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A B S T R A C T   

The aim of current work was able to show the oxidant effect of cancer cells found in any part of the body on the 
liver and to investigate the possible protective effect of deuterium-depleted water (DDW) on this oxidant effect 
by determining of some liver parameters. Ehrlich ascites tumor bearing BALB/c mice were used for this purpose. 
BALB/c mice were selected randomly and divided into four groups (n = 5 in each group) as control group, tumor 
group, control+DDW group, tumor+DDW group, fifteen days after tumor cell injection, liver tissue samples were 
taken for all groups. In the tumor group, liver lipid peroxidation, sialic acid and protein carbonyl levels, xanthine 
oxidase, myeloperoxidase, catalase, gamma-glutamyl transferase, sorbitol dehydrogenase, glutathione peroxi
dase and glutathione reductase activities, were significantly higher than those in the control group while 
glutathione levels and paraoxonase1, sodium potassium ATPase, glutathione-S-transferase, alanine transaminase 
and aspartate transaminase activities decreased significantly. Compared with the tumor group, the changes in all 
parameters except sialic acid, catalase, alanine transaminase and aspartate transaminase were reversed in the 
DDW given tumor groups, while sialic acid and catalase values continued to increase, and alanine transaminase 
and aspartate transaminase values continued to decrease. In conclusion, the consumption of DDW may be 
beneficial and protective against excessive oxidative stress in cancer complications.   

1. Introduction 

Cancer is an increasingly important health problem. It is a group of 
malignant diseases that occur as a result of uncontrolled proliferation 
and growth of cells that have been changed by some effects, both locally 
and at distant points. Cancer cells alter their metabolism to support their 
malignant properties [1]. Oxidative damage to macromolecules is 
thought to be an important etiologic factor in the development of several 
diseases including cancer. The reaction of free radicals (e.g., reactive 
oxygen species, ROS) with biomolecules generates molecular products 

which are generally considered to be more stable than ROS, therefore 
ROS levels are generally measured by determining stable metabolite 
concentrations of their target oxidation products [2,3]. 

Deuterium (D) is an isotope of hydrogen (H) with mass number two. 
Its chemical and physical properties are different from H, whose mass 
number is one. The possible role of D in organisms is still unknown. The 
effect of replacing H with D in biological systems has been reported. The 
D/H ratio is not constant in living organisms, it is variable [4]. 

The D concentration of natural water resources varies from region to 
region owing to geographical differentiations. The reason for the 
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difference in D concentrations in blood and urine is that D concentra
tions in drinking water are different [5,6]. In a pilot study in Turkey by 
Yarat et al. [7], D concentrations were determined in a hundred water 
samples obtained from 29 cities of 7 different regions of Turkey. D 
concentrations were found to be between 147 and 152 mgL-1. The 
concentration of D in a healthy human blood is about 150 mgL-1. This 
amount varies depending on age and gender. It has been reported that 
the D concentration in the plasma of cancer patients is 5–7 mgL-1 less 
than in the healthy ones [5]. Various clinical and experimental studies 
with deuterium-depleted water (DDW) have been conducted to date. 
According to the results of these studies, it has been suggested that DDW 
consumption regulates cellular respiration, increases cellular energy, 
has antioxidant, hypoglycemic, radioprotective, and antitumoral effects, 
has positive effects on mental functions, detoxification, and immune 
system [8–17]. 

Ehrlich ascites tumor (EAT) cells are preferred in experimental 
cancer research [18]. They are frequently used in the investigation of the 
effects of some drugs, especially drugs used in chemotherapy, on tumors 
[19]. There are studies examining the effect of DDW on oxidant damage 
in the liver [20–22]. EAT cells containing ascitic fluid were injected 
intraperitoneally (i.p) into each of the recipient mice. In fact, in this 
model, oxidant effect of cancer cells that may rapidly occur. We wanted 
to examine the short-term effect, namely the onset of cancer formation 
and thus to see the effect of DDW consumption at the very beginning. 

The aim of current work was able to show the oxidant effect of cancer 
cells found in any part of the body on the liver and to investigate the 
possible protective effect of DDW (85 mg L-1) on this oxidant effect by 
determining of some liver parameters. 

2. Materials and methods 

2.1. Chemicals 

All chemicals were of reagent grade and used without further puri
fication. They were supplied by Merck, Sigma-Aldrich and Fluka. 

2.2. Animals and ethics 

All the experimental procedures were approved by the Marmara 
University Animal Care and Use Ethics Committee (Protocol number: 
64.2008.mar). Two and two half months old Mus musculus BALB/c type 
male mice between 18 and 25 g were obtained from Istanbul University 
Experimental Medicine Research Institute (DETAE). 

BALB/c mice were selected randomly and divided into four groups 
(n = 5 in each group) as: 

Group 1 (G1). : Control group given tap water for 15 days. 

Group 2 (G2). : Tumor group given tap water 15 days. 

Group 3 (G3). : Control group given DDW for 15 days. 

Group 4 (G4). : Tumor group given DDW for 15 days after EAT 
injection. 

