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Abstract: Hepatocellular carcinoma (HCC) is the most common form of liver cancer worldwide. Accumulating
clinical and experimental evidence suggests the role of cyclo-oxygenase (COX) enzymes in the pathogenesis of
cancers including HCC. Deuterium-enriched water (DEW) and deuterium-depleted water (DDW) play a role
both in the treatment and prevention of cancers. Combination therapy using COX-inhibitors and DDW/DEW
could be a rational strategy to enhance the cytotoxicity of either agent in HCC. The cytotoxicity of celecoxib or
indomethacin, alone and in combination with DDW or DEW was determined in the Hep-G2 HCC cell line by
MTT assay. The COX-2, MAPK pathway proteins, the anti-apoptotic Bcl2 and pro-apoptotic Bax proteins, and
caspase-3 activity were determined by SDS-PAGE and western blot. Co-treatment of selective and non-
selective COX-2 inhibitors with DEW led to a remarkable increase in cytotoxicity and apoptosis of Hep-G2
cells. These events were associated with the activation of p38 and JNK MAPKSs and a decrease in pro-survival
proteins Bcl-2, COX-2, and ERK1/2. Furthermore, the combination therapy activated caspase-3, and the
apoptosis mediator, and disabled poly ADP-ribose polymerase (PARP), the key DNA repair enzyme, by
cleaving it. The combination of DEW with NSAIDs might be effective against HCC cells by influencing
principal cell signaling pathways, and this has a potential to become a candidate for chemotherapy.

Keywords: Hep-G: hepatocarcinoma cell; deuterium-depleted water; deuterium-enriched water;
cyclooxygenase inhibitors; MAPK pathway; apoptosis

1. Introduction

Liver disorders are a significant health concern worldwide, and their prevalence is increasing.
These disruptions include steatosis (as a result of unhealthy lifestyles such as obesity, heavy alcohol
consumption, and little physical activity) and viral infections (hepatitis B and C) that can rapidly
progress to chronic hepatitis, then fibrosis, cirrhosis, and ultimately, hepatocellular carcinoma (HCC).
HCC is a predominant primary liver cancer, accounting for 90% of cases [1-4]. Globally, HCC is the
sixth most common cancer and the third leading cause of cancer-related deaths. Moreover, the World
Health Organization (WHO) predicts that in 2030, more than 1 million people will die from liver
cancer [5, 6].

Using current HCC treatment chemotherapeutic agents like sorafenib, over an extended period
can lead to complications such as toxicity and/or ineffectiveness and could not significantly decrease
the progression of this cancer [7]. Thus, researchers have a growing focus on developing low-toxic
and potent anti-cancer drugs.

The stage of fibrogenesis predominantly occurs after the inflammation caused by liver disorders.
Therefore, if the inflammation is inhibited, it can prevent the progress of this stage toward HCC. [§,
9]. Cyclo-oxygenase is an essential enzyme in prostanoids synthesis during the inflammation
pathway and plays a crucial role in cancer progression [10, 11]. COX-2 is widely expressed in liver
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cancer which causes tumor progression and increases the resistance of cancer cells to chemotherapy
and radiation therapy [12]. Nonsteroidal anti-inflammatory drugs (NSAIDs) such as celecoxib and
indomethacin are COX inhibitors that are widely used medications worldwide and are relatively safe.
Primarily, NSAIDs function as antipyretic, analgesic, and anti-inflammatory medications. Although,
several types of research demonstrate that NSAIDs possess protective and therapeutic properties
against various cancers, like colon-rectum, breast, pancreas, prostate, head and neck, lung, ovary,
and liver cancers [13-20].

NSAIDs induce apoptosis by triggering p38, c-Jun N-terminal kinase (JNK)(pro-apoptotic
agents) while suppressing the extracellular-signal-regulated kinase (ERK1/2)(anti-apoptotic agent)
MAPK signaling pathway [21]. NSAIDs can also assist in increasing the expression of tumor
suppressor genes such as Bax, which is related to B-cell lymphoma protein 2 (Bcl-2) family, and
reducing the expression of antiapoptotic genes, such as Bcl-2. Proteins associated with Bax are the
primary factors that block the action of Bcl-2, leading to apoptosis through the damage of the
mitochondrial membrane. This damage allows for the release of other substances involved in
apoptosis, such as cytochrome C, which activates a cascade of caspase enzymes, ultimately leading
to cell death [22]. Moreover, NSAIDs can cleave and deactivate poly-ADP ribose polymerase (PARP),
a crucial DNA repair enzyme [23, 24].

While NSAIDs have demonstrated chemotherapeutic efficacy, their significant anti-cancer
effects require high doses, which dampens enthusiasm for their application due to two primary
concerns: drug resistance and undesired toxicities affecting the gastrointestinal, renal, liver, and
cardiovascular systems [25-27].

To tackle this problem, one approach is to combine NSAIDs with another antineoplastic agent.
The combination of anti-cancer therapies is attractive for multiple reasons. First, combination therapy
boosts treatment outcomes and improve therapeutic effects, particularly when synergistic anti-cancer
activity is obtained [28]. Second, the combined methodology addresses clonal heterogeneity
associated with enhanced response rates [29]. Third, the use of combined drug regimens decreases
the toxicity of the regimen by enabling the administration of individual drugs at decreased dosages
while preserving therapeutic effectiveness [28]. An additional benefit of combination therapies is the
reduction of drug resistance emergence. In this regard, combination therapy facilitates the
simultaneous targeting of multiple molecular pathways vital for cancer cell survival and eliminates
cellular mechanisms connected to adaptive resistance [30]. Hereupon, several studies have reported
improvements in HCC chemotherapeutic outcomes with NSAIDs when co-administered with
various chemo preventive agents [31-33].

