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ARTICLE INFO ABSTRACT

Keywords: Cyclophosphamide (CP) is an alkylating anticancer drug with broad clinical application that is
C}’Clolf‘hf’SPhamide highly effective in the treatment of cancer and non-malignant diseases. However, the main
Lul/er Injury limiting effect of CP is multi-organ toxicity due to damage to normal tissues. The aim of this study
SB?)::I:um is to compare the hepatoprotective potential of selenium (Se) and boron (B) in CP-induced liver

Molecular modeling injury in experimental rats. The rats were randomly divided into six equal groups: Control (sa-
Rat line), 200 mg/kg CP (administered once on the fourth day of the experiment), 1.5 mg/kg Se
(administered once/time daily for 6 days), 20 mg/kg B (administered once/time daily for 6 days),
Se + CP and B + CP administered intraperitoneally (i.p.). Administration of CP leads to an in-
crease in the levels of apoptotic markers (Bax, caspase-3), the apoptotic signaling pathway (Nrf2),
oxidative stress indicators (TOS, OSI), lipid peroxidation markers (MPO, MDA), inflammation
levels (NF-kB, TNF-a, IL-1B, IL -6), liver function markers (ALT, AST, ALP), while apoptosis
markers (Bcl-2), apoptosis pathway (Keap-1), oxidative stress indicator (TAS), inflammation (IL
-10) and intracellular antioxidant defense system (SOD, CAT, GPx and GSH) decreased. In
addition, degeneration of hepatocytes and congestion in the central veins were observed. In
contrast, in the groups administered Se and B with CP, the changes that occurred were reversed.
However, it was found that Se protects the liver slightly better against CP damage than B. The
protective effect of Se and B against the toxic effects of CP on the antioxidant markers SOD, CAT
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and GPx1 was also investigated in silico. The in silico results were consistent with the in vivo results
for SOD and CAT, but not for GPx1.

Abbreviation list

CP Cyclophosphamide

B Boron

ACR Acrolein

FAM Phosphoramide mustard

AO Antioxidant defense system
Se Selenium
SOD Superoxide dismutase

CAT Catalase
GPx1 Glutathione peroxidase-1

H&E Hematoxylin-eosin

AST Aspartate Aminotransferase
ALP Alkaline phosphatase

ALT Alanine aminotransferase

MPO Myeloperoxidase

MDA Malondialdehit

GSH Glutathione

TOS Total Oxidant Status
TAS Total Antioxidant Status
0SI Oxidative Stress Index
ELISA  Enzyme-linked immunosorbent assay
NF-kB  Nuclear factor kappa B
TNF-a Tumor necrosis factor-a
IL -6 Interleukin-6

IL -1B Interleukin-1p

IL-10 Interleukin-10

1. Introduction

Cyclophosphamide CP) is an alkylating chemotherapeutic agent with broad clinical application that has been shown to be effective
in the treatment of cancer and non-malignant diseases. The antitumor efficacy of CP depends on its ability to be used at high doses. The
main limiting effect of CP is multi-organ toxicity [1-3]. These dose-limiting toxicities are hematotoxicity, urotoxicity, nephrotoxicity,
hepatotoxicity, cardiotoxicity and myelotoxicity [4-7]. Among these, nephrotoxicity and hepatotoxicity are considered the two most
important side effects, as the kidney and liver are important organs responsible for the metabolism and excretion of CP and its reactive
metabolites [8]. CP is metabolically activated by hepatic enzymes and forms 4-hydroxy-CP, which is converted into two toxic me-
tabolites: Phosphoramide mustard (FAM) and acrolein (ACR) [9]. These reactive metabolites lead to oxidative stress and cause
oxidative damage to cellular macromolecules such as nucleic acids, proteins and lipids [10]. The antineoplastic properties of CP are
associated with FAM. It is assumed that FAM inhibits cell division by binding to DNA and mediates the immunosuppressive and
antitumor effects of CP [6,11-13]. The toxic effects of CP are related to its active metabolite ACR. ACR disrupts the tissue antioxidant
defense system (AO), leading to a high rate of reactive oxygen species (ROS) formation and is mutagenic to mammalian cells. The
ACR-derived ROS bind to molecules such as enzymes, receptors and ion pumps and disrupt their functions [11]. To avoid these toxic
effects of ACR in neoplastic diseases, detoxification using some AO agents should be performed during CP chemotherapy. Recent
studies have also shown that AO suppresses the initiation and development of carcinogenesis and prevents cell death and alterations
[12]. Some in vivo and in vitro results suggest that cellular toxicities caused by cytotoxic agents can be significantly prevented by the use
of certain trace elements such as Se and B [6,13]. However, there are very few studies in the literature comparing the efficacy of Se and
B in the prevention of CP-induced liver injury.

Se is a trace element that protects cells from oxidative stress and plays a key role in the AO mechanism, and it is claimed that this
property allows it to have a protective effect on tissue damage. Significant liver changes have also been observed in rats with Se
deficiency [14,15]. On the other hand, there are also studies that show Se deficiency in liver cirrhosis [16]. Animal studies have shown
that Se can reduce liver fibrosis [17,18]. Se has been shown to protect against some cancers, increase male fertility, reduce cardio-
vascular mortality and suppress the production of inflammatory mediators in asthma [19,20].

B is a trace element that has been reported to have a synergistic effect with chemotherapeutic agents, increasing the therapeutic
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Table 1
Group classification, administration dose and treatment schedule.
Number Group (n = 6) Dose, route, and duration
1. Control 0.5 mL saline, i.p. once a day for 6 days and sacrificed on the 7th day
2. Se 1.5 mg/kg, i.p. once a day for 6 days and sacrificed on the 7th day [27]
3. B 20 mg/kg, i.p. once a day for 6 days and sacrificed on the 7th day [28]
4. CP (Toxic) 200 mg/kg, i.p. once on the 4th day and sacrificed on the 7th day [23]
5 Se + CP 1.5 mg/kg, i.p. once a day for 6 days +200 mg/kg, i.p. once on 4th day and sacrificed on 7th day
6 B + CP 20 mg/kg, i.p. once a day for 6 days +200 mg/kg, i.p. once on 4th day and sacrificed on 7th day

Se: Selenium, B: Boron, CP: Cyclophosphamide.

efficacy of antineoplastic drugs and reducing the toxic side effects of cytotoxic agents such as cisplatin thanks to its interaction with
AOs as well as its protective function for the cell membrane by inhibiting lipid peroxidation [13,21]. This is explained by the fact that B
inactivates the ROS and thus prevents the formation of lipid peroxidation [22].

