. Tumor size was measured while blood
and lung were collected for biochemical, western
blotting analysis, and histological examinations.

RESULTS: Urethane demonstrated significant
changes in all biochemical and molecular parame-
ters and histological examinations. In animals pre-
treated with urethane, trigonelline significantly re-
duced tumor size and restored Nrf2, NF-kB p65,
Bcl-2, Cyclin D1, ICAM-1, and MMP-2, along with im-
proving cGMP and active caspase three and refin-
ing histological architectures.

CONCLUSIONS: Nrf2 signaling may be a prom-
ising therapeutic target for adenocarcinoma pro-
tection or management. Due to its multiple thera-
peutic effects on Nrf2, cyclin D1, NF-xB pathways,
and the BAX/Bcl2 axis, trigonelline significantly
induced cell cycle arrest and apoptosis.

Key Words:
Lung cancer, Nrf 2, Trigonelline, BALB/C, Apopto-
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Abbreviations

CYFRA 21-1: Cytokeratin 19 fragments; IGF-1: Insulin-like
growth factor-1; cGMP: Cyclic guanosine monophosphate;
Bcl-2: B-cell lymphoma 2; ICAM-1; Intercellular Adhesion
Molecule 1; MMP-2: Matrix metalloproteinase-2; NF-kB:
Nuclear factor kappa light chain enhancer of activated B
cells; Nrf2; Nuclear factor erythroid-2 related factor 2.

Introduction

Lung cancer is a major public health concern rep-
resenting a leading cause of mortality worldwide"2.
Lung cancer is considered the primary type of can-
cer that triggers death in males, while breast cancer
is the leading cause of death in females®. Patients
diagnosed with a lung cancer account for 11.4% of
cancerous patients, as well as 19% of worldwide
death!*, In 2020, 2.2 million new lung cancer cas-
es and 1.8 million lung cancer deaths were global-
ly reported, including 230,000 cases and 132,000
deaths in the United States**¢. According to the Na-
tional Population-Based Registry Program in Egypt
(NCRPE), lung cancer is one of the most common
five types of cancer (breast, brain, liver, and urinary
bladder)’®, and it is frequently diagnosed as adeno-
carcinoma®. In 2020, 6,538 (4,851 male patients and
1,687 female patients) were newly diagnosed with
cancer in Egypt’.

Globally, lung cancer has risen to the top of
the list of cancer-related deaths, accounting for
approximately 19% of all cancer deaths annual-
ly, indicating a significantly increased incidence’.
There are two types of lung cancer, small cell
lung cancer (SCLC) and non-small cell lung can-
cer (NSCLC)!%. NSCLC represented 80% of lung
cancer cases and was sub-classified into several
subclasses of carcinomas, followed by SCLC!".
Among the different NSCLC subtypes, adeno-
carcinoma is the most commonly found type in
Egypt, accounting for 40% of all NSCLC cases’*.

According to the type and stage of lung can-
cer, therapeutic modalities are selected as che-
motherapy, surgery, radiotherapy, and recent-
ly targeted immune-based therapy'?. However,
platinum-based chemotherapy (cisplatin or car-
boplatin) was previously described as the first-
line treatment for lung cancer”. Currently, in-
corporating immunotherapy (pembrolizumab or
atezolizumab) into chemotherapy has synergetic
effects' in overcoming numerous challenges in
conventional chemotherapy, like acquired drug
resistance and adverse drug reactions®.

The nuclear factor erythroid 2-related factor
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2 (Nrf2) plays a vital role in maintaining cellu-
lar hemostasis and proliferation'. The Kelch-like
ECH-associated protein 1 (Keapl) pathway de-
grades Nrf2 regularly via the proteasome path-
way. Additionally, oxidative stress and cellular
disruption of the Keapl pathway are associated
with stagnation and accumulation of Nrf2. It may
bind to the antioxidant response element (ARE)
sequences which is a target gene regulator in Thi-
oredoxin reductase 1 (Txnrdl), glutamate-cyste-
ine ligase, Peroxiredoxin 1 (Prdx1), Nicotinamide
adenine dinucleotide dehydrogenase; NAD(P)H,
and Glutathione S-transferase (Gst)'. Therefore,
the Nrf2-Keapl signaling pathway protects cells
against free radicals and reactive oxygen spe-
cies'®. Moreover, the Nrf2-Keapl is responsible
for encoding antioxidants and detoxification en-
zymes through a redox sensing system'’.