In all groups, feeding was orally, water and feed administration were 
ad libitum carried out. The animals remained in their cages all the time. 
Nutrition and water (fresh fountain water) and DDW needs are met on a 
daily basis were stored under controlled laboratory conditions. In our 
experiment, DDW (Preventa) with a D concentration of 85 mgL-1 and tap 
water with a D concentration of 150 mgL-1 were used as drinking water. 
D concentration in water samples was determined in Ankara DSI Isotope 
Laboratory using a DUAL INLET type IRMS (Isotope Ratio Mass Spec
trometer). For their feeding, the pellet type rat chow produced in 
Istanbul Cobancesme Feed Industry Factories was used. The metabolic 
energy it provides is 2650 kcalkg-1. They were kept at the temperature of 
20 ± 2οC, with a 12 h light-dark cycle. DDW was given as drinking water 
to G3 and G4 groups. 

2.3. EAT induction 

EAT obtained from the donor animal from the Experimental Animal 
Breeding Unit of the Department of General Biology, Faculty of Science, 
Istanbul University, was used. With the help of a sterile syringe, the 
ascitic fluid containing EAT cells was taken from the peritoneal cavity of 
the donor mouse and suspended in Hanks’ balanced salt solution 
(HBSS), some of this suspension is stained with trypan blue and counted 
in a hemocytometer. Viability was determined and the amount of ascitic 
fluid that should be administered to the recipient mice was determined. 
Acid (liquid) tumor formation was achieved by injecting 0.4 mL of as
citic fluid intraperitoneally (i.p) into each of the recipient mice in G2 
and G4 groups, containing approximately 1.2 × 106 per mL tumor cells. 
Same volume of saline (0.9% NaCl) was injected to control groups. 15 
days after tumor cell injection, liver tissue samples were taken for all 
groups. 

2.4. Biochemical analysis 

Liver tissue samples were dissected out, immediately washed in ice- 
cold physiologic saline solution, and then homogenized. These homog
enates were centrifuged at 10.000 x g at + 4οC for 10 min and then clear 
supernatants were used for the analysis. Reduced glutathione (GSH), 
lipid peroxidation (LPO, Malondialdehyde (MDA) equivalent), and sialic 
acid (SA) levels, and tissue factor (TF) activity were assessed by the 
methods described by Beutler [23], Ledwozyw et al., [24], Warren [25], 
and Ingram and Hills [26], respectively. Catalase (CAT), superoxide 
dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase 
(GR), glutathione-S-transferase (GST), and gamma-glutamyl transferase 
(GGT) were done according to the methods published previously by Aebi 
[27], Mylroie et al., [28], Paglia and Valentine [29], and modified by 
Wendel [30], Beutler [31], Habig and Jakoby [32], and Szasz [33], 
respectively. Moreover, myeloperoxidase (MPO) and xanthine oxidase 
(XO) activities were employed according to Wei and Frenkel [34] and 
Corte and Stirpe [35], respectively. Sodium/potassium ATPase 
(Na+/K+-ATPase), paraoxonase1 (PON1) activities, and protein 
carbonyl contents (PC) contents and sorbitol dehydrogenase (SDH) ac
tivities were determined by the methods of Ridderstap and Bonting [36], 
Furlong et al., [37], Levine et al., [38], and Barretto and Beutler [39], 
respectively. The total protein levels in supernatants were measured 
using procedure of Lowry et al., [40]. It was used to calculate for other 
parameters’ values as per mg protein. Alanine transaminase (ALT) and 
aspartate transaminase (AST) were determined kinetically by Biolabo 
commercial kits (using Crony Jolly 100 spectrophotometer). 

2.5. Statistical analysis 

The biostatistical analysis of the study was carried out by Marmara 
University, Faculty of Communication, Department of Informatics. The 
NCSS statistical computer package was used. Variables are defined by 
mean and standard deviation (SD). In order to compare the means of 
measurement variables suitable for normal distribution, the “t” test was 
used in the comparison of two groups, and the paired t-test was used in 
the comparison of dependent samples of the same type of data. The 
Mann-Whitney U test was used to compare the non-normally distributed 
means. When comparing the mean of more than two groups and finding 
a difference "One-Way Analysis of Variance" (One-Way ANOVA) and 
Post-hoc Bonferroni, LSD tests or Kruskal Wallis, Post-hoc Dunn tests 
were used to interpret the differences between subgroups in variables. In 
interpretations, the limit of significance was taken as P < 0.05 was 
considered as significant. 
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3. Results 

3.1. Effects of DDW on body weights, food and water consumption and 
cell counts of peritoneal fluid of EAT-induced animals 

It was not seen a remarkable alteration between all groups for body 
weights. Daily food and water consumption were remarkably declined in 
the tumor group (G2) in comparison with the control group (G1). 
However, food consumption decreased, and water consumption 
increased significantly in tumor+DDW (G4) group compared to tumor 
group (G2) (Table 1). 

Tumor cell count was performed in the peritoneal fluid. The number 
of cells injected as 1.2 × 106 per mL increased by 100 times in tumor 
groups at the end of the experiment. The number of viable cells in the 
peritoneal fluid in tumor groups (G2, G4) were 427 × 108 ± 0.72 × 108 

and 462 × 108 ± 0.46 × 108, respectively. The administration of DDW 
did not cause a significant difference between the groups in terms of cell 
count (P > 0.1). 