Deuterium-depleted water (DDW) has emerged as a potential natural option for cancer
treatment [34-39] . Natural water comprises a blend of molecules containing isotopes 1O, 17O, 1¥0O, 'H,
and 2H (D: Deuterium). Deuterium is a stable (non-radioactive) hydrogen isotope with a nucleus
composed of one neutron and one proton, resulting in an atomic mass approximately double that of
a regular hydrogen atom [40]. It was established that the two stable hydrogen isotopes, deuterium
(D) and protium (H), differ not only in their physical parameters but also in their biological and
chemical properties [41-44]. More evidence suggests that D in aqueous solutions plays a crucial role
in stimulating or inhibiting metabolic processes in living organisms [36]. DDW contains a lower
concentration of D compared to natural sea-level occurrences (lower than 150 ppm D) [45]. It exhibits
several surprising biological properties, including antidotal, antitumor, and metabolic effects [46-48].
Indeed, tumor cells exhibit high sensitivity to DDW, resulting in tumor shrinkage and, in some
instances, necrosis. Simultaneously, healthy cells can adapt to the reduced D content in water [49-52].
The underlying mechanisms of this impact are attributed to DDW's structure, physicochemical
properties, and alterations in ligand-receptor interactions within biological entities of varying
hierarchical levels[53, 54]. Indeed, in normal cells, the D/H ratio is determined through the balance
between the activated H* transport system and the mitochondria producing-DDW. It has been
assumed that in tumor cells, this balance is disturbed, and as a result, D accumulates inside the cell
which causes aneuploidy, changes in the size and function of nuclear DNA and the formation of
undifferentiated blast cells. This disorder is restored back by the consumption of DDW that strongly
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affects the phenotype and cell proliferation [55, 56]. To our knowledge, no research has been
conducted on the synergistic effect of NSAIDs combined with deuterium-depleted water (DDW) and
the evaluation of their cellular pathways for HCC treatment. Additionally, considering some studies
highlighting the anti-cancer impact of deuterium-enriched water (DEW) [57-60], we were curious to
determine if increased D concentrations in water would enhance the anti-cancer effects of NSAIDs.
Hence, this study aimed to examine the cytotoxic impacts of celecoxib and indomethacin
independently and in combination with DDW or DEW on the HCC cell line. Additionally, we studied
alterations in apoptosis and MAPK pathways to pinpoint probable molecular pathways.

2. Materials and Methods

2.1. Materials and reagents

DDWs (31 and 127 ppm D) and DEWs (50000 and 300,000 ppm D) were prepared from Atomic
Energy Organization of Iran. Dulbecco’s modified eagle medium (DMEM) (high glucose), fetal
bovine serum (FBS), and penicillin/streptomycin were purchased from PAA (Australia). Trypsin-
ethylenediamine tetra acetic acid (trypsin-EDTA) was prepared from Biosera Englind. C-Jun N-
terminal kinase (JNK), phospho-SAPK/JNK, anti-extracellular receptor kinase 1/2 (ERK1/2), phospho-
ERK1/2, p38, phospho-p38, Bax, Bcl-2, Caspase-3, COX-2, and {-actin antibodies provided from Cell
Signaling Technology (USA). Poly ADP-ribose polymerase (PARP) and secondary antibodies were
purchased from Roche (Germany). Coomassie blue R-250, Coomassie blue G-250, Bromophenol blue,
3- (4,5- dimethylthiazol-2-yl)- 2, 5-dipheny]l tetrazolium bromide (MTT), and caspase-3 colorimetric
assay kit were purchased from Sigma Chemical Company (UK). celecoxib (Cel) and indomethacin
(Indo) and were kindly achieved by a collaborative lab (as 98.8% purity) and dissolved in minimal
amounts of dimethyl sulfoxide (DMSO), so that the final DMSO in tests did not exceed 1%. Culture
flask (25, 75 cm2) was achieved from SPL company (Korea). Western blot detection kit and poly
vinylidene di fluoride (PVDF) membrane was from Roche Applied Science (Germany). Centrifuge
tube (15, 50 ml), microcentrifuge tube (1.5 ml), multi well plates (6-well, 24-well, and 96-well)
(microtitration) plates obtained from Nest company (China). Dithiothreitol (DTT) and all other
chemicals were purchased from Merck (Germany).

2.2. Cell culture

Hep G2 (HCC cell line) was achieved from Iranian Biological Resource Center (IBRC) Tehran,
Iran and grown in monolayer cultures in a complete medium (89% DMEM + 10% heat inactivated
fetal bovine serum + 1% penicillin and streptomycin) at 37 °C in a humidified atmosphere with 5%
CO:z. The detachment of monolayer Hep G2 cells from the flask surface was done using 2.5% (trypsin—
EDTA) solution. All the tests were performed on the cells within the logarithmic stage to lower cell
reactions to stimulators and or inhibitors [61].

2.3. Preparation of media containing different concentrations of deuterium

The components of the culture medium were dissolved in DDWs (31 and 127 ppm D) and DEWs
(50000 and 300,000 ppm D) to make cell culture media containing different concentration of D and
then they were sterilized using 0.2 pum filters.

