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ABSTRACT 

Background: Arsenic contamination of underground drinking water has become a major global environmental concern. Stud-

ies have linked the consumption of water contaminated by arsenic to myriads of disease outcomes through unknown mecha-

nisms.  

Methods: In the present study, the possible effects of varying concentrations of arsenic added to drinking water were on ener-

gy-metabolizing enzymes (hexokinase, aldolase, lactate dehydrogenase, malate dehydrogenase, Complex I, Complex II, Com-

plex III, and Complex IV) in the lymphocytes and brains of male albino rats. Periodic acid Schiff stain and Feulgen reaction 

techniques were also used to assess hepatic glycogen level and the possibility of hepatic DNA damage, respectively. Male 

Wistar rats (n=45) were exposed to arsenic added to drinking water at 100, 150, and 200 ppm for 4, 8, and 12 weeks. Rats in 

the control group (n=5) received distilled water. At the end of the experimental period, blood was taken via cardiac puncture, 

and the brain and liver were also excised for biochemical and histological studies.  

Results: Exposure to arsenic resulted in significant (p < 0.05) body weight loss with a concomitant increase in the relative 

brain and liver weights. A significant time- and dose-dependent (p < 0.05) inhibition of the activities of lymphocyte hexoki-

nase and aldolase, lymphocyte and brain malate dehydrogenase, as well as complexes I, II, III, IV in both the lymphocyte and 

brain was the hallmark of arsenic exposure. Histological studies indicated that arsenic exposure also led to the depletion of 

hepatic glycogen storage in the liver and marked DNA damage in the arsenic-exposed animals relative to control.  

Conclusion: These findings indicate that arsenic perturbed the activities of energy-metabolizing enzymes, which may be one 

mechanism of arsenic-induced toxicity. 
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1.0 INTRODUCTION 

Underground water is the major water source in many 

parts of the World. In many parts of Africa, most rural 

and city dwellers depend on underground water for suste-

nance without prior knowledge of the adverse effects of 

underground water contamination [1, 2]. Several epide-

miological studies have, however, implicated arsenic as a 

major contaminant of underground water [3]. 

Arsenic is a naturally occurring ubiquitous heavy metal 

[4]. Arsenic is an environmental contaminant widely 

available in water bodies, poisoning several people across 

the globe [5]. According to the Priority List of Hazardous 

Materials published by the Agency for Toxic Substances 

and Disease Registry (ATSDR), arsenic is ranked as the 

most hazardous heavy metal [5]. The presence of arsenic 

in close proximity to water bodies and its solubility in 

water have increased its toxicity levels in drinking water 

from underground sources, which is the sole source of 

potable drinking water for several people [6]. 

The permissible limit of arsenic in water considered suit-

able for drinking is 0.05 mg/L [5, 7]. However, because 

of myriads of human activities, such as geological and 

industrial activities, arsenic is released in massive quanti-

ties as constituents of effluents released from the industry 

into the environment. These and other human practices 

are expected to increase the quantity of arsenic in drink-

ing water far above the approved permissible limit [8]. 

This concentration of arsenic in drinking water varies 

from one geographical location to the others. For in-

stance, studies revealed that the quantity of arsenic in the 

drinking water obtained from Zaria in Kaduna State is 

between 0.03 and 0.14 mg/L, between 0.17 and 0.25 mg/

L in Sokoto metropolis, Sokoto State, and 0.809 mg/L in 

Gwarzo LGA of Kano State [9]. 