Against this background, this study aims to determine whether Se and B can effectively prevent CP-induced liver injury by
modulating intracellular antioxidant status, apoptosis and inflammation. In addition, this study aims to investigate the potential effects
of Se and B on superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase-1 (GPx1), one of the elements of the intra-
cellular antioxidant system, both in vivo and for the first time through in silico studies.

2. Material and methods
2.1. Animal treatment

The boron compound, 99 % pure boric acid, was purchased commercially, and Se (seleno-L-methionine, S3132) and CP were
obtained from Sigma (Germany). Of these substances, 500 mg of CP was dissolved in 25 mL of physiological saline and prepared for
injection [23]. The chemical injections were administered intraperitoneally (i.p.) with sterile disposable syringes after the solutions
had been freshly prepared. The solution was prepared by dissolving 1.5 mg/kg Se [24] and 20 mg/kg B [25,26] in 0.5 mL saline and
administered i.p. All animals were weighed and the drug doses to be administered were determined. The weight of the animals was
determined before the first injection and sacrifice. The doses and duration of chemical administration to all experimental groups are
shown in Table 1.

For the experiment, male Sprague-Dawley rats weighing 200-250 g were selected and randomly divided into six groups: Control,
CP, B, Se, B + CP, and Se + CP. For six days, the rats in this study received intraperitoneal (i.p.) injections of 1.5 mg/kg Se and 20 mg/
kg B. Only on the fourth day of the experiment was a single dose of CP (200 mg/kg) injected intraperitoneally. Blood and liver samples
were taken while the rats were sedated.

2.2. Anesthesia and surgical applications

All experimental studies were performed with hygienic surgical equipment. Intracardiac blood sampling was performed in animals
anesthetized with ketamine (50 mg/kg)/xylazine (10 mg/kg). Blood samples were centrifuged at 3000 rpm for 10 min and serum were
collected. The serum samples placed in polyethylene tubes were stored in the freezer at —80 °C for biochemical assays. The livers were
collected and weighed. The liver weight index (LWI) were calculated using the following formula.

*LWI = (liver weight/body weight (BW)) x 100.

2.3. Histological examinations

For histopathological examination, the liver specimens were cut into small pieces and fixed in Bouin’s solution. After dehydration
in ethanol (70, 90, 96, 100 %), the tissue samples were cleaned in xylene, embedded in paraffin, and cut into sections of 5-6 pm. The
liver sections were then stained with hematoxylin-eosin (H-E) and Masson’s trichrome (Masson).

2.4. Immunohistochemical examinations

Liver tissue samples were regularly deparaffinized and rehydrated before being heated in an oven at 700 W for 10 min and then
antigenized with citrate buffer (pH 6.0). After blocking with 3 mL H202 and porcine serum, the sections were incubated with primary
antibodies against Bax, Bcl-2 and caspase-3. Immunohistochemical analyzes of Nrf2 and Keap-1 were performed according to tech-
niques performed in previous studies [26]. Slides were cleared in phosphate-buffered saline and then treated with a secondary
anti-rabbit antibody for 45 min. After visualization with a DAB kit, samples were counterstained with Mayer’s hematoxylin.
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Fig. 1. The body weights, liver weights, and the relative liver weights of rats (mean + standard deviation). *Significant difference of p < 0.05
compared to the control group. Se: Selenium, B: Boron, CP: Cyclophosphamide.

2.5. Measurement of liver function markers

Enzymatic colorimetric methods were used to assess serum levels (aspartate aminotransferase (AST), alkaline phosphatase (ALP),
alanine aminotransferase (ALT) [13,29].

2.6. Determination of the values of the antioxidant defense system and lipid peroxidation markers in serum

Serum levels of SOD, CAT, MPO, GPx, MDA, and GSH were measured using a commercially available colorimetric kit.

2.7. Determination of the level of oxidative stress in the serum

TOS and TAS were measured in serum using a commercially available colorimetric assay kit. The OSI value was calculated based on
the TOS/TAS ratio [30].

2.8. Identification of proinflammatory cytokines

The proinflammatory cytokines in serum were measured using commercially available ELISA kits (enzyme-linked immunosorbent
assay). The concentrations of nuclear factor kappa B (NF-kB), tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), interleukin-10 and
interleukin-1f (IL-1p) were determined using a rat ELISA kit. The analyzes were performed using an ELISA plate reader (Bio-Tek,
Winooski, VT, USA).

2.9. Molecular modeling studies

The software package AutoDockTools (1.5.6) was used for molecular docking studies. In this study, the three-dimensional crystal
structures of the target proteins CAT (PDB ID: 1TGU), SOD (PDB ID: 1CBJ) and GPx1 (PDB ID: 2F8A) were downloaded from the
protein database. Using the AutoDockTools (1.5.6) software, water molecules were first removed from the protein structures prior to
molecular docking. Then hydrogen atoms were added and non-polar hydrogen atoms were combined. Finally, the protein structures
were prepared by adding Kollman charges. The molecular structure of the Se, B and CP ligand molecules to be used in the molecular
docking study was downloaded from the freely accessible PubChem website. The ligands were added to the receptor structures and the
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Fig. 2. Microscopic liver images according to experimental groups. Shown are the control group (a), the Se group (b), the B group (c), the CP group
(d), the Se + CP group (e) and the B + CP group (f). It can be observed that the control, Se and B groups have a typical histological appearance. In
the CP group, the presence of degenerated hepatocytes (yellow arrows) and congestion can be seen. In the B + CP group, the congestion also did not
completely regress. However, it can be seen that the Se + CP group has an appearance close to that of the control group. Bar: 50 pm, hematox-
ylin-eosin.

rotatable bonds were determined for the ligands. After defining a grid box with a grid spacing of 0.375 A for each protein using
AutoGrid4, molecular docking was performed. When performing the docking procedure, the default parameters were selected and
Lamarck’s genetic algorithm was used to calculate the binding free energy. The complex structure with the lowest binding free energy
was selected as the final conformation and the binding free energy was considered as the docking score. In the molecular docking
study, the docking procedures were first performed separately between the proteins (SOD, CAT and GPx1) and Se, B and CP. In the
second step, the molecular docking study was repeated between the Protein@Se and Protein@B complexes and CP formed in the
previous step and the types and lengths of interactions between the proteins and ligands used were visualized and analyzed using the
BIOVIA discovery studio program.