3.2. Effects of DDW on GSH, LPO, SA levels, and TF activity of EAT- 
induced liver tissues 

Liver tissues GSH, LPO, SA levels, and TF activities of control and 
experimental groups of mice were significantly different (P < 0.01,  
Table 2). GSH decreased significantly in the tumor group (G2) in com
parison with the control group (G1) (P < 0.05), while LPO and SA were 
significantly increased (P < 0.001), and the increase in TF activity was 
insignificant. Since the clotting time is inversely proportional to the TF 
activity, the lengthening of the clotting time is a manifestation of 
decreased TF activity. In the control+DDW group (G3), GSH levels and 
TF activity increased significantly (P < 0.05) compared to control group 
(G1). In tumor+DDW group (G4), GSH values increased significantly 
compared to the tumor group (G2) (P < 0.01). LPO value was insignif
icantly decreased while TF and SA values were unremarkably increased 
in tumor+DDW group (G4) compared to the tumor group (G2) (Table 2). 

3.3. Effects of DDW on CAT, SOD, GPx, GR, GST, and GGT activities of 
EAT-induced liver tissues 

Liver tissues CAT, GPx, GR, GST, and GGT activities of control and 
experimental groups of mice were significantly different (P < 0.01 and P 
< 0.001, Table 3). There was no remarkable difference in SOD activities 
between the groups. Administration of DDW (G3) to the control group 
significantly increased CAT and GGT activities compared to the control 
group (G1) (P < 0.001), while SOD, GPx, GR, and GST activities insig
nificantly change. While CAT, GPx, GR, and GGT activities notably 
elevated in the tumor group (G2) in comparison with the control group 
(G1) (P < 0.05, P < 0.001, and P < 0.001), GST activity remarkably 
decreased (P < 0.001). Giving DDW to tumor group (G4) further reduced 
enzyme activities compared to the tumor group (G2) except CAT and 

SOD (Table 3). 

3.4. Effects of DDW on ALT, AST, MPO, and XO activities of EAT- 
induced liver tissues 

Liver tissues ALT, AST, MPO, and XO activities of all groups of mice 
were significantly different between groups (P < 0.01 and P < 0.001,  
Table 4). ALT and AST activities were notably decreased in the tumor 
group (G2) (P < 0.01 and P < 0.001) while MPO and XO activities 
remarkably elevated (P < 0.05) compared to the control group (G1). 
Administration of DDW to control group (G3) cause an insignificant 
change in ALT, AST, MPO, and XO activities. Enzyme activities were 
significantly decreased in tumor+DDW group (G4) (P < 0.05 and P <
0.001) compared to the tumor group (G2) (Table 4). 

Table 1 
Body weights, daily food and water consumption of control and experimental 
groups of mice.  

Groups Body weight (g)* Food (g/day)* Water (mL/day)* 

Control (G1) 28.35 ± 1.85 5.81 ± 0.0 6,09 ± 0.0 
Tumor (G2) 28.38 ± 3.62 5.48 ± 0.0c 5,54 ± 0.0c 

Control + DDW (G3) 26.75 ± 1.91 5,84 ± 0.0c 6.47 ± 0.0c 

Tumor + DDW (G4) 28.88 ± 2.48 5,03 ± 0.0f 6.37 ± 0.0f 

PANOVA < 0.1 < 0.01 < 0.01 

Abbreviations: EAT: Ehrlich Ascites Tumor; DDW: Deuterium-Depleted Water; 
G: Group; G1: Control group; G2: Tumor group; G3: Control+DDW group given 
DDW for 15 days; G4: Tumor+DDW group given DDW for 15 days after EAT 
injection. 
cP < 0.001 versus Control group (G1); fP < 0.001 versus Tumor group (G2). 

* Mean ± SD. 

Table 2 
Liver tissues GSH, LPO, SA levels, and TF activities of control and experimental 
groups of mice.  

Groups GSH 
(mg g 
protein-1)* 

LPO 
(nmol MDA mg 
protein-1)* 

TF 
(sec)* 

SA 
(mg g 
protein-1)* 

Control (G1) 1.43 ± 0.22 0.52 ± 0.09 83.13 ±
6.90 

4.26 ± 0.72 

Tumor (G2) 1.15 ±
0.10a 

0.79 ± 0.07c 114.67 ±
36.50 

8.83 ±
1.12c 

Control +
DDW (G3) 

1.84 ±
0.36a 

0.51 ± 0.05 74.50 ±
6.95a 

4.12 ± 0.42 

Tumor + DDW 
(G4) 

1.42 ±
0.15e 

0.72 ± 0.12 84.00 ±
20.31 

9.84 ± 1.29 

PANOVA < 0.01 < 0.01 < 0.01 < 0.01 

Abbreviations: EAT: Ehrlich Ascites Tumor; DDW: Deuterium-Depleted Water; 
G: Group; G: Group; G1: Control group; G2: Tumor group; G3: Control+DDW 
group given DDW for 15 days; G4: Tumor+DDW group given DDW for 15 days 
after EAT injection; GSH: Glutathione; MDA: Malondialdehyde; LPO: Lipid 
peroxidation; TF: Tissue factor activity; SA: Sialic acid 
aP < 0.05; cP < 0.001 versus Control group (G1); eP < 0.01; versus Tumor group 
(G2). 

* Mean ± SD. 

Table 3 
Liver tissues CAT, SOD, GPx, GR, GST, and GGT activities of control and 
experimental groups of mice.  