2.4. MTT assay for Cellular Proliferation

A cell suspension containing 8x10° Hep G2 cells in 50 pl of culture medium was prepared and
then seeded into each well of a flat-bottomed 96-well plate and incubated in a humidified atmosphere
of 5% COx: for 24 hrs to reach 70-90% confluence. Afterward, Cel (2- 400 um), Indo (2- 800 pum), and
their combinations with DDW and DEW at concentrations indicated in Table 1 were added to each
well. In the control group, cells were treated with an equal volume of medium (DMEM). Furthermore,
the wells containing DMEM without cell were considered as blank. after 24, 48, and 72 hrs incubation,
the medium was removed from each well, and after twice washing with PBS, 25 uL of MTT solution
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(5 mg/ml) was transferred into each well and the plates were incubated for 4 hrs at 37 °C in a
humidified 5% CO: atmosphere. During this period of time, the tetrazolium ring was created by
selective cleavage of mitochondrial dehydrogenases in viable cells, and the blue/purple formazan
crystals were produced. The formazan crystals were dissolved by adding 100 ul of DMSO and the
optical density of the solution was measured at a wavelength of 570 nm by an Elisa plate reader. All
experiments were performed in triplicates [62].

Table 1. The concentration of celecoxib and indomethacin alone or in combination with various
concentrations of deuterium utilized to treat the Hep G2 cells for cytotoxicity assay.

Therapeutic agents

Cel. (uM) Indo. (uM) D (ppm)
10 50 31
DDW
20 100 127 :|
50 175 50000
| pEW
70 250 300000

2.5. Protein Isolation and Western Blotting

After treatment of the Hep G2 cells for 48 hrs with the stated regimes in Table 2, the cells were
harvested and then washed with ice-cold PBS. Afterward, cells were lysed by 100 ul lysis buffer (50
mM HEPES (pH: 7.4), 5 mM CHAPS, 5 mM DTT) at 4 °C for 15 min. Cell extracts were centrifuged at
14,000 g for 5 min, and the supernatants were poured into the fresh tubes. The protein concentration
of supernatants was measured using the Bradford assay. Then, 30 ug of each protein was mixed with
an equal volume of 2X SDS-sample buffer and was electrophoretically run through 10% SDS-
polyacrylamide gel (SDS-PAGE). Proteins were transferred from SDS-polyacrylamide gel to PVDF
membranes (Roche). Afterward, the membranes were stained with 0.1% Ponceau S to confirm equal
protein loading and blocked with 0.5% blocking reagent in TBS (50 mM Tris, 150 mM NaCl) for 1 hr
at room temperature. The membranes were then probed overnight at 4 °C with polyclonal anti-COX-
2 (1: 1500), anti-Bax (1: 2500), anti-Bcl-2 (1: 1500), anti-PARP (1: 2000), anti-caspase-3 (1: 1500), anti-
ERK1/2 (1: 2500), anti-phospho-ERK 1/2 (1: 2500), anti-SNAPK/INK (1: 1000), anti-phospho-
SNAPK/INK (1: 1500), anti-P38 (1: 1000), anti-phospho-p38 (1: 1000), and anti-B-actin (1: 1500)
antibodies. In the next stage, the membranes were washed four times with TBS-T (TBS containing
0.1% Tween-20) ,15 min each, and one wash with TBS and the blots were incubated with a goat anti-
mouse/rabbit-antibody-HRP conjugate (Roche) for 1 hr at room temperature. the blots were washed
again and immunoreactive bands became visualized by adding luminal substrate to the blots and
their exposure to the (Fuji) x-ray film [63].
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Table 2. Celecoxib, indomethacin, and deuterium concentration to treat the Hep G2 cells for western
blot analysis.

Combination Therapy
Agent 1 Agent 2
(NSAIDs) D (ppm)
Cel. (22 pM) 31 ]
DDW
Indo. (110 pM) 127
50000
| pEW
300000

2.6. Statistical analysis

Statistical analysis was executed using SPSS software (version 11.0). Data were reported as
Mean+SD. One-way analysis of variance (ANOVA) was used to recognize significant differences
between treatment groups. The differences were considered significant when P<0.05. The IC50 was
calculated using the Probit command in the SPSS.

3. Results:

3.1. Celecoxib and indomethacin inhibited Hep G2 cell proliferation in a dose- and time-dependent manner

Cel and Indo dose-response curves for cell proliferation at 24, 48, and 72 hours are shown in
Figure 1 (and Figure S1 in Supplemenrary). Both medicines induced dose- and time-dependent
cytotoxicity. The calculated ICsos (The half maximal growth inhibitory concentration) for Cel after
24, 48 and 72 hrs treatment were 38.71, 29.56 and 8.94 uM, respectively. These values for Indo were
233.17, 148.48 and 138.62 uM.
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Figure 1. The (logarithmic) growth inhibitory effect of celecoxib (a) and indomethacin (b) on the Hep
G2 cell line. The viability of treated cells was evaluated through mitochondrial activity using the MTT
assay, and data were presented as a percentage of control (n = 8) +SD; SD: standard deviation.

3.2. The combination of celecoxib and indomethacin with DEW but not DDW produces a more potent
inhibitory effect on cell growth than either product alone

Since the ICso for Cel and Indo as single agents was almost high, we decided to test combined
treatment protocols including simultaneous treatment with DDW or DEW for these two drugs. Thus,
cells were treated with Cel (10, 20, 50, and 70 uM) and Indo (50, 100, 175, and 250 uM) combined with
DDW, or DEW (Table 1) for 24, 48, and 72 hrs, and cytotoxicity was measured. Figure 2 (and Figure
S2 in Supplementary) and Figure 3 (and Figure S3 in Supplementary) show that the cytotoxicity of
Cel and Indo, in combination with DDWs (31 and 127 ppm D), had no significant increment.
However, combinations of these two NSAIDs with DEWSs (50000 and 300,000 ppm D) remarkably
decreased the viability of Hep G2 cells compared to Cel and Indo alone in a dose- and time-
dependent manner.