Nrf2 plays a dual role on both sides, a tumor
suppressor on the good side but an oncogen-
ic agent on the dark side®. Consequently, Nrf2
meets the criteria for being investigated in cancer
research and cellular hemostasis. The persistent
activation of Nrf2 provides a long-term existence
for cancer cells against apoptosis and reactive ox-
ygen species (ROS)?. Interestingly, high expres-
sion of Nrf2 may be linked to poor prognosis of
lung, prostate, and breast cancers?.

In the same context, the pro-oncogenic func-
tion of Nrf2 has been reported to determine the
potential effect of Nrf2 inhibition in cancer treat-
ment with further explanation to develop novel
therapeutic modalities for lung cancer®. Conse-
quently, prior studies highlighted the biological
role of Nrf2 with other therapeutic targets that
may contribute to developing novel strategies for
lung cancer diagnosis and treatment?.

Researchers were particularly interested in
studying the potential role of trigonelline in dis-
ease prevention among natural products and
herbs?*. Trigonelline, the main constituent in
coffee, is an alkaloid that has anti-inflammatory,
antioxidant, anti-microbial, and anti-hyperglyce-
mic effects**2%. Trigonelline is a potent inhibitor
of Nrf2 transcription by interfering with the nu-
clear translocation of Nrf2 and blocking Nrf2-de-
pendent proteasome activity?’. Previous reports
demonstrated that trigonelline has antitumor ac-
tivity against hepatic and colon cancer cells by
inhibiting ROS-mediated cancer cell invasive-
ness®. Trigonelline makes pancreatic and colon
more susceptible to chemotherapy and improves
cholangiocarcinoma response to cisplatin treat-
ment*»??. Furthermore, due to Nrf2 suppres-
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sion, trigonelline (TG) has a synergistic effect
with anticancer drugs such as buthionine sulfoxi-
mine (BSO), and auranofin (Aur), and artesunate
in head and neck cancer cells*®?!'. These findings
prompted us to investigate the therapeutic activity
of trigonelline in the BALB/C model of non-small
lung cancer (NSCLC).

Materials and Methods

Animals

BALB/C male mice weighing 25-30 g were
purchased from a laboratory animal facility —
Pharmacology, and Chemistry Research Center
(PCRC) — Misr University for Sciences and Tech-
nology Park, Six October City, Egypt. Animals
were kept in a fully transparent polycarbonate fil-
ter top for mice in a room with proper control of
room temperature (25 + 1°C), contamination, and
illumination (12 h dark/light cycle) at the Labo-
ratory Animal House, Faculty of Pharmacy, Be-
ni-Suef University. Mice were fed laboratory diet
pellets and water ad libitum. Mice were left for
a week to acclimate. The current study’s proce-
dures were reviewed and approved by the institu-
tional animal care and use committee (IACUC),
Beni-Suef University, and followed the guidelines
of Laboratory Animals Guidance for Care and
Use (National Institutes of Health, publication
no. 85-23, revised 1985). All techniques were per-
formed by gently handling experimental animals
with no necessary stress, pinching, and pressure.

Materials

Urethane (ethyl carbamate) and trigonelline
were purchased from Sigma Chemical Company
(St. Louis, MO, USA), and dissolved in saline and
distilled water. Carboplatin was purchased as car-
boplatin 150 mg/15ml vial (Mylan, Canonsburg,
PA, USA) and dissolved in 0.9% saline (NaCl).
Ketamine and xylazine were gifted from SIGMA
TEC Pharmaceutical industries (Cairo, Egypt),
and Adwia Pharmaceuticals Co., 10" of Ramadan
City (Cairo, Egypt), respectively.