Groups CAT 
(U mg 
protein- 

1)* 

SOD 
(U mg 
protein- 

1)* 

GPx 
(U g 
protein- 

1)* 

GR 
(U g 
protein- 

1)* 

GST 
(U mg 
protein- 

1)* 

GGT 
(U g 
protein- 

1)* 

Control 
(G1) 

10.11 ±
5.48 

1.77 ±
0.094 

230.50 
± 15.05 

48.61 
± 0.99 

1.76 ±
0.41 

3.79 ±
0.81 

Tumor 
(G2) 

18.24 ±
7.13a 

2.03 ±
0.31 

306.10 
±

22.59b 

59.09 
± 3.90a 

0.49 ±
0.10c 

11.53 
± 1.29c 

Control 
+

DDW 
(G3) 

30.19 ±
8.67c 

1.74 ±
0.17 

228.10 
± 20.51 

54.54 
± 3.17 

1.47 ±
0.23 

14.00 
± 0.73c 

Tumor 
+

DDW 
(G4) 

20.62 ±
7.51 

2.10 ±
0.17 

254.40 
± 6.47 

45.56 
± 3.46e 

0.35 ±
0.16 

4.24 ±
0.87f 

PANOVA < 0.01 > 0.05 < 0.001 < 0.001 < 0.01 < 0.001 

Abbreviations: EAT: Ehrlich Ascites Tumor; DDW: Deuterium-Depleted Water; 
G: Group; G: Group; G1: Control group; G2: Tumor group; G3: Control+DDW 
group given DDW for 15 days; G4: Tumor+DDW group given DDW for 15 days 
after EAT injection; CAT: Catalase; SOD: Superoxide dismutase; GPx: Gluta
thione peroxidase; GR: Glutathione reductase; GST; Glutathione-S-transferase; 
GGT: Gamma-glutamyl transferase 
aP < 0.05; bP < 0.01; cP < 0.001 versus Control group (G1); eP < 0.01; fP < 0.001 
versus Tumor group (G2). 

* Mean ± SD. 
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3.5. Effects of DDW on Na+/K+-ATPase, PON1 activities, PC levels, and 
SDH activity of EAT-induced liver tissues 

Liver tissues Na+/K+-ATPase, PON1 activities, PC levels, and SDH 
activities of all groups of mice were significantly different (P < 0.001,  
Table 5). Na+/K+-ATPase and PON1 activities were markedly abated in 
the tumor group (G2) (P < 0.001) when compared with the control 
group (G1). Na+/K+-ATPase and PON1 activities were notably increased 
in tumor+DDW group (G4) (P < 0.001 and P < 0.01) compared to tumor 
group (G2). Giving DDW to the control group (G3) led to an increase in 
Na+/K+-ATPase activity (P < 0.001) and however, a decrease in PON1 
activity (P < 0.01) compared to the control group (G1) (Table 5). PC 
levels and SDH activities increased significantly in the tumor group (G2) 
(P < 0.001) when compared to the control group (G1). PC levels and 
SDH activities decreased significantly with DDW administration to 
tumor group (G4) (P < 0.001). DDW administration to the control group 
(G3) did not significantly change the PC value and SDH activity 
(Table 5). 

4. Discussion 

Cancer is the most serious disease of the modern age we live in. While 
cancer-related deaths are in the first place in developed societies, it is 
increasing gradually in developing countries. Today, very serious efforts 
and large amounts of budgets are spent in the fight against cancer. 
However, cancer remains the first factor threatening health. 

The reason why EAT cells are preferred in experimental cancer 
research is that they have a very high transplant rate and do not show 
regression. This model cannot be applied to experimental animals other 
than mice. Rejection is observed in experimental animals other than 
mice [41]. The origin of EAT cells comes from the spontaneous-onset 
mammary adenocarcinoma of the mouse [42]. The liquid form of this 
tumor growing in the peritoneum of mice was obtained [43]. Liquid EAT 
has been a tumor that is frequently used in the investigation of the ef
fects of plant extracts as well as some drugs, especially drugs used in 
chemotherapy, on tumors [44–46]. The chemotherapy is a promising 
strategy for preventing the relapse of cancer patients being in remission 
but not for healthy populations. 

There are very few studies in the literature investigating the effect of 
DDW consumption on liver. The consumption of DDW for 42 days gives 
rise to the decline in the D concentration in the plasma and tissues (liver 
and kidney) without causing any toxic effects. Moreover, it was put 
forward that isotope exchange reactions due to isotopic D/H composi
tion of the tissues caused by altered DDW, thereby may influence both 
the cell cycle and proliferation [20]. In the other studies regarding the 
effects of DDW and some herbal essential oils (in combination) on 
experimental liver damage has been reported that their combination 
gives rise to synergistic protective activity, thereby restoring the alter
ations of the several oxidative stress and inflammatory parameters [21, 
22]. 

In the present study, the effects of DDW on body weights, daily food 
and water consumption and some liver parameters such as indicators of 
tissue damage and antioxidant system were investigated in EAT-treated 
BALB/c mice. 15 days after the EAT injection, it was found that body 
weights were not significantly altered whereas daily food and water 
consumption were remarkably declined in the tumor group (G2) in 
comparison with the control group (G1). Food consumption decreased 
and water consumption increased significantly in tumor+DDW (G4) 
group compared to tumor group (G2). On the other hand, LPO, SA, and 
PC levels CAT, GPx, GR, GGT, MPO, XO, and SDH activities in the liver 
were notably elevated in the tumor group (G2) as compared with the 
control group (G1), while GSH levels and GST, ALT, AST, Na+/K+- 
ATPase, and PON1 activities were found to be decreased significantly. 