When cells were treated with the combination of DEWs (50000 and 300,000 ppm D) plus [Cel] <
ICs0 @24nrs) (10, 20 uM), the viability was reduced by approximately 20 - 40% and 35 - 60% compared to
lonely Cel, respectively (Figure 2). The combination of above mentioned DEWSs significantly
augmented the antiproliferative effect of [Indo] < ICso @4nrs) (50, 100 uM) to almost 15 - 30% and 30 -
45%, respectively (Figure 3) (***P < 0.001, **P < 0.01, and *P < 0.05).
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Figure 2. The growth inhibitory effect of celecoxib in combination with DDWs and DEWs for 24 (a),
48 (b), and 72 (c) hours on the Hep G2 cell line. The viability of treated cells evaluated using MTT
assay. Data are shown as Mean + SD of triplicate wells for two independent experiments. Statistical
significance of the differences was determined by one way ANOVA. * P<0.05, ** P<0.01. Celecoxib
alone treated cells considered as referent.
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Figure 3. The growth inhibitory effect of indomethacin in combination with DDWs and DEWs for 24
(a), 48 (b), and 72 (c) hours on the Hep G2 cell line. The viability of treated cells evaluated using MTT
assay. Data are shown as Mean + SD of triplicate wells for two independent experiments. Statistical
significance of the differences was determined by one way ANOVA. * P<0.05, ** P<0.01. Indomethacin
alone treated cells considered as referent.
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These results illustrated that the combination of DEWs with all concentrations of Cel and Indo
significantly decreases the cell proliferation compared to NSAIDs alone (**P < 0.001, **P < 0.01, and
*P <0.05) and DEW (300000 ppm D) induced maximum synergistic toxicity effect with Cel time- and
dose- dependently. In fact, at 72 hrs the combination of DEW (300000 ppm D) plus Cel (70 pM) had
the cytotoxic effect even more than Cel (400 uM) (Figure S2c in Supplementary).

3.3. Western blotting analysis results

To investigate the signaling pathways induced by our agents, we evaluated the expression of
proteins involved in apoptosis (Bax, phospho-p38, phospho-JNK/SAPK, and caspase-3) and survival
(COX-2, Bcl- 2, phospho-ERK1/2, and PARP). For this purpose, Hep G2 cells were treated with Cel
(22 pM), Indo (110 uM), and media containing various concentrations of deuterium (31, 127, 50000,
and 300,000 ppm D), alone or combined, for 48 hrs and the expression of above mentioned proteins
was demonstrated by western blotting method.

3.3.1. COX-2 protein expression in the cells treated with Cel, Indo, DDW, DEW and their
combinations

As mentioned previously, the high amount of COX-2 protein is detected in HCC and helps
cancer cells to persist against therapeutic agents [12]. Since COX-2 inhibitors have illustrated potential
therapeutic effects in HCC [64-66], we first carried out exploratory investigations to ascertain the
function of Cel and Indo and their combinations with DDWs and DEWs in COX-2 expression. Here,
Cel and Indo could decrease the COX-2 protein level compared to the control and the ability of Cel
was more than Indo to COX-2 inhibition. But neither DDWs (31 and 127 ppm D) nor DEWs (50000
and 300,000 ppm D) could change the COX-2 expression significantly (Figure 4). The (Cel + 31 ppm
D) combination had a reasonable inhibition effect compared to the control but not better than Cel
alone. However, DDW (127 ppm D) could help Cel further to improve its effectiveness. DEW (50000
ppm D) combined with Cel enhanced the COX-2 inhibitory effect similar to DDW (127 ppm D). The
combination therapy of Hep G2 cells with Cel + 300,000 ppm D showed an interesting result. Indeed
this combination displayed a robust synergistic effect due to complete COX-2 expression inhibition
(Figure 4).

- Cel. (22 M) + Indo. (110 uM) +
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Figure 4. Western blot analysis of COX-2, Bax, Bcl-2, poly ADP-ribose polymerase (PARP) and
Caspase-3 proteins in the Hep G2 cells treated with celecoxib and indomethacin alone or in
combination with different concentrations of deuterium.

The results of Indo in combination with DDW and DEW were similar to Cel. It seems as the
concentration of D (in in the water content of the culture medium) increases, the synergistic ability to
reduce COX-2 expression becomes stronger.

3.3.2. Expression of Bax and Bcl-2 proteins in the cells treated with Cel, Indo, DDWs, and DEWs and
their combinations

Bcl-2 family proteins have an essential role in the intrinsic apoptotic pathway and the ratio of
Bax/Bcl-2 proteins determines the tendency of the cell to survive or die [67, 68]. Therefore, we
examined if our compounds could change the expression of Bax (pro-apoptotic) and Bcl-2 (anti-
apoptotic) proteins.

As depicted in Figure 4, Cel and Indo could increase the level of the Bax significantly. Moreover,
DEWs but not DDWs enhanced the anti-apoptotic Bax expression.

In combined regimes, DDW (31 ppm D) could not augment any of Cel and Indo Bax protein
expression. However, DDW (127 ppm D) positively influenced the Bax protein expression ability of
Indo. The combination of DEWs with Cel and Indo exhibited a strong synergistic effect on Bax
expression, and this enhancement was [D] dependent. Importantly, Cel alone and combined forms
had higher Bax express stimulating effects than Indo formulations.

The expression of Bcl-2 as an anti-apoptotic protein was decreased by Cel and Indo but DDWs
and DEWs, except DEW (300000 ppm D), did not have a remarkable impact.