2.10. Validation studies

In addition to molecular docking, validation studies of the interactions of the CuZnSOD macromolecule with Se and B were per-
formed considering the specific CuZnSOD activators previously reported in the literature. The activator molecules presented in the
literature were selected for CuZnSOD as lactose, maltose, sucrose and trehalose molecules [31].When performing the validation
studies, the method from our previous studies was taken into account [12]. In the validation experiments, the binding energy values
and root-mean-square deviation (RMSD) values were considered and the techniques established for docking operations were used. The
RMSD values are usually calculated only for the moveable heavy atoms with respect to the optimal binding mode. The two RMSD
values that AutoDock Vina calculates are the RMSD lower bound and the RMSD upper bound. These variations are based on the way
the atoms are matched to determine the distance [32].

2.11. Statistical analyses

Statistical analysis was performed using the programs SPSS 20.0 and Sigma Stat 3.5. Continuous quantitative data; n was expressed
as mean and standard deviation, and qualitative data were expressed as n, median, 25th and 75th percentiles. Continuous data that
consisted of independent measures and were normally distributed were determined using the one-way ANOVA test (Tukey and
Student-Newman-Keuls methods are used in multiple comparisons of this test), and data that consisted of score variables that did not
have a normal distribution were analyzed using the Kruskal-Wallis test (Tukey and Student-Newman-Keuls methods are used in
multiple comparisons of this test). The differences between the experimental groups that resulted in a numerical value (p) in all
statistical applications were considered significant if p < 0.05.
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Fig. 3. Microscopic liver images according to experimental groups. Shown are the control group (a), the Se group (b), the B group (c), the CP group
(d), the Se + CP group (e) and the B + CP group (f). It can be observed that there is no significant positive staining (apoptosis) in the control, Se, and
B groups. In the CP group, positive staining of apoptotic hepatocytes (yellow arrows) is conspicuous. Although the number of apoptotic cells (yellow
arrows) decreased in the B + CP group, they still appear to be present. However, it can be observed that the number of apoptotic cells is significantly
reduced in the Se + CP group. Bars: 50 pm, Bax immunohistochemistry.

3. Results

The animal studied received a dose of Se (1.5 mg/kg) from the literature; the results of the acute toxicity test showed that no
toxicity or death occurred in animals up to 23.0 mg/kg Se (LDsq value = 0). This supports the use of Se in healthy humans as a
prophylactic antioxidant supplement [33]. In addition, LDsq values for B have been reported to be in the range of approximately
1700-3450 mg/kg body weight [34].

3.1. Body weights (BW) and liver weights (LW)

At the end of the experiment, a remarkable change was observed between the body weight groups (Fig. 1). The average BW was
highest in the control group and lowest in the CP group. The body weights of the CP-treated group were lower compared to the control
group (p < 0.05). Although the final body weights of the Se + CP and B + CP groups were higher, only the first group showed a
significant difference compared to the CP group. A notable difference between the groups was found in LW (p < 0.05). The LW was
highest in the Se and B groups and lowest in the CP group. The LW was lower in the CP group than in the control group and higher in
the Se + CP and B + CP groups than in the CP group (Fig. 1). Regarding LW, no remarkable changes were observed between the groups
(p > 0.05) (Fig. 1).

3.2. Histological results

Representative microscopic images obtained from the evaluation of liver sections stained with hematoxylin-eosin are shown in
Fig. 2(a-f). According to the results, the liver tissue in the control, Se and B groups showed a typical histologic appearance (Fig. 2a and
b and c). In the group receiving CP, degeneration of hepatocytes and congestion in the central veins were observed (Fig. 2 d). In the
groups that received Se or B prior to CP administration, the histologic findings were similar to those in the control group. However, it
was found that Se protected the liver slightly better from CP damage than B. This was due to the fact that some congestion was still
present in the B group (Fig. 2e and f).
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Fig. 4. Microscopic liver images according to experimental groups. Shown are the control group (a), the Se group (b), the B group (c), the CP group
(d), the Se + CP group (e) and the B + CP group (f). It can be observed that there is no significant positive staining (apoptosis) in the control, Se, and
B groups. In the CP group, there is positive staining of apoptotic hepatocytes (yellow arrows). Apoptosis was significantly reduced in the groups
receiving Se or B prior to CP. Bars: 50 pm, caspase-3 immunohistochemistry.

3.3. Immunohistochemistry

3.3.1. Bax staining

Representative microscopic images obtained as a result of the evaluation of liver sections immunohistochemically stained with Bax
are shown in Fig. 3(a-f). Accordingly, no significant apoptosis was detected in the liver tissues of the control, Se and B groups (Fig. 3a
and b and c). In the group that received CP, positive staining (apoptosis) was observed in the hepatocytes (Fig. 3 d). When comparing
the groups that received Se or B prior to CP administration, Se was found to significantly reduce apoptosis, while B was not as effective
as Se in preventing apoptosis (Fig. 3e and f).

3.3.2. Caspase-3 staining

Fig. 4 (a-f) below shows some microscopic photographs taken during the assessment of liver sections immunohistochemically
stained with caspase-3. No significant apoptosis was detected in the liver tissues of the control, Se and B groups (Fig. 4a and b and ¢). In
the CP group, hepatocytes with positive staining (apoptosis) were detected (Fig. 4 d). Prior to CP administration, there was a significant
decrease in apoptosis in the groups receiving Se or B (Fig. 4e and f).

3.3.3. Bcl-2 staining

An analysis of liver sections immunohistochemically labeled with the anti-apoptotic protein Bcl-2 yielded representative micro-
scopic images (Fig. 5a—f). It was found that the liver tissue of the control, Se and B groups contained positively stained hepatocytes
(Fig. 5a and b and c). The hepatocytes of the CP group showed no positive staining (Fig. 5 d). The groups that were administered Se or B
prior to CP treatment also had positively stained hepatocytes (Fig. Se and f).