Reduced GSH, one of the major intracellular components of antiox
idant defense, is responsible for not only the neutralization of free rad
icals but also regulations of cellular survival by maintaining redox 
balance in a variety of tumors [47,48]. The increase in the amount of 
GSH in the tissue is an indication that the cells are protected from 
oxidative stress. Decreased GSH level may affect the development of the 
disease [49]. In our study, liver GSH was remarkably declined in the 
tumor group (G2) when compared with the control group (G1). DDW 
reversed the decrease in GSH level in tumor group (G4). 

Liver tissue has antioxidants that prevent damage caused by excess 
oxygen metabolites. These antioxidants neutralize both peroxides and 
free radicals [50,51]. It is emphasized that antioxidant enzyme activities 
elevate so as to accommodate adaptive mechanisms in case of increased 
oxidant stress such as cancer [52]. In the case of cancer and several 
diseases (e.g., diabetes, myocardial infarction, ailments of respiratory, 
nervous, and urinary systems) in the stress and aging processes, 
remarkable alterations in antioxidant enzymes and an increase in LPO 
levels have been reported by many researchers [53–55]. LPO is one of 
the important causes of cell membrane damage and destruction. Poly
unsaturated fatty acids react with free radicals and increased LPO results 
in accumulation of MDA which is mutagenic and possibly carcinogenic 
[56]. 

Table 4 
Liver tissues ALT, AST, MPO, and XO activities of control and experimental 
groups of mice.  

Groups ALT 
(U mg 
protein-1)* 

AST 
(U mg 
protein-1)* 

MPO 
(mU g 
tissue-1)* 

XO 
(U g protein- 

1)* 

Control (G1) 1.23 ± 0.13 4.24 ± 1.14 58.70 ±
2.97 

4.57 ± 0.29 

Tumor (G2) 0.91 ± 0.19b 0.57 ± 0.15c 82.80 ±
7.21a 

6.47 ± 1.16a 

Control + DDW 
(G3) 

1.25 ± 0.20 3.60 ± 0.75 43.53 ±
4.39 

4.02 ± 0.45 

Tumor + DDW 
(G4) 

0.72 ± 0.17d 0.36 ± 0.21d 24.67 ±
10.68f 

4.29 ±
0.74d 

PANOVA < 0.01 < 0.01 < 0.001 < 0.01 

Abbreviations: EAT: Ehrlich Ascites Tumor; DDW: Deuterium-Depleted Water; 
G: Group; G: Group; G1: Control group; G2: Tumor group; G3: Control+DDW 
group given DDW for 15 days; G4: Tumor+DDW group given DDW for 15 days 
after EAT injection; ALT: Alanine transaminase; AST: Aspartate transaminase; 
MPO: Myeloperoxidase; GGT: Gamma-glutamyl transferase; XO: Xanthine oxi
dase 
aP < 0.05; bP < 0.01; cP < 0.001 versus Control group (G1); dP < 0.05; fP < 0.001 
versus Tumor group (G2). 

* Mean ± SD. 

Table 5 
Liver tissues Na+/K+-ATPase, PON1 activities, PC levels, and SDH activity of 
control and experimental groups of mice.  

Groups Na+/K+-ATPase 
[nmol Pi (mg 
protein.h)-1]* 

PON1 
(U mg 
protein-1)* 

PC 
(nmol mg 
protein-1)* 

SDH 
(U g 
protein-1)* 

Control (G1) 1.15 ± 0.07 9.92 ± 0.99 4.29 ± 0.33 3.84 ±
1.25 

Tumor (G2) 0.37 ± 0.12c 5.12 ±
0.39c 

7.85 ± 0.46c 14.22 ±
2.45c 

Control +
DDW (G3) 

2.14 ± 0.22c 7.67 ±
1.15b 

3.87 ± 0.47 3.01 ±
0.42 

Tumor+ DDW 
(G4) 

2.00 ± 0.16f 7.62 ±
1.59e 

4.86 ± 0.58f 8.06 ±
1.51f 

PANOVA < 0.001 < 0.001 < 0.001 < 0.001 

Abbreviations: EAT: Ehrlich Ascites Tumor; DDW: Deuterium-Depleted Water; 
G: Group; G: Group; G1: Control group; G2: Tumor group; G3: Control+DDW 
group given DDW for 15 days; G4: Tumor+DDW group given DDW for 15 days 
after EAT injection; Pi: Inorganic phosphate; Na+/K+-ATPase: Sodium/potas
sium ATPase; PON1: Paraoxonase1; PC: Protein carbonyl; SDH: Sorbitol dehy
drogenase 
bP < 0.01; cP < 0.001 versus Control group (G1); eP < 0.01; fP < 0.001 versus 
Tumor group (G2). 