Ethanol, xylene, paraffin wax, and formalde-
hyde were purchased from EL Nasr Pharmaceu-
tical Company, (Cairo, Egypt). Cytokeratin 19
fragments (CYFRAZ2I1-1) kit was purchased from
Genorise Scientific, (Inc, Berwyn, PA, USA),
while the Insulin-like growth factor-1 (IGF-1)
reagent kit was obtained from Alpco Diagnos-
tics, (Salem, NH, USA). B-cell lymphoma 2
(Bcl-2), cyclin DI, cyclic guanosine monophos-

phate (cGMP), intercellular adhesion molecule
1 (ICAM-1), and matrix metalloproteinase-2
(MMP-2) reagent kits were purchased from My-
BioSource, (San Diego, CA, USA). Nrf2, active
caspase 3, and nuclear factor kappa light chain
enhancer of activated B cells (NF-xB p65) prima-
ry antibodies for western blotting assay were pro-
cured from Thermo Fisher Scientific, (Waltham,
MA, USA). A horseradish peroxidase (HRP)-con-
jugated secondary antibody was purchased from
Novus Biologicals, (Littleton, CO, USA). Oth-
er chemicals and reagents in the high analytical
grade were purchased from certified suppliers.

Experimental Design

As demonstrated in Figure 1, BALB/C mice
were randomly distributed into five groups (n=15/
group) after one week of acclimatization by a
technical assistant who was not engaged in the
subsequent work:

* Group I: Untreated normal control.

* Group II: Animals treated with trigonelline (50
mg/kg, P.O) every day for the last thirty days*.

* Group III: Animals were treated with two succes-
sive doses of urethane (1.5 g/kg i.p) on urethane on
the first day and day sixty of the study period.

* Group I'V: Animals treated with urethane and
carboplatin (15 mg/kg i.p) every other day for
the last thirty days*.

e Group V: Animals treated with urethane and
trigonelline (50 mg/kg, P.O) for the last thirty
days.

Mice fasted overnight on day 150 (the end of
the treatment period), and blood was withdrawn
from the retro-orbital vein using non-heparinized
micro-hematocrit capillary tubes after peritoneal
injection of ketamine (12.5 mg/kg) and xylazine
(1.5 mg/kg) for anesthesia®. The serum was ob-
tained from the collected blood by centrifugation
at 3000 x g for 20 minutes. Serum was stored at
-20°C refrigerators until cytokeratin 19 fragments
(CYFRAZ21-1) and insulin-like growth factor
1(IGF-1) were measured. Afterward, mice were
euthanized under light anesthesia, and then, their
lungs were rapidly removed. The size of the lung
tumor was measured utilizing a caliper. Each
lung was divided into three parts. The first part
was assigned for histological examinations after
fixation in 10% formalin, and the second part
was sampled to obtain 20% w/v homogenate af-
ter homogenization for 0.05-0.1 g of lung tissue in
phosphate buffer (PH 7.4). The homogenate was
then centrifuged at 1700 x g for 10 minutes using
a cooling centrifuge (4°C). Subsequently, the su-
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Figure 1. Experimental design representing the allocation of mice in different treatment groups. Mice were received and
treated according to assigned groups for 5 months. 24-hour post-last exposure blood samples were collected for biochemical
investigations in serum then the mice were mercy killed and lung were isolated for molecular evaluations and histopathological

examination.

pernatant was kept at -80°C until measurement of
cyclic guanosine monophosphate (cGMP), B-cell
lymphoma 2 (Bcl-2), cyclin DI, intercellular ad-
hesion molecule-1 (ICAM-1), and matrix metal-
loproteinase-2 (MMP-2). The remaining part was
subjected to a western blotting assay to determine
the expression of active caspase 3, nuclear factor
kappa light chain enhancer of activated B cells
(NF-xB p65), and Nrf2. During the sample anal-
ysis of all previous independent studies, where an
independent investigator performed sample cod-
ing and decoding, the researchers were blinded to
the identity of the samples.

BALB/C Model for NSCLC
NSCLC was experimentally developed after
urethane treatment (1.5 g/kg, i.p.) on two different
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occasions. The first dose was administered on day
one and the second on day sixty of the 150 days of
the study period*.

Calculation of Lung Tumor Volumes
The following formula was utilized to calculate
lung tumor volumes, as previously prescribed?>-¢:
* Volume (mm?) = (1 x w?) /2
* I (Iength): the longest diameter
* w (width) is the diameter perpendicular to the
length.

Biochemical Parameters
in Serum Samples

CYFRA 21-1 and IGF-1 were assessed using
Enzyme-Linked Immunosorbent Assay (ELISA)
kits. CYFRA 21-1 was determined as previously
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described?”*®, while IGF-1 was measured accord-
ing to the previously described method*°.

Determination Biomarkers in Lung
Homogenate Samples

cGMP content was measured using an ELISA
technique®'.