Arsenic exposure has been shown to cause the induction 

of a plethora of adverse reactions in both humans and 

animals, culminating in changes in several signaling mol-

ecules, causing abnormalities in the structure and func-

tion of multiple organs [10]. Specifically, inorganic arse-

nic has been implicated in oxidative stress [11], inflam-

mation and immune disorders, genetic damage, and dis-

ruption of cell cycle homeostasis [10]. Studies have pre-

viously implicated arsenic in the pathogenesis of myriads 

of disorders such as neurotoxicity, nephrotoxicity, hepa-

totoxicity, cardiovascular disorders, and cancer of multi-

ple origins, among other disease endpoints [2]. Several 

researchers have attempted to elucidate the mechanistic 

pathway of arsenic-induced toxicity, but to date, to the 

best of our knowledge, the exact mechanism of arsenic-

induced poisoning remains enigmatic. In this study, 

therefore, we speculated that the perturbation of the ener-

gy metabolic pathway might be one of the mechanisms of 

arsenic's many disease endpoints. 

 

2.0 METHODOLOGY 

2.1 Materials 

2.1.1 Chemicals and reagents 

Sucrose, succinate, ethylene glycol-bis (β-aminoethyl 

ether)-N, N, N′, N′-tetraacetic acid (EGTA), Ficoll paque, 

magnesium sulfate, mannitol, glucose-6-phosphate dehy-

drogenase, sorbitol, rotenone, ethanol, nicotinamide ade-

nine dinucleotide (NADH), adenosine diphosphate, ox-

aloacetate, ethylenediaminetetraacetic acid (EDTA), fruc-

tose-1,6-bisphosphate, potassium ferrocyanide, phos-

phoenolpyruvate, tris (hydroxymethyl), sodium chloride, 

potassium chloride, manganese chloride, imidazole, hy-

drochloric acid (HCl), sodium hydroxide, trichloroacetic 

acid, calcium chloride, ferric chloride, cytochrome c, ace-

tic acid, orthophosphoric acid, hydrazine sulfate, glacial 

acetic acid, adenosine triphosphate, diethyl ether, sodium 

arsenate, and ferric chloride hexahydrate, were some of 

the chemicals that were used for this study. They were 

procured from British Drug House (BDH) Chemicals 

Limited, England, and produced by Rotex Medical, Ger-

many. They were of high diagnostic standards. Diagnos-

tic kits produced by CYPRESS® Diagnostics, Belgium, 

were used to determine the total protein and lactate dehy-

drogenase (LDH) activity. 

2.2. Methods 

2.2.1 Animal care and ethics 

The protocols used in the present study were based on the 

International Animal Care and Use Committee guide-

lines, which are in tandem with the Guide for the Care 

and Use of Laboratory Animals, a National Institute of 

Health publication. 

2.2.2 Experimental Protocol 

Fifty (50) apparently healthy male Wistar rats, weighing 

between 180 and 220 g, were purchased from Mac-

Temmy Farm Limited, Ogbomoso, Nigeria. The animals 

were immediately kept in the animal house of the Bio-

chemistry Department, LAUTECH Ogbomoso. The ani-

mals were acclimatized for two weeks before the instiga-
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tion of exposure to arsenic. They were maintained on a 

standard rat regimen produced by Vita Feeds Nigeria Ltd. 

The Wistar rats were maintained at a condition of a 12-

hour dark-light cycle and 22±2 °C all through the experi-

ment. 

The experimental animals were randomly distributed into 

ten groups, each comprising five animals. Group 1 (the 

control group) received only drinking water. Groups 2, 3, 

and 4 were exposed to 100 ppm, 150 ppm, and 200 ppm 

inorganic form of the arsenate (Na2HASO4) in their drink-

ing water for four weeks. Groups 5, 6, and 7 were also 

subjected to 100 ppm, 150 ppm, and 200 ppm inorganic 

form of the arsenate (Na2HASO4) along their drinking 

water for eight weeks, while groups 8, 9, and 10 were also 

subjected to 100 ppm, 150 ppm, and 200 ppm inorganic 

form of the arsenate (Na2HASO4) along their drinking 

water for 12 weeks. The sodium arsenate concentrations 

used in this study were selected based on previous studies 

[12-16]. The experimental animals were allowed unre-

stricted access to drinking water and food ad libitum. 