* Mean ± SD. 
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TF, a transmembrane glycoprotein, acts as a hemostatic envelope for 
tissues and blood vessels. When binding to plasma protein factor VII, TF 
initiates clotting, thus being released into the bloodstream and initiates 
clotting in damaged tissues [57]. In our study, insignificant alteration 
was found in TF activity between the control and tumor groups. How
ever, while DDW application caused an increase in TF activity in the 
control group (G3), it caused a decrease in tumor group (G4). Consid
ering the low TF activity is inversely associated with clotting time, in the 
current study DDW can be thought to prevent the risk of bleeding in the 
control group and prevent the risk of clotting in the tumor groups. 

Studies have shown that tumor cells carry enzymes that synthesize 
different types of glycoproteins and that the synthesized substances 
contain a large amount of SA [58]. SA is also synthesized in the liver. 
Cell formation and destruction in tumor tissue is much higher than in 
normal tissue. The increase in SA in the cell membrane allows the cell 
adhesion to decrease and the tumor cell to invade easily. Thus, SA is 
effective in the development of near and distant metastases by invading 
the vessels of the tumor cell [59]. It is also argued that SA masks the 
antibody receptors on the tumor cell surface, causing these cells to 
escape from immune control and is directly responsible for the devel
opment of malignancy [60]. Parallel to these studies, in the present 
study, SA values were significantly increased in the liver of the tumor 
group (G2) compared to the control group (G1). Administration of DDW 
could not correct the significant increase in SA levels in tumor group 
(G4), and even caused more increase in them. The effect of DDW may 
not be related SA metabolism and should be investigated in detail. 

The imbalance between pro-oxidant (ROS)-antioxidant enzymes/ 
levels shifting in favor of ROS gives rise to an alteration in the activities 
of the antioxidant enzymes (e.g., CAT, SOD, GPx, GR, and GST). These 
are also the basic and first-line defenses against detrimental effects of 
ROS-mediated oxidative stress [61]. SOD dismutases superoxide anion 
radical to molecular oxygen and H2O2. The latter is oxidized to H2O by 
either CAT or GPx. GPx decomposes H2O2 to H2O by utilizing GSH 
co-substrate concomitant to oxidation to GSSG. Meanwhile, GSSG is, in 
turn, converted to GSH by the catalytic effect of the GR enzyme [62]. In 
the present study CAT, GPx, and GR activities increased in the tumor 
group (G2) compared to the control group (G1). However, SOD did not 
change significantly. DDW caused the increase in CAT activity, the 
decrease in GPx and GR activities in the tumor group (G4) compared to 
the tumor group (G2). Our findings were not in harmony with Rasooli 
et al., [63] who has been revealed that activities of GPx and GR enzymes 
remarkably elevated as a result of acetaminophen-mediated hepato
toxicity, but DDW administration gave rise to a dramatical restoration of 
these enzymes’ activities. The discrepancy of effect of DDW may be 
associated with its prooxidant properties according to consumption time 
of DDW [64]. 

Stimulation and expression of GGT and GST, the enzymes of gluta
thione metabolism, can easily occur via exposure of the organism to 
several initiators and/or promoters (e.g., chemical carcinogens, hor
mones, and diet). It has been suggested that GGT expression is generally 
significantly increased in people with cancer and that GGT can be used 
as an indicator of cancer risk [65]. Stimulation of GGT and induction of 
GST have been shown to allow GSH depletion so as to the protection of 
hepatocytes against deleterious effects of exposure to xenobiotics. Thus, 
the combined effects of GGT and GST in a toxic environment could 
provide the enhanced proliferation observed in preneoplastic hepato
cytes [66]. The present study showed that GGT activity increased, and 
GST activity decreased in the liver tissue of the tumor group (G2) 
compared to the control group (G1). The decrease in GST may be due to 
excessive increase in GGT activity. DDW reversed the increase in GGT 
activity in tumor group (G4). GST activity continued to decrease in 
tumor+DDW group (G4). The difference in the GGT activity between 
control group (G1) and control+DDW (G3) groups was significantly 
changed. The increase in the GGT activity in the group (G3) was as much 
as in the tumor group (G2). In the control group DDW may induce GSH 
formation by increasing GGT activity. However, the GST activity were 

not significantly different between control groups (G1 and G3). 
The liver is one of the most important organs in the body with its 

functions of synthesis and detoxification [67]. In many diseases, liver 
tissue is directly or indirectly affected. ALT is a cytoplasmic enzyme 
found mostly in the liver. It is not found in other tissues or very less 
amount. Therefore, the elevation of this enzyme is considered as a 
specific finding of liver diseases. On the other hand, AST, which is both a 
cytoplasmic and mitochondrial enzyme, is also found in heart and 
skeletal muscles besides the liver. It is found and may increase in events 
involving the heart and skeletal muscle, as well as hepatocellular dam
age [68,69]. In the present study, liver ALT and AST enzyme activities 
were markedly declined in the tumor group (G2) in comparison with the 
control group (G1), contrary to expectation. Administration of DDW 
could not correct the significant decrease in ALT and AST activities in 
tumor group (G4), and even caused more decrease in them. However, in 
the control+DDW group (G3), ALT and AST values did not change 
compared to the control group (G1). This may be due to DDW triggering 
ROS generation by changing the mitochondrial membrane potential or 
by acting as a prooxidant [70]. Or the reason for the decrease in the 
activities of ALT and AST enzymes may be related to the adaptation 
process of hepatocytes to DDW or possibly due to the alteration of 
DDW-mediated transmembrane gradient [10]. 