Determination of Apoptotic Activity

According to the product information*>*, the
anti-apoptotic marker contents (Bcl-2 and cyclin
D1) were measured using ELISA kits***. The stan-
dard working solutions, samples (tissue homoge-
nate), and the control were added two times to the
plate wells and incubated for 90 min at 37°C. The
biotinylated antibody was then added the plate was
incubated at 37°C. Before adding the Avidin-Horse-
radish, wash three times with the washing buffer.
Before 30 minutes of incubation at 37°C, peroxi-
dase enzyme conjugate (HRP conjugate substrate)
was added. Afterward, the plate was washed five
times before the addition substrate solution. The
plate was incubated for 15 min at 37°C in a dark
place. Finally, the reaction was stopped with a pi-
pette before measuring at 450 nm.

MMP-2 and ICAM-1 Content

The detection of MMP-2 and ICAM-1 bio-
markers were carried out by ELISA techniques as
previously described methods***.

Western Blot Assay of Nrf2, NFK B p65,
and Active Caspase 3

Sodium Dodecyl Sulfate-Poly Acrylamide Gel
Electrophoresis was used to separate 50 g protein
from lung tissues (SDS-PAGE). On the nitrocel-
lulose membrane, western blotting was used to
detect antibodies. The membrane was kept over-
night at 4°C with diluted primary antibodies of
NF-kB p65, Nrf2, and active caspase 3 with TBST
(1:2000) and kept overnight with the membrane.
Second incubation was performed at room tem-
perature with horseradish peroxidase (HRP)-con-
jugated secondary solution for one hour. Before
and after incubation, the membrane was washed
twice with TBST. A secondary fluorescent anti-
body (BIO-RAD, Hercules, CA, USA) was used
for signal detection. A CCD camera-based imag-
er was used to determine the band intensity. The
band intensity of protein expression was mea-
sured and compared to the control using Bio-Rad
image analysis software after normalization with
beta-actin. Each experiment was repeated at least
three times.

Histological Examinations

A few millimeters from lung tissues were ex-
cised from 3 to 5 mice randomly selected from
each group and processed for histological studies.
In brief, fixation in 10% formalin for 48 hours
is followed by complete washing with water for
one hour and dehydration with ethanol with se-
rial dilution by water before purification of the
sample by xylene and embedding in paraffin wax.
For histological studies, slicing sections (5-6 m)
were stained with Hematoxylin and Eosin stain
(H&E)*.

Statistical Analysis

The data and statistical analysis were carried
out following the recommendations for experi-
mental design and analysis in pharmacology?.
Data were expressed as the mean = standard error
of the mean using the SPSS program version 22
(IBM Corp. Armonk, NY, USA). The mean dif-
ferences between groups were determined using
one-way analysis of variance (ANOVA), followed
by Tukey-Kramer multiple comparisons at a sig-
nificance level of p < 0.05%,

Results

Tumor Incidence and Volume

Eighty percent (n=15) of urethane-treated
mice developed cancerous lesions. Carboplatin
or trigonelline decreased the incidence to 26.67%
and 40.00%, respectively.

Tumor volume was significantly increased in
mice treated with two successive doses of ure-
thane, as shown graphically in Figure 2. Tumor
volume and size were significantly reduced in
mice treated with trigonelline and urethane.

Bodyweight of BALB/C Mice

Trigonelline treatment resulted in a 7.08%
weight gain, while urethane treatment decreased
body weight by about 8.60%. Interestingly, ure-
thane and carboplatin treatment exhibited a 2.60%
reduction in body weight. In urethane-treated an-
imals, trigonelline induced a 3.83% weight gain
(Table I).

Lung Cancer Prognosis Biomarkers
and cGMP Content

According to Figure 3 (A, B), trigonelline
showed no significant difference from the control
group. Animals treated with urethane had elevat-
ed CYFRA 21-1 and IGF-1 levels compared to
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Figure 2. Effect of different treatments on tumor incidence and volume. Values were expressed as mean + S.E.M of 15 mice
per group. Statistical analysis were performed by One-way ANOVA followed by Tukey-Kramer multiple comparisons test. *

Significantly different from normal control at p < 0.05. * Significantly different from urethane at p < 0.05.

the untreated control group. Compared to ure-
thane-treated mice, carboplatin or trigonelline
treatment showed a substantial decrease in CY-
FRA 21-1 and IGF-1 levels. Trigonelline restores
CYFRA 21-1 and IGF-1 levels comparable to the

control group. As demonstrated in Figure 3 (C),
animals treated with trigonelline in combination
with urethane showed a significant improvement
in ¢cGMP lung content more than the control

group.