2.2.3 Euthanasia of experimental animals and collec-

tion of tissues/organs 

At the end of arsenic exposure, blood samples were 

drawn from the experimental rats into the heparinized 

tubes via cardiac puncture with the aid of light ether anes-

thesia after an overnight fast. The animals' brains were 

harvested for biochemical investigation. The liver was 

also excised, and a section of the liver was cut for histo-

logical staining. All samples were kept at -20oC. 

2.2.4 Lymphocyte isolation 

Differential centrifugation with Ficoll paque was used to 

separate lymphocytes from other blood components, as 

described by Boyum [17]. This was completed within 24 

hours of receiving the blood sample. After diluting 4 mL 

of heparinized blood in sterile phosphate buffer solution 

(PBS) in a 1:1 ratio, 10 mL of Ficoll was added to a cen-

trifuge tube (the proportion of Ficoll to blood was 2/3). 

The diluted blood was carefully placed on top of the Fi-

coll solution without allowing the blood to mix with it, 

after which it was centrifuged for 20 minutes at 1600 rpm. 

The white blood cells, which are the fluid above the Fi-

coll, were transferred to Eppendorf tubes that had been 

pre-cooled. 

2.2.5 Mitochondria isolation 

The brain mitochondria fractions were isolated according 

to the methodology formulated by Erika et al. [18]. A 

10% homogenate of the brain was prepared by homoge-

nizing 0.2 grams of the brain in 1.8 mL of cold homoge-

nizing buffer. Subsequently, the 10% brain homogenate 

was centrifugated at 4°C for 5 minutes, with a centrifuge 

speed of 3000 rpm. The resulting supernatant from the 

initial centrifugation was then carefully centrifuged again 

at 4°C for 5 minutes at 13000 rpm. The resultant pellet, 

containing the mitochondrial fraction, was rinsed with the 

homogenization buffer and centrifuged again at 4°C for 2 

minutes at 13000 rpm. The weight of the isolated mito-

chondrial fraction was carefully measured and recorded. 

Following this, the isolated mitochondrial fraction was re-

suspended in homogenizing buffer and stowed at -20°C, 

preserving its integrity for subsequent scientific analysis. 

2.2.6.Biochemical analyses 

2.2.6.1 Determination of hexokinase activities in the 

lymphocyte 

The hexokinase activities in the lymphocytes were deter-

mined by the spectrophotometric procedure of Colowick 

[19] described by Juszczak et al. [20]. Briefly, the spec-

trophotometer was set to a wavelength of 340 nm. In each 

pre-labeled cuvette for each sample, the following solu-

tions were sequentially added: 2.28 mL of 0.05 M Tris-

HCl buffer (pH 8.0) and 13.3 mM MgCl2, 0.50 mL of 

glucose solution (0.67 M) prepared in 0.05 M Tris-HCl 

buffer, 0.10 mL of ATP solution (16.5 mM) in a Tris-

MgCl2 buffer, 0.10 mL of a 6.8 mM NAD solution in the 

same buffer (Tris-MgCl2), and 0.10 mL of Glucose-6-

phosphate dehydrogenase solution (300 IU/mL) also in 

the Tris-MgCl2 buffer. To establish temperature equilibra-

tion and obtain a baseline measurement, the assay mixture 

was incubated (30°C) in a water bath sustained for 8 

minutes. Subsequently, a sample (0.1 mL) was added and 

thoroughly vortexed. The increase in absorbance reading 

was continuously observed over 3 minutes at 30-second 

intervals. The rate at which the absorbance is changing  

per minute was extrapolated using the linear portion of 

the resulting curve. 

The hexokinase activity (U/mg protein) was determined 

using the following formula:   

 

Δ A 340nm / min x Total volume in the cuvette  

6.22 x Sample volume x Total Protein  

 

Where 6.22 = molar extinction of NADH. 
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 2.2.6.2. Determination of aldolase activities in the 

lymphocyte  

The activities of aldolase in the lymphocytes were ana-

lyzed using the spectrophotometric procedure of Jagan-

nathan et al. [21], as described by Kehinde et al. [22]. 