MPO and XO were the enzymes that increased in the tumor group 
compared to the control group in the present study. It has been proposed 
that chronic inflammation is associated with the risk of malignancy 
[71]. MPO, one of the enzymes containing heme in its structure, cata
lyzes the generation of hypochlorous acid. Hypochlorous acid is a 
powerful oxidant with bactericidal activity. Therefore, MPO causes 
neutrophil cytotoxicity [72]. Another reason for the onset and pro
gression of diseases such as cancer is the excessive increase of these 
oxidants and tissue damage due to the effect of MPO [73]. XO is an 
enzyme that has both dehydrogenase and oxidoreductase activities, 
which catalyzes the oxidation of hypoxanthine and xanthine to uric acid 
[74]. The highest levels of XO are found in the liver, though it has also 
been found in cardiac, pulmonary, and adipose tissue. In the organism, 
free radicals are continuously generated in normal cellular function. In 
addition to this, XO also contributes to the formation of free radicals 
such as superoxide anion and H2O2 [75]. In the present study, DDW 
consumption reversed the increase in MPO and XO activities in tumor 
group (G4). However, in the control+DDW group (G3), MPO and XO 
activities did not change compared to the control group (G1). The 
anticancer effect of DDW may because of its inhibiting cell proliferation 
by causing an imbalance between ROS production and neutralization in 
mitochondria. Thus, oxidative stress is induced in the cell [70]. 

Na+/K+-ATPase belongs to the enzyme class of translocases. It has 
numerous cellular functions. It has an essential role in maintaining the 
ionic and osmotic balance in the cell, and a receptor function in signal 
transductions [76]. Depending on the cell type or respective ligand, 
Na+/K+-ATPase stimulates the proliferation of healthy cells [77,78], or 
contrarily, inhibits the proliferation of tumor cells [79]. The changes in 
the activity and expression of Na+/K+- ATPase may be associated with 
the pathogenesis of many diseases [80]. Na+/K+-ATPase has been 
considered as a target for drugs, especially those with antitumor activ
ities [81]. According to our findings, activities of Na+/K+- ATPase 
decreased significantly in the tumor group (G2) compared to control 
group (G1). The activity of this enzyme may be impaired owing to 
excessive oxidative stress that can give rise to necrotic abnormalities in 
the liver. The decrease in the activities of this enzyme may result from 
elevated LPO levels in the tumor groups, which can disrupt membrane 
integrity and oxidize the specific sulfhydryl residues present in its active 
binding pocket in response to aberrant oxidative stress [82]. In the 
present study, DDW reversed the decrease in Na+/K+-ATPase activity in 
tumor group (G4) by reduction of oxidative stress. 

Paraoxonases (e.g., PON1, PON2, and PON3) are HDL-binding gly
coproteins that act as cellular antioxidants [83]. Moreover, it has been 
reported to involve in the pathogenesis of various inflammatory diseases 
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such as cardiovascular complications, diabetes, and cancer. PON1 has 
also hydrolytic activity depended on Ca2+ [83]. The decline in the ac
tivity of PON1 has been reported to be associated with cellular damage 
and tissue injury [84,85]. Our study reveals that the decrease of PON1 in 
liver tissue of tumor group (G2). That means the diminish in the anti
oxidant capacity. DDW reversed the decrease in PON1 activity in tumor 
group (G4). This elevation can be associated with the antioxidant 
property of DDW. However, DDW caused the decrease in control group 
(G3) compared to control group (G1). 

Protein carbonylation can easily occur by directly or indirectly 
oxidative modification of carbonyl groups at the side chains of specific 
amino acids (e.g., L-arginine, L-lysine, L-proline, and L-threonine) in 
proteins as a result of oxidative stress, thus occurrence of PC in the 
polypeptide chain may be strongly related to oxidative tissue injury 
[86]. It has been shown that the elevations of both PC and LPO 
(measured in terms of MDA equivalent) levels can be the most useful 
biomarkers for determining oxidative stress status in various diseases 
including cancer and other malignancies [84,87]. In the present study, 
DDW consumption reversed this increase in LPO and PC values in tumor 
group (G4). However, in the control group (G3) given DDW, LPO and PC 
values did not change in comparison to the control group (G1). The 
ability of water with reduced D content may cause to increase the po
tential of the organism defense system. The nutritional correction of 
isotope D/H exchange by DDW in the organism may modify isotope 
composition and corrects imbalanced function of the body’s defense 
systems [88]. 

SDH is the second enzyme of the polyol pathway. In addition to the 
glycolytic and pentose phosphate pathways, the polyol pathway has 
been suggested to be another means of tumor-related depletion of 
glucose due to the critical role of SDH. It has been put forward that in 
tumorigenesis and advanced cancer cells consume glucose much higher 
than normal cells, and the rest of the subsequent energy is obtained from 
the glycolytic pathway compared to oxidative phosphorylation of 
glucose [89]. The present study reveals that the increase of SDH activity 
in liver tissues of tumor group (G2). DDW consumption reversed the 
increases in SDH activity in tumor group (G4). However, in the control 
group (G3) given DDW, SDH activities did not change compared to the 
control group (G1). Consuming more glucose at a much higher rate than 
normal cells may of cause formation or ROS. DDW may prevent oxida
tive stress by decreasing ROS formations. 