Table I. Effect of trigonelline on the body weight of BALB/c mice treated with urethane-induced lung cancer.

after treatment

Groups/ Normal Trigonelline Urethane Urethane + Urethane +

Weight (g) control carboplatin trigonelline

Before treatments 35.00+0.21 34.65+0.25 32.50 +£ 0.06* 33.02+0.11* 32.60 + 0.09*
(at the end of induction
period, 120 days)

At the end of treatments 37.88 £0.62 37.29+0.12 29.70 £ 0.15* 32.16 £ 0.23*a 33.90 £ 0.22*%a
period (30 days)

% of weight gain after 7.60% 7.08% — — 3.83%
treatment

% of weight inhibition — — 8.60% 2.60%
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Figure 4. Effect of different treatments on lung content of Bcl-2 (A) and Cyclin D1 (B). Values were expressed as mean =
S.E.M of 15 mice per group. Statistical analysis were performed by One-way ANOVA followed by Tukey-Kramer multiple
comparisons test. *Significantly different from normal control at p < 0.05. “Significantly different from urethane at p < 0.05.
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Figure 5. Effect of different treatments on lung content of ICAM-1 (A) and MMP-2 (B). Values were expressed as mean =
S.E.M of 15 mice per group. Statistical analysis were performed by One-way ANOVA followed by Tukey-Kramer multiple
comparisons test. *Significantly different from normal control at p < 0.05. *Significantly different from urethane at p < 0.05.

and MMP-2 levels by almost 75% compared to
animals treated with urethane only.

Protein Expression of NFX B p65,
Active Caspase 3, and Nrf2

To investigate trigonelline’s antitumor activ-
ity, the protein expression of NF-kB p65, active
caspase 3, and Nrf2 were evaluated by western
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blotting assay. As shown in figure 6 (A, B, C, D),
the current study results showed that protein ex-
pression of NF-kB and Nrf2 were significantly
increased in the urethane treated group while the
successive treatment with trigonelline or carbopla-
tin reduced their expression. Trigonelline demon-
strated a pronounced improvement in NF-kB p65
and Nrf2 levels in mice pretreated with urethane.

Figure 6. Variation on protein expressions of lung (A), NF-kB (B), Caspase 3 (C) and Nrf2 (D) in different treated groups.
Values were expressed as mean = S.E.M of 15 mice per group. Statistical analysis were performed by One-way ANOVA
followed by Tukey-Kramer multiple comparisons test. *Significantly different from normal control at p < 0.05. *Significantly

different from urethane at p < 0.05.
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On the contrary, there was a remarked reduc-
tion in active caspase 3 levels in mice treated with
urethane.

Additionally, active caspase 3 level was sig-
nificantly elevated in mice treated with either
trigonelline or carboplatin after urethane treat-
ment, more or less like the control group itself.
There is an evident improvement in animals treat-
ed with trigonelline.

Histopathological Studies

As demonstrated in Figure 7, the examination
of lung sections from the untreated control group
had a normal pattern of bronchi, alveoli structure,
and normal vasculatures without any signs of any
tumor cells (Figure 7A). The photomicrographs
revealed no significant change in the lung tissues
in mice treated with trigonelline (Figure 7B). In
contrast, urethane treatment exhibited masses of

Figure 7. Effect of different treatments on histological architectures of lung. A, Lung section from control group with normal
alveoli and vasculatures (H&E X100). B, Lung section of trigonelline group showing nearly normal bronchi and bronchioles
(H&E X100). C-D, Lung sections of the urethane group showing intrabronchial and peribronchial neoplastic along with ag-
gregations of tumor cells around the bronchioles with compensatory edema and congestion of vasculature (H&E X200). E-F,
Higher magnification microphotographs of urethane treated group presenting characteristic mitotic features, polymorphism
and necrosis of tumor cells besides the replacement of bronchus epithelium cells with tumor cells (H&E X200), (H&E X400).
G, Mice treated with carboplatin after urethane showing incomplete recovery with normal vasculatures (H&E X100). H,
Treatment with trigonelline after urethane showing mononuclear cells aggregations with congestion of the blood vessels with