Briefly, the spectrophotometer was set to 240 nm and 

maintained at a temperature of 25°C. 1.0 mL of 0.012 M 

Fructose-1,6-bisphosphate (pH 7.5) and 0.0035 M Hy-

drazine sulfate (2.0 mL) in a solution containing 0.0001 

M EDTA with pH adjusted to 7.5 were carefully pipetted 

into a cuvette already pre-labeled for blank and lympho-

cyte samples. After adding lymphocyte samples, an ab-

sorbance reading at 240 nm (A240) was continuously 

recorded for 10 minutes at 1-minute intervals. In the 

blank case, distilled water was added in place of the sam-

ple. Subsequently, the rate of change in absorbance 

(A240/min) for the blank was subtracted from the rate of 

change in absorbance (A240/min) for the test samples. 

Aldolase activity (U/mg protein) was calculated using the 

formula below:   

                        Δ A 240 nm/min x Total volume 

                        8.52 x Sample volume x Total Protein  

 

Where 8.52 molar extinction of Fructose-1,6-

bisphosphate. 

 

2.2.6.3 Determination of lactate dehydrogenase 
(LDH) activities in the lymphocytes  

The activities of LDH were analyzed using Cypress diag-
nostic kits as specified by the manufacturer. In brief, the 
working reagent (substrate) was freshly prepared by mix-
ing R1 buffer (4 volumes) with R2 buffer (1 volume). 
Lymphocyte samples (0.1 mL) and working reagent (3.0 
mL) were methodically mixed in an already labeled test 
tube and incubated at 25° (1 minute). The decline in ab-
sorbance value was monitored for 3 minutes at a 30-

second interval. 

2.2.6.4 Estimation of malate dehydrogenase (MDH) 
activities in the lymphocytes and brain mitochondria 

Lymphocyte and brain MDH activity was analyzed fol-
lowing the procedure of Thorne [23] as described by Luo 
et al. [24]. The spectrophotometer was set to a specific 
wavelength of 340 nm. Each cuvette was systematically 
filled with the following solutions: 2.6 mL of a 0.1 M 
phosphate buffer, 0.17 mM NADH (0.2 mL), and 0.15 
mM oxaloacetate (0.1 mL). To establish temperature 
equilibration and establish a blank rate, the cuvettes were 

incubated (25°C) in the spectrophotometer for 3 minutes, 
after which 0.1 mL of the sample (lymphocytes or brain 
mitochondria fraction) was added into the cuvette. Sub-
sequently, the change in absorbance (A340) was meticu-
lously monitored for 90 seconds, with measurements tak-
en at 30-second intervals. 

The activity of malate dehydrogenase activity (U/mg pro-
tein) = 

 

                             ∆A340/min x Total volume  

                         6.22 x Sample volume x Total protein 

6.22 = molar extinction coefficient of NADH 

 

2.2.6.5 Assessment of NADH dehydrogenase (complex 

I) activity in the lymphocytes and brain mitochondria 

The NADH dehydrogenase activity was estimated fol-

lowing the methodology described by Medja et al. [25]. 

Briefly, the spectrophotometer was precisely set to a 

wavelength of 550 nm. For each labeled Eppendorf tube, 

the following components were meticulously pipetted: 33 

µL of 50 mM potassium phosphate buffer (pH 7.5), 7 µL 

of a 1.0 mg/mL solution of BSA (Bovine Serum Albu-

min), 33 µL of a 1.0 mM solution of KCN (Potassium 

Cyanide), 0.1 mM solution of cytochrome C (33 µL), and 

distilled water (186 µL). To this mixture, 1 mL of the 

sample (lymphocytes or brain mitochondrial fractions) 

and 2 mM NADH (33 µL) were added, and the absorb-

ance value was noted. Subsequently, 1.6 µL of Rotenone 

(2.5 mM) was added into the mixture, and absorbance 

readings were recorded at a wavelength of 550 nm over a 

3-minute duration, with measurements taken at 30-

second intervals. 