Treatments consisting of Cel + DEWs and or Indo + DEWs were able to inhibit Bcl-2 expression
considerably. These results proved the enhancement of apoptotic ability by DEW that was already
illustrated by impacting Bax expression.

3.3.3. Caspase-3 activation and PARP cleavage assay in the cells treated with Cel, Indo, DDWs, and
DEWs and their combinations

The intrinsic or extrinsic signaling apoptotic pathways activate the ubiquitous caspase cascade.
This cascade end with caspase-3. Activation of caspase-3 cleavages and inactivates crucial cellular
proteins, including the DNA repair enzyme (PARP) [23]. Therefore, we assessed the involvement of
caspases-3 and PARP to induce apoptosis in treated Hep G2 cells with our agents.

As shown in Figure 4, in single NSAID therapy, Cel could activate caspase-3 slightly. Also, a
weak PARP cleaving occurred by Cel and Indo. DDWs did not show apoptotic effects by caspase-3
but they could cleave PARP very slightly. In contrast, DEWs activated caspase-3. Furthermore, DEWs
illustrated PARP cleavage ability [D]-dependently.

The combination therapy showed that Cel + DDWs regime did not have significant caspase-3
activity enhancement compared to Cel alone. In contrast, DEWs plus Cel resulted in elevated caspase-
3 activity. As expected, the results of PARP cleavage confirmed the apoptotic activity improvement
of Cel by DEWs previously shown by caspase activity. Furthermore, DDW (127 ppm D) could
enhance the PARP cleavage activity by Cel.

There was no increment in the activation of caspase-3 in Indo + DDWs therapy compared to Indo
alone. However, DEWs, in combination with Indo, caused a more considerable caspase-3 activity
effect. PARP cleavage activity of the Indo combinations demonstrated DEW (300000 ppm D) could
enhance the Indo apoptotic ability.

3.3.4. Expression of MAPKinase proteins in the cells treated with Cel, Indo, DDWs, and DEWs and
their combinations

The MAPKinase pathway in mammalian cells includes p38, JNK, and ERK1/2 proteins [69-71].
The ERK signaling is predominantly active in cancer and initiates cell cycle activity and cancer cell
growth resulting in tumor progression. In contrast, P38 and JNK activity induces apoptosis [72, 73].
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In this study, since the changes in the expression of total ERK, JNK, and p38 proteins were not
distinctive, we also investigated the phosphorylation level of these proteins. As depicted in Figure 5,
Cel and at a lower grade Indo and DDWs just enhanced the p-p38. However, DEW increased the
phosphorylated JNK and p38 (Figure 5).

DDW (31 ppm D) failed to enhance the apoptotic signal of Cel and Indo in MAPKinase
pathways. However, Cel + DDW 127 ppm D and Indo + DDW 127 ppm D could increase p-JNK
compared to Cel and Indo alone. Both Cel + DEWSs and Indo + DEWs combinations had more robust
apoptotic activity than Cel and Indo alone by increasing p-JNK and p-p38 and decreasing p-ERK.
This issue demonstrates that [D] is critical in progressing apoptotic pathways (Figure 5).
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Figure 5. Western blot analysis of the EK1/2 and p- ERK1/2 proteins, JNK and p- JNK proteins, and
p38 and p- p38 MAPK proteins expression in the Hep G2 cells treated with celecoxib and
indomethacin, alone or in combination with different concentrations of deuterium.

4. Discussion

Hepatocellular carcinoma (HCC) is among the most prevalent forms of cancer and a leading
cause of death in the world [6]. The most conventional methods of treating liver cancer, such as,
chemotherapy, surgery, ablation and radiotherapy are ineffective to some extent [74]. Therefore, a
multifaceted approach is necessary for the effective treatment of HCC. A novel HCC treatment
strategy involves searching for alternative chemotherapeutic agents with minimal adverse effects or
incorporating natural substances as adjuncts [75, 76]. Chronic inflammation resulting from persistent
damage is typically the cause of HCC. Therefore, one approach to address this cancer is by utilizing
agents that have anti-inflammatory properties like NSAIDs. Recent substantial evidence from both
clinical and experimental studies indicates that NSAIDs may decrease the risk of multiple types of
cancer, including HCC [11, 20, 77, 78]. This study evaluated the cytotoxicity effect of two NSAIDs,
celecoxib (Cel), a selective COX-2 inhibitor, and Indomethacin (Indo), a non-selective COX-2
inhibitor, on the Hep G2 liver cancer cell line. Our results showed that Cel and Indo decreased Hep
G2 cell viability dose and time-dependently (Figure 1 and Figure S1 in Supplementary). Considering
this effect, Indo was a weaker cytotoxic agent (ICso 24, 48, and 72 ) = 233.17, 148.48 and 138.62 puM)
compared to Cel (ICso (24,48, and 721y = 38.71, 29.56 and 8.94 uM).

The primary mode of action of NSAIDs involves inhibiting the cyclooxygenase (COX) enzyme,
which is crucial in advancing tumors. COX generates PGE2, which stimulates angiogenesis, cellular
invasion, and the creation of metastasis, as well as cell survival [79, 80]. Moreover, PGE2 obstructs
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apoptosis by promoting the production of anti-apoptotic proteins, such as Bcl-2, while hindering the
production of pro-apoptotic proteins, such as Bax [81]. Several studies and a meta-analysis
discovered that an elevated level of COX-2 was linked to a worse prognosis in individuals with HCC
[82-86]. Here, Cel and Indo could decrease the COX-2 protein expression in Hep G2 cells compared
to the control and the ability of Cel was more than Indo to COX -2 inhibition (Figure 4).