no tumor cells (H&E X 200).
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tumor cells around the bronchioles with polymor-
phism and advanced mitotic features, whereas ure-
thane treatment exhibited masses of tumor cells
around the bronchioles with polymorphism and
advanced mitotic features. The epithelium cells of
the bronchus were replaced by neoplastic cells (ar-
row), and the lumen was fully occupied with tumor
cells (arrowhead) (Figure 7C). In addition, dilated
alveoli with compensatory emphysema in some
areas (arrowhead), interalveolar infiltration with
neoplastic cells (arrow), and interalveolar capillary
congestion were observed in lung sections from the
urethane-treated group (Figure 7D). A higher mag-
nification section of the bronchus revealed pseu-
dostratified columnar epithelium cells that were
partially replaced by neoplastic cells (arrowhead)
(Figure 7E). Another magnification of the previous
slide presented in Figure 7F revealed distinct ma-
lignant features of peribronchial (P) neoplastic cell
aggregations (circle) with focal necrosis (triangle)
and karyorrhexis (square).

Carboplatin and urethane treatment showed
few focal areas of adenocarcinoma (thin arrow),
indicating incomplete recovery, and the rest of
the lung sections appeared normal in structure
with normal alveoli and bronchioles (thick arrow)
(Figure 7G). Photomicrographs from the lung of
trigonelline and urethane treated mice demon-
strated a focal peribronchial area of mononucle-
ar cell aggregations with congestion of the blood
vessels with no tumor cells or hyperplasia in the
bronchial epithelium cells (Figure 7H). The his-
topathological alterations in the lung were graded
for all groups and presented in Table II.

Discussion
There are dynamic challenges opposing the

development of efficient and safe therapeutic
modalities for lung cancer treatment. Due to ac-

quired drug resistance and cancer heterogenicity,
the use of conventional chemotherapy is generally
limited. Therefore, finding an effective therapeu-
tic regimen with a novel biological mechanism
for lung cancer gained great attention. Therefore,
we are encouraged to study the potential effect of
trigonelline on lung tumorgenesis induced by ure-
thane in BALB/C mice.

The study outcomes of the present work re-
vealed that urethane increased the size of the tu-
mor incidence and volume. Similar to the current
results, Chen et al* reported that urethane in-
duced tumor multiplicity”. In the same context,
urethane showed a significant loss of body weight
in mice, which may be attributed to tumor severi-
ty induced by chemical carcinogen®. The present
study found that the link between lung adenocar-
cinoma and urethane treatment was confirmed by
a significant increase in IGF-1 and CYFRA 21-1
levels. CYFRA 21-1 is a prognostic biomarker for
NSCLC, a predictor for patient response to ther-
apeutic interventions, and an indicator for a poor
prognosis and worsening survival of NSCLC'.
IGF-1 plays a vital role in cellular proliferation,
differentiation, and apoptosis in several types
of cancer as lung cancer®. In addition, IGF-1 is
a promising predictive tool for the patient’s re-
sponse when treated with chemotherapy™. In re-
cent years, mounting evidence showed that IGF-1
plays an essential role in promoting the survival
of tumor cells, protection against apoptosis, en-
hancement of cell growth, and proliferation®.
IGF-1 has also been reported to induce lung can-
cer by inducing ETS Like-1 protein (ELK1) and
mitogen-activated protein kinase (MAPK)>.

cGMP is a member of the cGMP/ Protein Ki-
nase G (PKG) cascade for the apoptotic pathway,
which is a potential therapeutic target for various
types of cancer. Animals treated with urethanes
exhibited a significant reduction of cGMP content
of lung homogenate. The reduction in cGMP may

Table II. Histopathological effect of different treatments on the lung.

Histopathologic Normal Trigonelline Urethane Urethane + Urethane +
alterations in lung control carboplatin  trigonelline

Aggregations of tumor cells - -+ 4t _

Advanced mitotic features — F++ I _

Neoplastic cells - i+ Tt —

Neoplastic cell aggregations - S+ Tt _

Congestion of the vasculatures - +++ T+ T

Absent - Mild + Moderate ++ Sever +++
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be due to the depletion of antioxidative enzymes
through its active metabolites (vinyl carbamate).
Vinyl carbamate is a potent mutagen and electro-
philic species promotor. Therefore, lung antioxi-
dant capacity alteration indicated to the impair-
ment of cGMP-dependent protein kinase®-*.