The activity of complexes I (U/mg protein) was thereaf-

ter calculated with the aid of the following formula:  

                                 ∆Abs/min x Total volume  

                             Sample volume x18.5 x Total Protein  

Where 18.5 = molar extinction coefficient of reduced 

cytochrome C 

 

2.2.6.6 Assessment of succinate dehydrogenase 

(complex II) activities in the lymphocytes and brain 

mitochondria. 

The activity of SDH was analyzed using the methodolo-

gy of Veeger and Byron [26]. Briefly, 1 ml of 

0.3M phosphate buffer (pH 7.6), EDTA (0.1 ml), 0.4  
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M succinate (0.3 ml), 3% BSA (0.1 ml), and 75 mM 

K3Fe(CN)6 (0.2 mL )were sequentially pipetted at 25°C 

into a thermostable spectrophotometer cuvette. To insti-

gate the reaction, 25 µL of the sample (lymphocytes or 

brain mitochondria) was added, and the variation in the 

absorbance value was observed for 3 minutes (30-second 

intervals) at the wavelength of 455nm. 

The activity of succinate dehydrogenase (U/mg protein) 

was calculated using the formula stated below: 

                            ∆A455/min x Total volume 

                           6.22 x Sample volume x Total Protein  

Where 6.22 = extinction coefficient of FADH2 

 

2.2.6.7. Estimation of the activity of oxidoreductase 
(complex III) in the lymphocytes and brain mitochon-
dria 

The oxidoreductase activity was analyzed according to 
the methodology reported by Medja et al. [25]. Briefly, 
20 mM potassium phosphate (8 µL) at pH 7.5, 8 µL of 
2.0 mg/mL BSA (Bovine Serum Albumin), 19 µL of 20 
mM succinate, 19 µL of 1 mM KCN (Potassium Cya-
nide), 2 µL of 100 µM ATP, and distilled water (237 µL) 
were sequentially pipetted into a cuvette.  10 µL of the 
sample was added to the above mixture, and the entire 
mixture was incubated (25°C) for 5 minutes. The reac-
tion was instigated with the addition of 0.1 mM cyto-
chrome C (33 µL), and the absorbance value was ob-
served at a wavelength of 550 nm at 30-second intervals 
for 3 minutes. 

The activity of the complexes III (U/mg protein) was 
calculated as follows: 

  Total volume x ∆Abs/min  

                         18.5 x Sample volume x Total Protein 

 

2.2.6.8. Estimating cytochrome C oxidase (complex 
IV) activity in the lymphocytes and brain mitochon-
dria. 

Cytochrome C oxidase activity in the lymphocyte and 
brain mitochondria fraction was analyzed using the pro-
cedure of Medja et al. [25]. Briefly, 100 M cytochrome C 
(280 µL) prepared in potassium phosphate buffer pH 7.0 
(50 mM) and 6 µL of the sample (lymphocytes or brain 
mitochondria fraction) were thoroughly mixed in a cu-

vette to initiate the reaction.  

The decline in absorbance reading was recorded for 3 
minutes (30-second intervals) at 550 nm.  

The specific activity of Complex IV (µM/mg) of post-
nuclear supernatant or cell suspension proteins is calcu-
lated as follows:  

 Total volume x ∆Abs/min  

             18.5 X Sample volume x Total Protein 

£ = 18.5 is the extinction coefficient for cytochrome c. 

2.2.7 Tissue processing for histological analyses 

For histological staining purposes, the dissected liver 
tissues were post-fixed in paraformaldehyde (4%) for 48 
hours before being processed for qualitative tests. The 
periodic acid Schiff (PAS) and feulgen reaction tech-
niques were used to stain PFA-fixed tissue sections [27]. 

2.2.8 Photomicrography  

An Amscope microscope camera coupled to a light mi-
croscope was used to take photomicrographs of the liver 
(Amscope microscope). Image J software was used to 
perform a quantitative analysis of the photomicrographs 
to determine the densitometrical analysis of the pictures. 