To make it clear how Cel and Indo cause programmed cell death in the Hep G2 cell line, we
examined the levels of Bax and Bcl-2, which belong to the Bcl-2 family of proteins. The intrinsic
apoptosis pathway involves mitochondria playing a role in cell death, which is regulated and
mediated by the Bcl-2 family of proteins. Bax is a protein that triggers a series of events leading to
cell death through the intrinsic apoptosis pathway. When Bax is activated, it causes the release of
cytochrome c from the mitochondria, which then activates caspases, including caspase-3. This results
in the cleavage and deactivation of essential proteins such as poly-ADP ribose polymerase (PARP),
which is necessary for DNA repair, ultimately leading to cell death [87]. Our results illustrated that
the Bax expression in cells treated with Cel is more than in Indo-treatment cells. Consequently, Cel's
slight activation of caspase-3 and cleavage and deactivation of PARP has occurred. Furthermore, the
expression of anti-apoptotic Bcl-2 was decreased by Cel more than Indo (Figure 4). Hossain et al.
reported results consistent with our findings, demonstrating that aspirin, another NSAID medication,
promotes apoptosis in Hep G2 cells by elevating the Bax/Bcl-2 ratio and activating the caspase
cascade [24]. Also, Yoshinaka et al. found that celecoxib, a COX-2 inhibitor, effectively suppresses the
growth of tumors and lung metastasis in a murine mammary cancer model by significantly increasing
the activity of caspase-3 [88]. Furthermore, the enhancement of the anticancer properties of both
specific and non-specific COX-2 inhibitors in human liver cancer cells is linked to the activation of
caspase-3, the simultaneous cleavage of PARP, and a reduction in Bcl-2 protein expression [65].
Moreover, the COX-2 selective inhibitor, meloxicam, has been shown to induce apoptosis in Hep G2
cells by increasing the expression of pro-apoptotic proteins such as Bax [85].

Furthermore, several studies have demonstrated that NSAIDs can impede cell growth in
different types of cancer by affecting the MAPkinase pathways [21]. MAPKSs, which are a collection
of enzymes that add phosphate groups to serine/threonine amino acids, transfer signals from the
cellular membrane to the nucleus in reaction to various stimuli. This activity alters gene transcription
and leads to physiological responses. When the cell exposed to stress, the JNK and p38 pathways are
usually triggered, leading to apoptosis. On the other hand, the ERK1/2 pathway is mainly activated
in response to growth factors [69, 71, 89]. NSAIDs have been demonstrated to regulate the MAPK
signaling pathway in various types of cancer, such as gastric [21], renal [90], liver [91], colorectal [73,
92, 93], and head and neck [94] cancers. As an example, according to research, in mice with liver
cancer, celecoxib hindered ERK activity and heightened p38 and JNK signaling activation, which
impeded cancer growth and triggered cancer cell apoptosis [91]. Celecoxib also was found to
upregulate p38 signaling and inhibit cell growth in head and neck squamous cell carcinoma. The
inhibition of celecoxib-induced cell growth was considerably reversed when the p38 signaling
pathway was blocked [94]. Furthermore, Indomethacin impeded the growth and division of cells,
and caused programmed cell death (apoptosis) in MKN28 human gastric cancer cell lines. This effect
was achieved by blocking the ERK2/MAPK signaling pathway [21]. Upon treatment with
indomethacin, p38 and JNK activity was increased and apoptosis occurred in 786-O renal carcinoma
cells [90]. Here, we investigated the changes in the expression of total MAPKinase proteins and the
activated (phosphorylated) form of these proteins. Our results showed that Cel could induce
apoptosis by activating p38 compared to the control. Whereas Indo activated p38 but increased p-
ERK1/2 as an antiapoptotic agent (Figure 5). Although ERK activation is generally linked to
antiapoptotic effects, a few studies have reported that ERK activation is also essential for cytotoxic-
induced apoptosis, which depends on the type of cell and therapeutic agent used. This could account
for the atypical impact of indomethacin on p-ERK expression [95, 96].

As previously disclosed, the ICso (24,48, and 721 Of Cel and Indo were (38.71, 29.56 and 8.94 uM) and
(233.17, 148.48 and 138.62 uM), respectively. It is essential to mention that this large quantity is
applied directly to the cell culture medium. To achieve a lethal dose in Hep G2 cells for treating HCC,
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patients must consume much higher doses than the ICso doses. Administering a high dosage of Cel
and Indo may lead to drug resistance and exacerbate their adverse effects, as stated in previous
studies [25-27].

A possible approach is to mix NSAIDs with a harmless natural anticancer substance to decrease
the amount of NSAIDs required. DDW refers to a variety of water with a lower D/(D+H) ratio than
typical water. Many laboratory and clinical investigations have shown DDW ability to inhibit tumor
growth [35, 49, 97, 98]. Studies have indicated that the proliferation of cells and their ability to form
colonies and invade are notably diminished by DDW. Furthermore, it impacts the process of cell
division by reducing the number of cells in the S phase, substantially raising the number of cells in
the G1 phase, and stimulating the creation of antioxidant enzymes [99]. Wang et al. previously
showed these impacts on nasopharyngeal cancer cells in a laboratory setting using D levels ranging
from 50 to 100 ppm [100]. In addition, Zhang et al. cultured A549 cells in DDW for 48 hours. Their
research revealed that DDW could upset the equilibrium between reactive oxygen species generation
and neutralization in the mitochondria, resulting in oxidative stress within A549 cells and triggering
apoptosis [39].