The current study found that urethane treat-
ment is associated with cellular proliferation, in-
flammation, and invasion®® indicated by elevation
of NF-kB p65°7. NF-kB plays a central role in
anti-apoptotic Bcl-2 and cyclin D1 expression ac-
tivation. They keep advanced cellular protection
against a cytotoxic activity of chemotherapy®
with a rapid cell transition from G1 to S phase®.
In addition, NF-«kB contributes to enhancing
MMP2 expression and ICAM-1 induction®*¢".

The carcinogenic effect of urethane can be
proved by significantly reducing active caspase
3 expressions, which is widely reported in an
apoptosis through the cleavage of poly ADP-ri-
bose polymerase (PARP), causing DNA frag-
mentation®. This conclusion is consistent with
a previous research that affirmed urethane treat-
ment is associated with caspase 3 inhibition
and down-regulation of pro-apoptotic proteins
Bcl-2-associated X protein (Bax)®. The disagree-
ment with earlier studies may be due to a differ-
ence in the duration from urethane exposure to
study termination®. In the same context, urethane
treatment demonstrated significantly elevated
Nrf2 expression in mice, which was associated
with cancer progression and advanced lung can-
cer progression®>®, Activation of Nrf2 expression
has previously been linked to lung tumorigenesis
in urethane treatment®’. The Nrf2-Keapl pathway
has a dual role; the first is a defensive role by cel-
lular hemostasis preservation®. Nrf2 is regulated
by the interaction of Nrf2 with the cytosolic re-
pressor protein; Keapl?* prevents the initiation of
a cancerous lesion. The second role is affirmed
nearly by a prior study that exhibits Nrf2 as a pro-
moter for cancer cell progression with resistance
to chemotherapy®.

Carboplatin is a standard therapy in NSCLC.
The use of carboplatin is limited by chemoresis-
tance that acquired from cancer cells and hema-
tological toxicities”. Carboplatin induces cyto-
toxicity by forming DNA adducts at N7 positions
of adenine and guanine in DNA’'. Carboplatin’s
antitumor activity in lung adenocarcinoma was
confirmed by lowering IGF-1 and CYFRA 21-1
serum levels’?. However, the current study re-
vealed that carboplatin treatment was substan-
tially improved in all molecular, biochemical, and

histological studies. These findings are consistent
with previous research work that showed that car-
boplatin induced reduced glutathione (GSH) and
superoxide dismutase (SOD) activities in addition
to increased gene expression of apoptosis in ben-
zo[o]pyrene-induced lung cancer”.

Trigonelline is originally isolated from seeds
of fenugreek or coffee and showed health bene-
fits for several disorders™. Animals assigned for
trigonelline treatment after the urethane treat-
ment demonstrated a significant improvement in
lung tumor volume and incidence. This finding
could be attributed to the anti-invasive activity of
trigonelline in cancer cells™. Trigonelline, on the
contrary, significantly improved the bodyweight
of urethane-treated mice. These findings are con-
sistent with an earlier study that revealed trigonel-
line led to increased body weight by decreasing
insulin resistance through activation of Peroxi-
some proliferator-activated receptor-y/Glucose
transporter type 4-leptin/ Tumor Necrosis Factor
Alpha (PPAR-y/GLUTA4-leptin/TNF-a) signaling
pathway’®. Trigonelline exhibits antimitotic activ-
ity with a good prognosis in advanced NSCLC,
indicated by a significant reduction of CYFRA
21-1"7. IGF-1 is one of the autocrine products se-
creted by lung cancer cells with a poor prognosis.
According to the research findings, trigonelline
treatment urethane inhibits angiogenesis and is
indicated by a significant reduction in IGF-1 lev-
els. These effects may be attributed to the sup-
pressive role of trigonelline on epidermal growth
factor receptor (EGFR) and its impact on the IGF
pathway’®7,

Interestingly, trigonelline restored cGMP lung
content in animals pretreated with urethane to
normal value. Interestingly, trigonelline managed
to restore cGMP lung content in urethane-treat-
ed mice to normal value. Trigonelline was found
to have antioxidant and free radical scavenging
properties, as well as a modulatory effect on
both nitric oxides (NO) and inducible nitric oxide
synthase (INOS)**#!. EGFR is inhibited by a cG-
MP-dependent protein kinase, which has potent
apoptotic and antiproliferative activity in tumor
cells®.