2.3 Statistical Analysis  

Data were expressed as mean ± SEM. They were ana-
lyzed using a one-way analysis of variance (ANOVA), 
followed by Tukey’s test. Data with p<0.05 were consid-
ered significant. 

 

3.0 RESULTS 

3.1 Body and Organ Weight, Weight Change, and 

Relative Organ Weight 

Tables 1 – 3 show the arsenic-exposed experimental rats' 

body, organ, and relative organ weight. As depicted, ex-

posure to 100 ppm, 150 ppm, and 200 ppm arsenate for  

4, 8 and 12 weeks led to a drastic reduction in body 

weight relative to the control group. The loss of body 

weight is dose-dependent at 4 weeks. On the other hand, 

the exposure increased the relative weight of the liver 

and brain of the arsenic-exposed animals in comparison 

with the control. 

  Initial 

weight (g) 

Final weight Weight 

change (%) 

Liver weight (g) Brain weight 

(g) 

Relative liver 

weight (g/100.g.w) 

Relative brain 

weight (g/100.g.w) 

Control 110 ± 0 138 ± 6.3   20 0.92 ± 0.67 1.59 ± 0.08 0.77 ± 0.10 1.29 ± 0.22 

100ppm 109 ± 2.1 104 ± 8.3 -4.98 1.19 ± 0.15 1.51 ± 0.18 1.19 ± 0.24 1.43 ± 0.36 

150ppm 123.4 ± 0.5 101.6 ± 8.0 -21.4 1.29 ± 0.12 1.06 ± 0.17 1.00 ± 0.14 0.99 ± 0.12 

200ppm 141.6 ± 1.0 110 ± 10.93 -28.1 1.15 ± 0.75 1.63 ± 0.03 1.18 ± 0.36 1.84 ± 0.24 

Table 1. Body and Organ weight, weight change, and relative organ weight after 4 weeks of exposure to sodium arsenate in their drinking wa-

ter. Each value is the mean ± SEM of five animals in each group. 
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The total arsenic intake of arsenic-exposed animals is 

presented in Table 4. As shown, the animals exposed to 

100 ppm, 150 ppm, and 200 ppm of arsenic for 1 month 

ingested a total of 1.71 g, 2.00 g, and 2.01 g of arsenic, 

respectively. At 8 weeks, animals in the various groups 

ingested 3.00 g (100 ppm), 3.27 g (150 ppm), and 3.32 g 

(200 ppm) arsenic. Furthermore, 4.51 g, 4.71 g, and 4.87 

g of arsenic were consumed by rats that were exposed to 

200 ppm, 150 ppm, and 100 ppm, respectively. 

3.2 Lymphocyte Hexokinase Activity in Rats Exposed 

to Arsenic 

As represented (Figure 1), exposure to arsenate (100 

ppm) for 12 weeks, 8 weeks, and 4 weeks triggered a 

significant (p < 0.05) enhancement of lymphocyte hexo-

kinase activity in a time-dependent manner. However, at 

higher doses of 150 ppm and 200 ppm, the treatment sig-

nificantly down-regulated (p < 0.05) the activity of lym-

phocyte hexokinase regardless of duration of exposure in 

a time-dependent and dose-dependent fashion. Specifi-

cally, at I month, 100 ppm and 150 ppm arsenate induced 

a marked upsurge (p < 0.05) in the lymphocyte hexoki-

nase activity of the exposed experimental animals. Con-

trarily, at 200 ppm, inorganic arsenic down-regulated (p 

< 0.05) the enzyme's activity. At 8 weeks and 12 weeks, 

apart from 100 ppm arsenic that significantly enhanced 

(p < 0.05) the activity of lymphocyte hexokinase, the 

remaining two-dose regimen of 150 ppm and 200 ppm 

markedly down-regulated the activity of the hexokinase 

in the lymphocyte.  