3.3.4. Nrf2-Keap-1 staining

The next figure, Fig. 6(a—f), shows representative microscopic images taken after evaluation of liver slices stained with Nrf2
immunohistochemistry. The result is that the cytoplasm of the hepatocytes was positively stained in each group, but the nuclei were
not stained in any of the groups. However, it is noteworthy that the staining in the other groups was not as strong as in the control
group (Fig. 6a—f).

Fig. 7(a-f) shows representative microscopic images obtained from the evaluation of liver sections immunohistochemically stained
with Keap-1. The result is that the cytoplasm of the hepatocytes of all groups were positively stained, but the nuclei of the hepatocytes
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Fig. 5. Microscopic liver images according to experimental groups. Shown are the control group (a), the Se group (b), the B group (c), the CP group
(d), the Se + CP group (e) and the B + CP group (f). Positive staining (yellow arrows) is observed in hepatocytes of the control, Se, and B groups. No
positive staining was observed in the hepatocytes of the CP group. It can be seen that there are hepatocytes (yellow arrows) that are positively
stained in the groups that received Se or B before CP. Bars: 50 pm, Bcl-2 immunohistochemistry.

in none of the groups showed positive staining. However, it is significant that the staining was less intense in the other groups than in
the control group (Fig. 7a-f).

3.4. ALT, AST, ALP, TAS, TOS, and OSI results

Fig. 8 shows the serum levels of ALT, AST, ALP, TAS, TOS and OSI. When comparing the Se, B and control groups with the group
receiving only CP, a statistically significant shift in serum levels of ALT, AST, ALP, TAS, TOS and OSI was observed. When the groups
treated with Se + CP and B + CP were compared with the group treated with CP, a statistically significant difference was observed in
the serum levels of ALT, AST, ALP, TAS, TOS and OSI. Nevertheless, Se was found to be more protective of the liver than B.

3.5. Levels of proinflammatory cytokines

Fig. 9 shows the serum levels of TNF-a, IL-1p, IL-6 and IL-10. Consequently, a statistically significant shift in serum levels of NF-kB,
TNF-a, IL -1, IL -6 and IL -10 was observed when the group receiving CP alone was compared with the Se, B and control groups. A
statistically significant difference was observed in serum levels of NF-kB, TNF-a, IL -1, IL -6 and IL -10 when the Se 4+ CP and B + CP-
treated groups were compared with the CP-treated group. However, the results showed that Se protects the liver more effectively than
B due to its anti-inflammatory effect.

3.6. Results of SOD, CAT, GPx, MDA, and GSH levels in serum samples

The MPO, SOD, CAT, GPx, MDA and GSH levels in serum are shown in Fig. 10. A statistically remarkable change in serum levels of
SOD, CAT, GPx, MDA and GSH was observed in the group receiving only CP compared to groups Se, B and the control.

When comparing the MPO, SOD, CAT, GPx, MDA and GSH values between the groups receiving Se + CP and B + CP and the group
receiving CP, there was a statistically significant difference. Se was found to have a greater effect on preventing lipid peroxidation and
improving the antioxidant defense system compared to B.
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Fig. 6. Microscopic liver images according to experimental groups. Shown are the control group (a), the Se group (b), the B group (c), the CP group
(d), the Se + CP group (e) and the B + CP group (f). It can be seen that the cytoplasm of hepatocytes is positively stained in all groups (yellow
arrows), more clearly in the control group, but the nuclei of hepatocytes do not show positive staining in any group. Bars: 50 pm, Nrf2
immunohistochemistry.

3.7. Molecular docking results

3.7.1. Molecular docking and validation results for CuZnSOD

The molecular mechanism of the protective effect of Se and B against CP-induced damage was investigated by in silico studies,
considering the crystal structure of CuZnSOD. Gibbs free energy changes, H-bonds interactions, Pi-Alkyl interactions, Cu-His61-Zn
bridge ruptures/reformations, and bond lengths were determined for docking of CP, Se, and B into SOD. The summative results as
presented in Table 2. The molecular docking results obtained based on the interactions of CP, Se and B with CuZnSOD are shown in 2D
and 3D in Fig. 11.

The results of the validation study comparing the types of interactions and Gibbs free energy change values between CP, Se and B
and CuZnSOD are shown in Fig. 12a and b. To investigate the type of interactions involved in the binding reaction, the stability of the
activators (lactose, maltose, sucrose and trehalose) with the CuZnSOD protein complexes was evaluated considering the RMSD and
hydrogen bonds (Fig. 12a and b). Fig. 12 a displays the findings of an analysis of the kinetics of the binding process and the flexibility of
CuZnSOD.

On the other hand, the effects of CP on the activity of CAT and the changes in these effects due to Se and B doping were investigated
separately by in silico studies (Fig. 13a—c). The results of in silico studies conducted to explain the detrimental effects of CP on the
activity of CAT and the mechanism of action of Se and B to reduce these effects are summarized in Table 3. The interaction results for
CP, Se and B with CAT amino acid residues were also shown in Fig. 13b and c. To evaluate the effects on the interaction mechanisms of
CAT, molecular docking analyses of both interactions between B-CAT and Se-CAT were first performed; the results are shown in
Fig. S3. 3D images of the docking results are shown in Fig. S4.

Glutathione (GSH) is a tripeptide antioxidant that protects cells from the toxic effects of reactive oxygen species and plays an
important role in the detoxification of hydrogen peroxide and lipid peroxide by the enzyme GPx1. GPx (human erythrocyte GPx1, PDB
code: 2F8A), a selenoprotein, is an antioxidant enzyme that tends to reduce hydroperoxides derived from lipids or non-lipids. The
results of the in silico study explaining the inhibitory effect of CP on GPx1 activity and the mechanism of action of Se and B used to
reduce this effect are shown in Fig. 14a—c. In addition, the evaluations of hydrogen bonding and hydrophobic interactions of both co-
docking and separate docking of CP, Se and B into GPx1 are summarized in Table 4. To assess the impact on GPx1 interaction
mechanisms, primarily the molecular docking results of the interactions between B and Se and GPx1 are shown in Fig. S5. On the other
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Fig. 7. Microscopic liver images according to experimental groups. Shown are the control group (a), the Se group (b), the B group (c), the CP group
(d), the Se + CP group (e) and the B + CP group (f). It can be seen that the cytoplasm of hepatocytes is positively stained in all groups (yellow
arrows), most clearly in the control group, but the nuclei of hepatocytes do not show positive staining in any group. Bars: 50 pm, Keap-1
immunohistochemistry.

hand, the effects of CP on GPx1 activity and the changes in these effects due to Se and B doping were investigated separately by in silico
studies, and the docking results for possible binding sites are shown in Fig. 14a—c. The 3D images of the docking results are shown in
Fig. S6.