Based on the study’s findings, trigonelline pro-
moted a programmed cell death for cancer cells
that may be indicated by a significant reduction of
anti-apoptotic biomarkers Bcl-2. The autophagic
and apoptotic role of trigonelline in THP-1 cells
may explain the inhibition of Bcl-2 expression®.

Cyclin D1 plays an essential role in somat-
ic cell growth in response to growth factors and
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regulates G1-S transition**. In addition, cyclin D1
has been widely identified as an essential human
oncogene®. Combined treatment with trigonel-
line and urethane showed a significant reduction
in cyclin D1 expression that may be attributed to
binding properties to cyclin-dependent kinase
486 novel phytoestrogen activity and stimulation
of estrogen receptor (ER) expression at target
gene**’. The current study has proven the anti-
angiogenic activity of trigonelline indicated by
inhibition of Nrf2 expression. Qin et al*® reported
that the inhibitory action of trigonelline on Nrf2
transcription factors was associated with a re-
duction in cell cycle progression, which resulted
in diminished cyclin DI levels®. The antitumor
effects of trigonelline can be attributed to its in-
hibitory action on Nrf2, which acts as tumor trig-
ger®. This finding aligns with a previous study”
that demonstrated that trigonelline reduces cell
cycle progression through a significant delay of
the G1/S boundary.

ICAM-1 has been expressed in several dis-
orders like malignancies, asthma, and autoim-
mune disease and is induced by tumor necrosis
factor-alpha (TNF-a), interleukin-1, and interfer-
on-gamma. ICAM-1 has been expressed in sev-
eral disorders like malignancies, asthma, and
autoimmune disease and is induced by tumor
necrosis factor-alpha (TNF-0), interleukin-1,
and interferon-gamma. Trigonelline treatment
showed a significant reduction of ICAM-1 level.
This effect may be attributed to the direct inhib-
itory effects of trigonelline on TNF-a and IL-10
protein expression’®. However, trigonelline ex-
hibited antiangiogenic activity by direct inhibi-
tion of the MMP-2 level. The current study’s data
were aligned with earlier work that describes the
MMP-2 level as a biomarker for cancer cell in-
vasion and a prognostic indicator®?. Moreover,
the current study further explains the antiangio-
genic activity of trigonelline that is indicated by
a reduction of ICAM-1 and MMP-2 expressions,
a remarkable inhibition of NF-kB, and downreg-
ulation of Bcl-2%® and cyclin D1%°. In the current
study, the anti-inflammatory effect of trigonelline
has been indicated by a marked inhibition of NF-
kB p65 expression. NF-kB pathway also plays a
crucial role in maintaining cell proliferation and
invasion®®¢',

Trigonelline induced a substantial increase
in active caspase 3 expressions due to its abili-
ty as a promotor for autophagic and apoptotic
processes®. These results are compatible with
a previous study that demonstrated trigonelline
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suppressed colon carcinogenesis through G1/S
phase cell cycle arrest in mechanistic deduction
of c-Myc expression and enhancement of caspase
3 activity”. Earlier studies’ report the potential
antitumor effects of trigonelline based on its role
in EGFR inhibition in association with Nrf2 ex-
pression and translocation. It is well known that
the EGFR pathway is a potential target for che-
motherapy drug resistance’. Therefore, trigonel-
line expressed not only antitumor activity but also
improved response to chemotherapy in NSCLC.
Overall, these findings provide evidence on the bi-
ological antitumor effects of trigonelline through
downregulation of cyclin D1, NF-kB, modulation
of BAX/Bcl2 axis, and elevation of active caspase
3 expressions in addition to the reduction of Nrf2
expression with a remarked apoptosis®. In the
present work, the histological analysis has proven
that the results of biochemical and molecular in-
vestigations are consistent with prior studies™ .

Conclusions

It can be concluded that trigonelline outper-
forms conventional chemotherapy in terms of an-
ticancer and apoptotic activity via multi-targets.
It is also noteworthy that trigonelline appears to
be a potential drug candidate for treating lung
adenocarcinoma. Therefore, trigonelline should
be involved in future studies to uncover its effect
in overcoming the limitations of using chemo-
therapy.
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