Considering the antineoplastic ability of DDW, we decided to use this agent as an NSAIDs
adjuvant to HCC treatment. For this purpose, we treated Hep G2 cells with (Cel + DDW) or (Indo +
DDW) combinations. Our MTT assay results revealed DDWs (31 and 127 ppm D) were not able to
enhance the cytotoxic effect of mentioned NSAIDs in different [D] significantly, even after 72 hrs.
(Figure 2 and Figure S2 in Supplementary, Figure 3 and Figure S3 in Supplementary). Similarly,
Soleyman-Jahi and colleagues published a report demonstrating that exposing human cancer cell
lines of the prostate, colon, breast, and stomach to varying concentrations of D in DDW did not result
in any noteworthy limiting impacts. This was determined through cytotoxicity analysis based on
MTT [99]. Furthermore, Kleemann showed that exposing malignant melanoma cell lines A375, SK-
Mel-28, and SK-Mel-30 to water with lower-than-normal D levels did not affect their growth [57].
Moreover, these findings were consistent with our previous investigation, which revealed that DDW
having 31 and 127 ppm D did not provide significant adjuvant effects to Cel and Indo in the fight
against human lung cancer cells (A549) [101].

The western blotting analysis of COX-2, MAP Kinase pathway (p38, INK, and ERK1/2), and
intrinsic apoptosis pathways (Bax, Bcl-2, caspase -3, and PARP) proteins demonstrated the expression
of contributed proteins in these pathways in Hep G2 treated with (Cel + DDW 31 ppm D) or (Indo +
DDW 31 ppm D) for 48 hrs has not changed efficiently, whereas DDW (127 ppm D) could change the
ability of Cel and Indo to express p-JNK and Bcl-2 proteins slightly in agreement with cell death.
(Figure 4 and Figure 5). In contrast to our findings, Gpngyi et al. reported that DDW containing 25
ppm D could prevent the overexpression of the Bcl-2, Kras, and Myc genes induced by DMBA in the
lungs of mice. As per their conclusion, this form of water could serve as a non-toxic dietary
supplement with anticancer properties that may prolong the survival of individuals with lung cancer
[102]. Also, Yavari and Kooshesh investigated to evaluate the combined impact of DDWs (30, 50, 75,
100, 125 ppm D) with 5-FU in treating the MCEF-7 breast cancer cell line. The results of their
investigation, which involved assessing cytotoxicity, cell cycle arrest, and antioxidant enzyme levels,
showed that DDWs containing 30-100 ppm D could enhance the antineoplastic impact of 5-FU [37].
Furthermore, Boros and colleagues illustrated the supplementary inhibitory D-depletion effect when
combined with cisplatin in vitro on MIA-PaCa-2 pancreatic cancer cells [36].

According to our results, the combination of Cel and Indo with DDW (31 and 127 ppm D) did
not have a significant synergistic impact on inhibiting the growth of Hep G2 cells. Therefore, we
deduced that the decreased level of D in water did not have a notable anticancer effect on this
particular cell category, at least within 72 hours. Consequently, we opted to experiment with water
varieties with a D concentration higher than the standard level. We utilized DEW (50000 and 300,000
ppm D) as a combined agent to achieve this objective.

Stress caused by D disrupts the process of energy metabolism. D impacts enzymes engaged in
energy metabolism, including cytochrome c oxidase in the respiratory chain of mitochondria, and
ATP synthase, significantly reducing cellular ATP reserves. This impact is particularly crucial for
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cancerous cells [103, 104]. In accordance with this hypothesis, various studies have indicated the
anticancer properties of DEW [57, 105, 106]. Here, the addition of DEWs (50000 and 300,000 ppm D)
to [Cel] <ICso @4 nrs) (10, 20 uM) during 24, 48, and 72 hrs could improve the % Cel. Growth inhibition
approximately (20 — 40%) and (35 — 60%) respectively. Also, the DEWs (50000 and 300,000 ppm D) in
combination with [Indo] < ICso (24 hrs) (50, 100 pM) after 24, 48, and 72 hrs could prevent the Hep G2
cell viability almost (15 — 30%) and (30 — 45%) compare with Indo alone. The synergistic growth
inhibition of DEWs in combinations was time and dose-dependent, so the (Cel + 300,000 ppm D) and
(Indo + 300,000 ppm D) induced the most growth prevention after 72 hrs. Furthermore, the
combination of (70 pM Cel + 300,000 ppm D) showed cell growth inhibition even more than 400 uM
Cel alone after 72 hrs. In a previous study, we demonstrated that treating Hep G2 and A549 cells
with DEWs (50000, 100000, 200000, 300,000 ppm D) alone for an extended period of time (21 days)
could inhibit cell growth in a [D]-dependent manner [107]. Also, Leonard and colleagues stated that
PtK1 cells, when exposed to a culture medium containing as much as 500,000 ppm D, could initiate
and conclude mitosis. Nonetheless, the length of the mitotic phase extended correspondingly with
the amount of D20 utilized [108]. Furthermore, Bader ef al. showed that when human pancreatic
carcinoma cells (AsPC-1, BxPC-3, and PANC-1) were exposed to D20 and gemcitabine
simultaneously, the ICso values of gemcitabine were lowered in all studied pancreatic cancer cell lines
and synergistic effects were observed in the sequential administration of D20 and gemcitabine [109].