4. Discussion

The results show that the CP group has the lowest mean values for LW. However, apart from the CP group, the mean values of the
liver index showed no statistically significant difference between the groups. According to this result, CP is a risk for the whole body
and also for the liver. When we look at the literature, we find that some studies on the effects of CP on liver weight have produced
conflicting results. Goyal et al. reported that rats treated with CP had a significantly lower liver weight than the control group [35].
Adikwu and Bokolo found that CP did not significantly alter the wet weight of rat livers [36]. Similar to Goyal et al. [35], they found
that rats treated with CP had significantly lower liver weights compared to rats in the control group. In the present study, the mean LW
values were higher in the Se 4+ CP and B + CP groups than in the CP-only group, suggesting that Se and B may have a protective effect
against CP toxicity. This result is probably due to the neutralizing effect of Se and B on the toxicity of CP. There is no comparative study
in the literature showing the effect of Se and B on the decrease in liver weight caused by CP. However, the toxic effect of CP on liver
function could explain an increase in AST, ALT and ALP levels in the group receiving CP compared to the control group. ALP, ALT and
AST levels have been shown to increase in response to CP [37,38]. The remarkable changes in these indicators suggest that CP causes
liver cell damage and liver dysfunction [39]. In the present study, the levels of AST, ALT and ALP were significantly lower in the Se +
CP and B + CP groups than in the CP group, which may indicate that Se and B improve liver functions. It is known that Se and B have
the ability to restore the levels of AST, ALT and ALP. In other words, it can be stated that Se and B may have achieved this effect by
protecting the integrity of the cell. Cengiz et al. [26] found the liver damage caused by CP in rats and the associated high levels of AST,
ALT and ALP were compared with those after administration of B [26]. Methimazole was found to increase plasma transaminase
activities and total, direct and indirect bilirubin levels. Co-administration of Se with diet improved all biochemical parameters [40]. In
the CCl4-treated group, there was a significant increase in serum AST, ALP and ALT activities, indicating CCls-induced liver cell injury
compared to the control group (p < 0.05). However, it was found that treatment with B at a dose of 200 mg/kg before CCl, reversed the
CCl4-induced change in AST, ALP and ALT (p < 0.05). Se and B could have this effect via lowering ROS levels, which may limit in-
flammatory processes and prevent apoptotic cell death, and increasing antioxidant levels, which may prevent GSH degradation. In
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Fig. 8. Comparison of the values of ALT, AST, ALP, TAS, TOS, and OSI in all groups. ***; p < 0.001; There is a very notable change compared to the
control group. **; p < 0.01; There is a remarkable change compared to the control group. *p < 0.05; There is a significant difference compared to
the control group.

addition, it may have an indirect inhibitory effect on apoptosis [41].

Abnormalities in redox homeostasis have also been associated with various drug- and chemical-induced liver injury, including CP
[42-59]. After CP therapy, free radical production attacks hepatocyte membranes and causes lipid peroxidation, which is a sign of
oxidative insults and induction of cell damage [60]. In this current study, it had been found that the group receiving CP had the lowest
levels of GSH, CAT, GPx-1, TOS and SOD and the highest levels of MDA and TAS, which increased the number of oxidative radicals,
depletion of cellular antioxidant reserves, lipid peroxidation and consequent oxidative stress. The fact that the levels of GSH, GPx-1,
TOS, CAT and SOD were higher in the Se + CP and B + CP groups than in the CP-only group, and that the levels of MDA and TAS were
lower than in the CP-only group, suggests that B and Se increase intracellular antioxidant status. However, even with a small dif-
ference, Se was found to be more protective against CP-induced changes than B. In one study, CP administration resulted in a sig-
nificant decrease in SOD, CAT and GSH and an increase in TBARS and nitrite levels, leading to oxidative stress [61]. Administration of
CP resulted in a significant decrease in GSH levels, SOD, CAT and GST and an increase in MDA levels [62]. In a similar study, a
significant (p < 0.05) decrease in liver enzymes SOD, CAT, GSH and GPx-1 were observed in rats administered CP compared to control
[36]. Intraperitoneal administration of CP increased malonaldehyde levels, decreased glutathione levels and the activity of antioxidant
enzymes (GPx1, glutathione transferase, SOD and CAT). Oral administration of Se significantly decreased MDA, ROS and glutathione
levels and restored the activity of antioxidant enzymes [63]. In rats treated with CP alone, the levels of TOS and OSI increased, while
TAC levels decreased. CP decreased when Se and biochemical results were processed together [64]. CP caused an increase in
malondialdehyde and a decrease in the activities of CAT, GSH, SOD and antioxidant activities in plasma. In addition, B reversed all
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Fig. 9. Shows the effect of CP, Se, and B on the levels of NF-kB, TNF-a, IL -1, IL -6, and IL -10. ***; p < 0.001; There is a very notable change
compared to the control group. *p < 0.05; There is a significant difference compared to the control group.

changes induced by CP [65]. In agreement with the literature, our study group also indicates that B and Se support antioxidant capacity
and prevent lipid peroxidation [13,21,64]. Consistent with the results of this study, previous studies in the literature have documented
that Se and B can reduce free radical formation in experimental rats undergoing CP-induced liver injury [26,66].