3.3 Lymphocyte Aldolase Activity in Rats Exposed to 

Sodium Arsenate 

Figure 2 illustrates the effects of pentavalent arsenic on 

lymphocyte aldolase activities. As shown, exposure to 

100 ppm, 150 ppm, and 200 ppm arsenate for 4 weeks, 8 

weeks, and 12 weeks led to a significant remarkable (p < 

0.05) in the activity of aldolase in the lymphocytes of the 

test groups relative to their respective control groups. At 

4 weeks, arsenate exposure induced a hormetic response  

  Initial body 

weight (g) 

Final body 

weight (g) 

Weight 

change (%) 

Liver weight 

(g) 

Brain weight 

(g) 

Relative liver 

weight (g/100.g.w) 

Relative brain 

weight (g/100.g.w) 

Control 110 ± 0 138 ± 6.3 20 0.92 ± 0.67 1.59 ± 0.08 0.77 ± 0.10 1.29 ± 0.22 

100ppm 122 ± 0.7 98.4 ± 8.0 -24.6 1.04 ± 0.11 1.28 ± 0.05 0.91 ± 0.23 1.33 ± 0.14 

150ppm 132.6 ± 0.8 116.2 ± 4.3 -14.1 1.05 ± 0.25 1.17 ± 0.04 0.99 ± 0.39 1.06 ± 0.21 

200ppm 151.2 ± 5.0 126.4 ± 7.1 -19.6 1.29 ± 0.04 1.37 ± 0.26 1.20 ± 0.27 1.44 ± 0.60 

Table 2. Body and Organ Weight, Weight Change, and Relative Organ Weight after 8 Weeks of Exposure to Sodium Arsenate in their Drinking 

Water. Each Value is the Mean ± SEM of Five Animals in each Group. 

  Initial 

weight (g) 

Final weight 

(g) 

Weight 

change (%) 

Liver 

weight (g) 

Brain weight 

(g) 

Relative liver weight 

(g/100.g.w) 

Relative brain 

weight (g/100.g.w) 

Control 110 ± 0 138 ± 6.3 20 0.92 ± 0.67 1.59 ± 0.08 0.77 ± 0.10 1.29 ± 0.22 

100ppm 125.2 ± 1.2 99.6 ± 2.9 -25.7 2.88 ± 0.27 1.54 ± 0.12 2.70 ± 0.31 1.45 ± 0.10 

150ppm 121.0 ± 3.7 99.4 ± 5.2 -21.7 3.49 ± 0.18 1.40 ± 0.17 3.30 ± 0.11 1.44 ± 0.27 

200ppm 197.2 ± 10.4 138.2 ± 12.1 -42.8 4.85 ± 0.5 1.43 ± 0.16 4.75 ± 0.86 1.35 ± 0.17 

Table 3. Body and Organ Weight, Weight Change, and Relative Organ Weight after 12 Weeks of Exposure to Sodium Arsenate in their Drink-

ing Water. Each Value is the Mean ± SEM of Five Animals in each Group. 

  Mean Arsenic Intake (g) 

  4 weeks 8 weeks 12 weeks 

100 ppm 1.71 3.00 4.51 

150 ppm 2.00 3.27 4.71 

200 ppm 2.01 3.32 4.87 

Table 4. Total arsenic intake of animals in each group after 4, 8, 

and 12 weeks of exposure to sodium arsenate 

Figure 1. Influence of arsenic-contaminated water on lymphocyte hexo-

kinase activity. 
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(p < 0.05) in that the minimum dose (100 ppm) produced 

the utmost effect, followed by the intermediate dose 

(150 ppm), while the maximum dose (200 ppm) pro-

duced the least effect. On the other hand, at 8 weeks and 

12 weeks, a time- and dose-dependent reduction (p < 

0.05) in the activity of aldolase was observed in the lym-

phocytes of the treated rats relative to the control groups, 

to the extent that almost no aldolase activity was ob-

served after prolonged exposure to arsenate for 12 

weeks. 