5. Conclusion 

Reducing the D concentration from 150 mgL-1 to 85 mgL-1 in 
drinking water was very effective in decreasing oxidative stress. DDW 
consumption may be beneficial in cancer with excessive oxidative stress 
and may have a protective effect against the complications of cancer. 
Since the concentration of DDW and the duration of use are also 
important, more detailed studies are necessary to determine the useful 
dosage and application time, along with studies to illuminate the 
mechanism of action of DDW. 
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[85] P. Wigner, B. Szymańska, M. Bijak, E. Sawicka, P. Kowal, Z. Marchewka, J. Saluk- 
Bijak, Oxidative stress parameters as biomarkers of bladder cancer development 
and progression, Sci. Rep. 11 (1) (2021) 15134, https://doi.org/10.1038/s41598- 
021-94729-w. 

[86] A.M. Pisoschi, A. Pop, F. Iordache, L. Stanca, G. Predoi, A.I. Serban, Oxidative 
stress mitigation by antioxidants-an overview on their chemistry and influences on 
health status, Eur. J. Med. Chem. 209 (2021), 112891, https://doi.org/10.1016/j. 
ejmech.2020.112891. 

[87] R. Ahmad, A.K. Tripathi, P. Tripathi, S. Singh, R. Singh, R.K. Singh, 
Malondialdehyde and protein carbonyl as biomarkers for oxidative stress and 
disease progression in patients with chronic myeloid leukemia, In Vivo 22 (2008) 
525–528. 

[88] A.A. Basov, A.A. Elkina, A.A. Samkov, N.N. Volchenko, A.V. Moiseev, L. 
V. Fedulova, M.G. Barysev, S.S. Dzhimak, Influence of deuterium-depleted water 
on the isotope D/H composition of liver tissue and morphological development of 
rats at different periods of ontogenesis, Iran. Biomed. J. 23 (2) (2019) 129–141, 
https://doi.org/10.29252/.23.2.129. 

[89] A. Uzozie, P. Nanni, T. Staiano, J. Grossmann, S. Barkow-Oesterreicher, J.W. Shay, 
A. Tiwari, F. Buffoli, E. Laczko, G. Marra, Sorbitol dehydrogenase overexpression 
and other aspects of dysregulated protein expression in human precancerous 
colorectal neoplasms: a quantitative proteomics study, Mol. Cell. Proteom. 13 (5) 
(2014) 1198–1218, https://doi.org/10.1074/mcp.M113.035105. 

B.B. Bayrak et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.mam.2021.100973
https://doi.org/10.1016/j.mam.2021.100973
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref68
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref68
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref68
https://doi.org/10.21037/jlpm-20-93
https://doi.org/10.1074/mcp.RA119.001455
https://doi.org/10.1074/mcp.RA119.001455
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref71
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref71
https://doi.org/10.1073/pnas.0405193102
https://doi.org/10.1073/pnas.0405193102
https://doi.org/10.1007/s10549-019-05336-3
https://doi.org/10.1007/s10549-019-05336-3
https://doi.org/10.1002/cam4.601
https://doi.org/10.3390/diagnostics10090668
https://doi.org/10.1091/mbc.e05-08-0735
https://doi.org/10.1074/jbc.M106178200
https://doi.org/10.1016/j.phymed.2018.12.015
https://doi.org/10.1016/j.phymed.2018.12.015
https://doi.org/10.1371/journal.pone.0193779
https://doi.org/10.3390/molecules26071905
https://doi.org/10.2174/18715206113139990304
https://doi.org/10.2174/18715206113139990304
https://doi.org/10.1161/CIRCRESAHA.109.199547
https://doi.org/10.1097/MOL.0b013e328304b64e
https://doi.org/10.1097/MOL.0b013e328304b64e
https://doi.org/10.1007/s10719-018-09853-z
https://doi.org/10.1007/s10719-018-09853-z
https://doi.org/10.1038/s41598-021-94729-w
https://doi.org/10.1038/s41598-021-94729-w
https://doi.org/10.1016/j.ejmech.2020.112891
https://doi.org/10.1016/j.ejmech.2020.112891
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref87
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref87
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref87
http://refhub.elsevier.com/S0344-0338(22)00430-7/sbref87
https://doi.org/10.29252/.23.2.129
https://doi.org/10.1074/mcp.M113.035105

	Short term deuterium depletion in drinking water reduced tumor induced oxidative stress in mice liver
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Animals and ethics
	2.3 EAT induction
	2.4 Biochemical analysis
	2.5 Statistical analysis

	3 Results
	3.1 Effects of DDW on body weights, food and water consumption and cell counts of peritoneal fluid of EAT-induced animals
	3.2 Effects of DDW on GSH, LPO, SA levels, and TF activity of EAT-induced liver tissues
	3.3 Effects of DDW on CAT, SOD, GPx, GR, GST, and GGT activities of EAT-induced liver tissues
	3.4 Effects of DDW on ALT, AST, MPO, and XO activities of EAT-induced liver tissues
	3.5 Effects of DDW on Na+/K+-ATPase, PON1 activities, PC levels, and SDH activity of EAT-induced liver tissues

	4 Discussion
	5 Conclusion
	Funding
	Ethics approval
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data availability
	References