In the present study, microscopic analysis of the livers of the CP group showed damage such as degeneration of degenerated he-
patocytes and congestion that were larger and more conspicuous than in the other groups. Iqubal et al. demonstrated the biochemical
and morphological effects of CP on the livers of albino rats and numerous changes such as necrosis, cell infiltration and hemorrhagic
areas [61]. Mahmoud et al. reported the effects of CP on the liver of albino rats, extensive mononuclear infiltration, loss of cell margins,
necrosis and massive loss of cytoplasm in the hepatocytes [67]. Here, we demonstrated the morphologic changes of the liver with
degeneration similar to the two studies mentioned above. In fact, the histologic degeneration detected in the CP group was less in the B
+ CP and Se + CP groups, suggesting that B and Se also improve liver histology. These results are consistent with the studies of Kar
et al. and the studies of Ince et al. [65,68]. The exact method by which Se and B may exert these protective effects is controversial. It is
likely that Se and B prevent tissue damage by blocking lipid peroxidation and stimulating antioxidant enzymes [69,70]. The results of
this study show that in liver sections stained with Nrf2-Keap-1 immunohistochemistry, the cytoplasm of hepatocytes was positively
stained in all groups, whereas there was no positive staining in the nuclei of hepatocytes in any group. The results of this study appear
to differ from those reported in the literature [71,72]. However, more detailed studies are needed to determine the reasons for this
difference. Instead of acting as Nrf2 activators, B and Se might act as free radical scavengers for CP and reduce CP-induced toxicity and
oxidative stress.

Several antineoplastic agents have been reported to activate the transcription factor NF-xB in addition to inflammation [73]. NF-xB
is one of the most important transcription factors involved in the regulation of genes involved in the process of inflammation, cell
proliferation and survival [73]. Akcay et al. [74] have shown that CP is related to the increased production of inflammatory mediators
produced by the damaged or immune cell-induced leukocyte infiltration at the site of injury. Gao et al. demonstrated that ROS
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Fig. 10. The effect of CP, Se, and B on the level of MPO, SOD, CAT, GPx, MDA, and GSH. ***; p < 0.001; There is a very notable change compared to
the control group. **; p < 0.01; There is a remarkable change compared to the control group.

increased the gene expression of inflammatory mediators and NF-xB [75], and Sami et al. reported that ROS increased the production
of TNF-a from Kupffer cells [76]. Presented study, CP-treated rats showed a remarkable increase of TNF-a and IL-1p in serum. This
phenomenon may be related to CP-induced upregulation of NF-kB. Comparable results have been shown in previous studies [77-79].
When rats were treated with CP (200 mg/kg), a significant increase in NF-xB p65, IL-6 and TNF-a levels was observed along with a
decrease in IL-10 levels [80]. After treatment with Se and B, a significant decrease in NF-kB, TNF-qa, IL-6 and IL-1 B levels and an
increase in IL-10 levels were observed. However, Se had a better effect than B on the activation of CP-induced proinflammatory
cytokines.

Consistent with the results of this study, many studies associated CP administration with apoptosis in the liver. Cengiz et al. [23]
reported that immunohistopathologic analysis revealed that the levels of caspase-3 and Bax were increased in the CP group compared
to the control group, while Bcl-2 levels decreased [23,81]. Alqahtani et al. investigated CP-induced apoptosis of hepatocytes and
determined both gene and protein expression levels of the proapoptotic factors caspase-3 and Bax by immunohistochemistry. They
treated the livers of rats with CP for two weeks and found that CP induced a remarkable increase in caspase-3 expression and protein
levels [82]. Caglayan et al. demonstrated that CP induces the apoptotic and autophagic pathway by increasing the expression of
cysteine aspartate-specific protease-3 and the concentration of light chain 3B (LC3B) and also increases the expression of 8-hydrox-
y-2-deoxyguanosine (8-OHdG), the marker of oxidative DNA damage [73]. Cengiz et al. reported that Bcl-2 levels decreased in the CP
group, while Bax and caspase-3 levels increased [38].

13



M. Cengiz et al. Heliyon 10 (2024) e38713

Table 2

Summative results of both co-docking and separate docking of CP, Se, and B into SOD.
Ligand AG (Kcal/mol) H-bonds Pi-Alkyl Cu-His61-Zn bridge rupture/reformation
Se —4.42 His78(2.54)" - -

Lys134 (2.16)
Lys134 (2.01)
B —4.33 Gly70 (2.07) - -
Gly70 (2.17)
Aspl122(2.04)

CP —4.18 Asn84(2.12) - -
Se + CP -4.16 CP: Thr86 (1.79) - -
Thr86 (2.81)

11e94 (2.16)
Se: Lys134 (2.16)
Lys134 (2.01)
His78(2.54)"
B + CP —-3.98 B: Gly70 (2.07) - -
Gly70 (2.17)
Asp122(2.04)
CP: Asn84(2.09)

@ Active site amino acid residues of SOD. Se: Selenium, B: Boron, CP: Cyclophosphamide. AG values marked in bold are the best binding energy
values (Lowest energy value).

According to the crystal structure of CuZnSOD, the molecular system investigated comprises the protein ligands of the first shell of
Cu and Zn metal centers and the ligand of the second shell Asp122 [83]. Based on the molecular docking results for B and Se, the
available sequences of the CuZnSOD macromolecule show strictly conserved residues in the active site region (Fig. S1 a, and b). Copper
is coordinated by His44, His46, and His118 structural ligands, while zinc is coordinated by His69, His78, and Asp81 structural ligands.
Both the Cu and Zn ions were included with His44, His46, His61, His69, His78, His118, and Asp81 ligands [83].

In the Se/CuZnSOD complex, His78, one of the amino acids His69, His78, and Asp81 responsible for the coordination of the Zn
metal, entered into a conventional hydrogen-bonding interaction with Se in addition to this coordination. This situation was not
observed in the interaction between B and SOD. The metal ions are separated by about 6.59 A, and His61 plays an exceptional bridging
role by coordinating Cu through HIS61 and zinc through His61. The lack of disruption of the His61 bridge for both Se and B suggests
that the activity of SOD is not reduced in either case [84]. The ASP122 carboxylate provides additional stabilization of the dinuclear
metal cluster by forming an indirect bridge via hydrogen bonds to both His44 and His69 [83].

Concerning B and Se doping, it was found that, unlike Se, a conventional hydrogen bonding interaction occurs between B and
Asp122, whereas there is no such interaction with HIS44 and HIS69 (Fig. 11). This suggests that the contribution to the thermal
stabilization of Asp122-induced SOD is eliminated in the B administration. Considering the changes in Gibbs free energy, we see that
the calculated value for the formation of the Se/CuZnSOD complex (—4.42 kcal/mol) is lower (—4.33 kcal/mol) than for the formation
of the B/CuZnSOD complex. Moreover, the lack of interaction between Se and the second-shell ligand (Asp122) suggests that Se in-
creases the activity of SOD more than B. These results are also consistent with the in vivo results.