To understand the anti-cancer molecular pathways of DEWs (50000, 300,000 ppm D) and their
combination with NSAIDs, the expression of p38, JNK, and ERK1/2 (and their phosphorylated form),
Bax, Bcl-2, COX-2, and caspase-3 activation and disable PARP enzyme in Hep G2 cell were evaluated.
Interestingly, DEWs lonely could enhance the expression of pro-apoptotic proteins Phospho-p38,
Phospho-JNK, and Bax and DEW (300000 ppm D) prohibited the expression of anti-apoptotic COX-
2 and Bcl-2. Likewise, DEW (300000 ppm D) activated caspase-3 and cleaved PARP slightly stronger
than DEW (50000 ppm D). According to Kalkur et al. study, it was demonstrated that DEWs (10000 —
50,000 ppm D) exhibited considerable cytotoxic effects on murine astrocytoma cells induced by the
Raus sarcoma virus. The mechanism behind the DEW-mediated cytotoxicity involved the induction
of apoptosis and cell cessation in the G2/M phase [106]. Moreover, it has been reported that DEW-
triggered apoptosis in malignant astrocytoma cells is regulated via the caspase activation pathway,
and the apoptosis rate is positively correlated with the concentration of DEW [105]. Additionally,
Bahk and colleagues confirmed that DEW (at concentrations of 75% and 100%) displayed
antiproliferative, anti-adhesive, and anti-invasive properties on bladder cancer cells (T-24) after
exposure for more than 2.5 hours. They indicated that the antiproliferative effect of DEW resulted
from the activation of the apoptosis pathway, achieved by reducing the expression of Bcl-2 and
increasing the expression of Bax [59]. Likewise, Jandova and her colleagues discovered that in A375
melanoma cells, the stress response to D20 was quickly induced and activated apoptosis. This
response involved changes in the levels of specific phospho-proteins, such as decreased expression
of p-AKT and increased expression of p-ERK, p-JNK, pelF2a, and p-H2AX. Moreover, this group
discovered that D20 exposure resulted in the inhibition of cell proliferation and the induction of
apoptosis in various cultured PDAC cells. This was identified by the presence of Z-VAD-FMK
(carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone) and cleaved pro-caspase-3
and PARP-1 [110]. Another investigation demonstrated that increasing the concentration of D20
above the normal levels in the medium of malignant melanoma cells lines such as A375, SK-Mel-28,
and SK-Mel-30 reduced proliferation and hindered cell migration dose-dependently. Additionally,
the cell cycle analysis revealed a rise in the number of cells in the sub-G1 phase. As reported in the
study, indicators for programmed cell death were stimulated, including fragments of DNA bound to
histones, the protein Bax, and PARP [57].

In combined treatment, the western blotting results were in line with the MTT cytotoxicity
findings. Indeed, either Cel or Indo, when co-administrated with DEWs, led to a remarkable D dose-
dependent activation in apoptosis pathways of Hep G2 cells compared to their co-treatment with
DDWs. In fact, DEWs could increase the Cel and Indo ability to induce the expression of proapoptotic
proteins (Bax, p-JNK, and p-p38) and inhibit the expression of antiapoptotic agents (COX-2, Bcl-2,


https://doi.org/10.20944/preprints202305.2032.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2023 doi:10.20944/preprints202305.2032.v1

15

and p-ERK1/2). DEWs also could help Cel and Indo to activate Caspase-3 and inactivate PARP.
Furthermore, DEWs had more synergistic effect with Cel than with Indo in most of protein expression
evaluations (Figure 4 and Figure 5). Like our findings, the administration of D20 (at concentrations
of 5% to 30%) along with gemcitabine resulted in a notable (statistically significant at p < 0.05)
enhancement of apoptosis in AsPC-1 and PANC-1 pancreatic cancer cells. The combined treatment
of D20 (at concentrations of 5% - 30%) and gemcitabine resulted in higher expression levels of the
p21 tumor suppressor gene as compared to treating with gemcitabine alone [109]. Moreover,
Altermatt et al. compared the antineoplastic effect of 5-FU and bleomycin alone or combined with
DEW in the growth of xenotransplanted human oropharyngeal squamous-cell carcinoma and colon
cancer. They illustrated DEW showed a synergistic effect in combination with 5-FU and bleomycin
to delay the growth of all cancer variants and suggested DEW prolonged the tumor cell cycle time
and reduced the growth fraction [58]. Additionally, we had already demonstrated that when COX
inhibitors (celecoxib and indomethacin) and DEW were used together, they could increase the
cytotoxicity in the A549 lung cancer cell line. This was achieved through the activation of intrinsic
apoptosis pathway containing p-JNK, p-P38, Bax, and caspace-3 [101].

The most intense apoptosis activity was achieved by combining Cel and DEW at a concentration
of 300,000 ppm D. Cel is a strong COX-2 selective inhibitor, leading to more significant inhibition of
this pro-survival enzyme than Indo, which in turn inactivates anti-apoptotic pathways, such as Bcl-
2, that are associated with COX-2 [111, 112]. On the other hand, as previously proved, the anti-tumor
effect of DEW varies depending on the D dose, and consequently, the combination of Cel and DEW
(300000 ppm D) resulted in the most synergistic effect against HCC.

5. Conclusion

In conclusion, this study shows that COX inhibitor agents celecoxib and indomethacin could
have anti-HCC effects as a single treatment, but this ability occurs in high doses. In order to increase
the antitumor effect of these compounds, DEW can be used in combination with them. The results of
cytotoxicity and investigating apoptosis and MAPKinase signaling pathways show that DEW can
synergistically improve the anti-HCC effects of these two NSAID medicines [D]-dependently. The
Cel + DEWs combination has stronger inhibitory effects than Indo + DEWs on Hep G2 cells and is
introduced as a new candidate for the HCC treatment.
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