The molecular docking results of the CP/CuZnSOD complex showed that the coordination of the two metals was not changed by CP
and that the Cu-His61-Zn bridge was not disrupted/reformed. As seen Fig. 11 a CP does not interact with Asp122, which also con-
tributes to the stability of SOD. However, the CP was found to have binding outside the range of Cu ions, which are directly responsible
for the catalytic activity of SOD, and Zn ions, which are indirectly responsible for the catalytic activity (Fig. S2 c). In addition, it can
also be seen that CP interacts with SOD, especially with conventional hydrogen bonds, carbon-hydrogen (2) and alkyl (3). These results
suggest that CP may have a negative effect on the activity of SOD, but not on its stability. Consistent with these results, the activity of
SOD decreased significantly in vivo.

In silico studies of Se and CP molecules on CuZnSOD were performed, and it was evaluated whether the negative effect of CP on the
activity of SOD could be prevented by Se; the results are shown in 2D in Fig. 11b and c. These interactions are shown in Fig. S2 in 3D.

In the in silico study of Se and CP molecules on CuZnSOD, Se did not affect the coordination of SOD with Cu and Zn, CP did not affect
the Cu-HIS61-Zn imidazolate bridge in the active region of CuZnSOD, 3 conventional hydrogen bonding occurred, and it did not
interact with Asp122 (Fig. 11 b). On the other hand, Fig. S2 shows that Se is located in the cave of the active center of SOD, while CP is
located in a cave near the cave of the active center of SOD. Considering that the diameter of the active site cavity of CuZnSOD is about
4.0 A, it can be seen that CP narrows the free volume in which the center of mass of the molecule required for the catalytic reaction of
SOD can move. According to the Sackur—Tetrode equation, this leads to an increase in the translational entropy value, so an increase of
AG is to be expected [83,85,86]. Considering Table 2, the AG value for CP was calculated as —4.18 kcal/mol, while this value increased
to —4.16 kcal/mol as a result of the co-application of Se with CP. In conclusion, the co-administration of Se and CP was found to be
consistent with the in vivo results that Se protects against the adverse effects of CP and somewhat supports the activity of SOD.

It was investigated whether the negative effect of CP on the activity of SOD can be prevented by using B as an alternative to Se, and
the results were shown in 2D in Fig. 11 c and 3D in Fig. S2. Considering Table 2 and Fig. 11 c, it was found that in the B@CP/CuZnSOD
complex that occurred by administrating B and CP together, B had a conventional hydrogen bonding interaction with ASP122 and CP
had only a conventional hydrogen bonding interaction (CP -ASN84). Similar to the Se@ CP/CuZnSOD complex, it was observed that B
did not affect the coordination of SOD with Cu and Zn and CP did not affect the Cu-His61-Zn imidazolate bridge in the active site of
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Fig. 11. Results of molecular docking due to the interaction of CP with CuZnSOD (2D representation): a) CP/CuZnSOD complex; b) Se@CP/

CuZnSOD complex; ¢) B@CP/CuZnSOD complex.
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Fig. 12. Validation results based on the interaction of Se and B with the CuZnSOD macromolecule and specific CuZnSOD activators (lactose,
maltose, sucrose, and trehalose): (a) Comparison of RMSD (108) and binding affinity values; (b) Comparison of binding affinity values ((Quantitative
value of AG from thermodynamic parameters calculated as a result of CuZnSOD interaction with the standard activators lactose, maltose, sucrose
and trehalose (**); Se and B (***)).

CuZnSOD. However, the 3 conventional hydrogen bonds between CP-SOD in the Se@CP/CuZnSOD complex decreased to 1 for CP-SOD
in the B@CP/CuZnSOD application. This indicates that the tolerance level of CP damage to SOD activity is better in B/CP application
than in Se/CP application. This is also supported by the in vivo results.

On the other hand, comparing the Se/CP and B/CP applications, 6 conventional hydrogen bonds are formed in Se/CP, while 4 are
formed in B/CP. This shows that the AG change of Se@ CP/CuZnSOD complexation is lower compared to B@CP/CuZnSOD, as this
negatively affects the enthalpy and entropy changes. However, this value does not mean that it has a positive effect on the activity [83,
85,86].

Considering the validation studies (Fig. 11-a), it was determined that Se rather than B exhibited similar RMSD fluctuations as the
standard CuZnSOD activators presented in the literature. On the other hand, Fig. 11-b shows that Se and B exhibited better negative
binding energy values (—4.42 and —4.33 kcal/mol, respectively) compared to standard CuZnSOD activators (lactose, maltose, sucrose,
and trehalose).

Compared to the AG values of CuZnSOD activators, Se and B showed lower values. Fig. 11-b shows that the best AG values belong to
maltose and trehalose activators. All these results suggested that the binding affinity of CuZnSOD was greater to Se than to B, including
maltose and trehalose activators. Validation studies show that the activator effect of Se on CuZnSOD activity may be stronger than
specific CuZnSOD activators (lactose, maltose, sucrose, and trehalose).

Molecular docking studies have been repeated to demonstrate interactions between CP and CAT. CAT is an enzyme known to play a
very important protective role against oxidative stress. Similar to our previous work, Se, B, and CP molecules were placed in one of the
four identical subunits of CAT, each containing more than 500 amino acids with a porphyrin ring in the active site of heme [87]. The
catalytic residues of CAT are Arg71, Val73, Phe333, Tyr357, and Arg364 [88]. Considering Fig. S3, it was found that Se interacted with
the active site residues of CAT, but B did not. These results suggest that B contributes more to the activity of CAT compared with Se.

Looking at Fig. S4 a, it is clear that the CP is located in the cavity containing the amino acids responsible for the catalytic activity of
the CAT. From Table 3 and Fig. 13 a, it is clear that CP primarily forms conventional H-bond interactions and pi-alkyl/alkyl in-
teractions with all amino acid residues responsible for the catalytic activity of CAT. The value of the AG energy change due to these
interactions was calculated to be —6.18 kcal/mol. Both the change in binding free energy and the binding with all amino acids of the
catalytic cavity in the CP/CAT complex indicate that CP causes a decrease in the activity of CAT. From the 3D images (Figs. S4 b and c)
obtained as a result of doping of CP with Se and BA, it is evident that CP forms hydrophobic interactions in regions outside the active
site cavity of CAT. When Se and B are evaluated in terms of protection from damage to CP, CP can be expected to have fewer con-
ventional hydrogen bonding interactions and weaker pi-alkyl interactions compared to B when Se is doped, which may indicate that Se
provides more protection for the activity of CAT. This is consistent with the in vivo results.

GPx1, which is involved in all reactions of detoxification of hydrogen peroxide into water and lipid peroxides into alcohols,
performs its function with the help of two glutathione molecules in a two-step process. The selenocysteine residue in the active site is
important in this process. However, it has been reported that the active site selenocysteine is mutated to glycine (Gly47) in the crystal
structure of GPx1 (2F8A) [89,90]. Therefore, Gly47 was considered to be an active site selenocysteine residue in in silico studies. In
addition, Janetzki et al. reported residues Gly47, Arg52, and Argl79 as catalytic triads for GPx1 (2F8A) and amino acid residues GIn82
and Trp160 as inhibitor binding sites [90]. In addition, Trp160, Arg179, and Phe181 were identified as important amino acids for the
glutathione redox reaction. The molecular docking studies aimed to investigate the effect of CP on GPx1 activity, which plays an
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Fig. 13. Molecular docking results due to the interaction of CP, Cp&Se and CP &B with CAT (2D representation): a) CP @CAT complex; b) CP &Se@
CAT complex; ¢) CP &B@ CAT complex.

Table 3
Summative results of both co-docking and separate docking of CP, Se, and B into CAT.
Ligand AG (kcal/ H-bonds Pi-Alkyl
mol)
Se —6.73 Arg71(1.97)°, Phe333(2.25)", Phe333(2.57)%, His361 (2.02), Leu331 -
(1.949)
B —4.78 Thr218 (1.84), Lys232 (1.94), Asp297(1.86), Asp347(2.05), Asp347 -
(2.08)
CP —6.18 Phe333(2.12)" His361 (2.27), Arg364(2.35)" His74(5.30)", Phe333(4.15)", Tyr357(5.28)", His361
(4.10),
Se + CP -5.70 Se: Arg71(1.97)%, Leu331 (1.94), Phe333(2.25)", Phe333(2.57)%, Se: Phe160(4.48)
His361 (2.02) CP: Phel52(4.45), His217 (4.87)
CP: Asn147(1.71)
B + CP —5.05 B: Leu331 (2.05), Phe333(2.26), His361 (2.06) B: None
CP: Asn147(2.95), Ser216(1.67) CP: His74 (4.33), Phel52(4.11)

@ Active site amino acid residues of CAT. Se: Selenium, B: Boron, CP: Cyclophosphamide. AG values marked in bold are the best binding energy
values (Lowest energy value).

important role in protecting the organism from oxidative damage, and to predict the protective aspects of Se and B on the activity.
Docking studies of Se, B, and CP molecules were performed by targeting the active site residues of one of the two identical 184 amino
acid subunits of GPx1. Fig. S5 a shows that Se does not interact with the selenocysteine residue (Gly47) of GPx1 and the active site
residues of the catalytic triad. Fig. S5 b shows that B has two distinct effects on GPx. One is that B interacts with GIn82 and Trp160 to
block inhibitory binding residues in GPx1 inhibition. The other effect is to interact with Gly48, the neighbor of Gly47 that functions as
selenocysteine at the active site, and Trp160, the glutathione disulfide binding site. These interactions can be interpreted as a decrease
in the GPx1 activity of B.

Considering Fig. S6 a, it is clear that the CP is located in the cavity containing the selenocysteine residue of GPx1, which contains
the amino acids responsible for the catalytic activity. CP does not bind to the amino acids of the catalytic triad (Gly47, Arg52 and
Arg179) and the glutathione disulfide binding sites of GPx1. However, conventional hydrogen bonding, alkyl, and other interactions
with other amino acids in the cavity containing these amino acid residues indicate that the binding site of the glutathione tripeptide is
blocked, resulting in a decrease in activity. Gibbs free energy exchange values obtained as a result of doping Se and B with CP showed
that the protective effect of CP on the decrease of GPx1 activity could be stronger at B compared with Se. This is because when B and CP
were applied together, there was an increase in the AG value (from —4.32 kcal/mol to —4.38 kcal/mol) and the affinity of GPx1 for CP
decreased. While the in silico results for SOD and CAT were found to be fully compatible with the in vitro results, the in silico-in vitro
compatibility for GPx1 was less pronounced.

5. Conclusion

This study demonstrated that CP can cause liver injury through oxidative stress, inflammation, and apoptosis. According to our in
vivo and in silico results, Se and B treatment can protect rat liver tissue from CP-induced oxidative stress, inflammation, and apoptosis
by regulating Bax/Bcl-2 and Nrf2-Keap-1 signaling pathways. In conclusion, Se showed a better effect than 20 mg/kg B in the pre-
vention of liver toxicity caused by CP. Supplementation with Se and B could be a possible way to alleviate the liver damage caused by
CP. More research using other molecular biomarkers should be conducted to increase therapeutic applicability and potential clinical
benefit.
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Fig. 14. Molecular docking results due to the interaction of CP, CP&Se, and CP &B with GPx1 (2D representation): a) CP @ GPx1 complex; b) CP
&Se® GPx1 complex; ¢) CP &B@ GPx1 complex. Se: Selenium, B: Boron, CP: Cyclophosphamide.

Table 4
Summative results of both co-docking and separate docking of CP, Se, and B into GPx1.
Ligand AG (kcal/mol) H-Bonds Pi-Alkyl
Se -5.97 Arg155 (2.04), Asp157 (2.04), Ala138 (2.05) -
B —4.95 Gly48 (2.24), Thr49 (2.17), GIn82 (2.11), Trp160 (2.13) -
CP —4.32 GIn78 (1.86) -
Se + CP —-3.24 Se: Ala138 (2.05), Argl55 (2.04), Asp157(2.04) Se: None
CP: Argl179 (1.58), Argl79 (2.04), Arg180 (2.60) CP: Trp160 (4.68), Trp160 (4.32), Trp160 (4.63)
B + CP —4.38 BA: Gly48 (2.24), Trp160 (2.13), Thr49 (2.17), GIn82 (2.11) -

CP: GIn78 (1.65)

Se: Selenium, B: Boron, CP: Cyclophosphamide.
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