3.4 Lymphocyte lactate dehydrogenase activity in 

rats exposed to arsenic 

As revealed in Figure 3, exposure of the Wistar rats to 

200 ppm, 150 ppm, and 100 ppm of arsenic for 1 month 

resulted in a significant dose-dependent enhancement (p 

< 0.05) of LDH activity in the lymphocyte of the arsenic

-exposed animals matched with the respective control 

groups. Furthermore, exposure to 150 ppm and 100 ppm 

arsenic for 8 weeks improved (p < 0.05) the activity of 

lymphocyte LDH, while exposure to the maximum dose 

(200 ppm) arsenate for 8 weeks significantly down-

regulated (p < 0.05) the activity of the enzyme in the 

lymphocyte of the experimental rats. Similar to the ob-

served effects of arsenic exposure for 4 weeks, pro-

longed exposure of experimental animals to 100 ppm, 

150 ppm, and 200 ppm arsenic also induced a dose-

dependent increment (p < 0.05) in the activity of LDH in 

the lymphocyte of the treated groups. Meanwhile, the 

observed dose-dependent enhancement in the activity of 

this enzyme is more pronounced in the animals that were 

exposed to arsenic for 12 weeks when compared with 

the animals that were exposed to arsenic for 4 weeks. 

3.5 Lymphocyte malate dehydrogenase activity in 

rats exposed to arsenic 

As shown in Figure 4, intake of arsenic-contaminated 

water up- and down-regulated the activity of lymphocyte 

MDH. Specifically, for weeks, the lowest dose of 100 

ppm arsenate significantly up-regulated (p < 0.05) the 

activity of MDH in the lymphocytes of the test groups 

relative to the control animals. At a higher arsenic con-

centration (150 ppm and 200 ppm), arsenic exposure 

reduced (p < 0.05) the activity of the enzyme in the lym-

phocyte compared with the control group. Exposure to 

the three doses regimen of arsenic for 8 weeks resulted 

in a marked enhancement (p < 0.05) of lymphocyte 

MDH in the arsenate-treated animals in relation to the 

control. A similar response was observed in the activity 

of lymphocyte MDH when the arsenic exposure was  

Figure 2. Influence of arsenic-contaminated water on lymphocyte 

aldolase activity  

Figure 4. Influence of arsenic-contaminated water on lymphocyte MDH 

activity. 

Figure 3. Influence of arsenic-contaminated water on lymphocyte LDH 

activity 
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prolonged for 3 months. Exposure of experimental ani-

mals to 100 ppm, 150 ppm, and 200 ppm via their re-

spective drinking water for 12 weeks significantly re-

duced (p < 0.05) the activity of MDH in the lymphocytes 

of the arsenic-treated rats relative to the control animals. 

3.6 Brain Malate dehydrogenase activity in rats ex-

posed to arsenic-contaminated water 

Figure 5 depicts the brain malate dehydrogenase activity 

of animals treated with arsenic relative to the control ani-

mals. Ingestion of 100 ppm and 150 ppm arsenic through 

drinking water for 1 month enhanced (p < 0.05) the en-

zyme's activity. This perturbation of MDH activity at 4 

weeks was in a concentration-dependent manner. At 200 

ppm (4 weeks), arsenic significantly reduced (p < 0.05) 

the activity of the enzyme relative to the animals in the 

control group. However, when the treatment period was 

increased to 8 weeks, arsenic at all doses (100 ppm, 150 

ppm, and 200 ppm) significantly reduced (p < 0.05) the 

MDH activity in the brain of the animals in the test group 

relative to the control group. Similarly, exposure of rats 

to 100 ppm, 150 ppm, and 200 ppm arsenic for 12 weeks 

down-regulated significantly (p < 0.05) the brain MDH 

activity relative to the control group. 

3.7 Lymphocyte complex I activity in rats exposed to 

arsenic-contaminated water 

Figure 6 represents the responses of lymphocyte NADH: 

ubiquinone oxidoreductase (the gateway enzyme in oxi-

dative phosphorylation) to various dose regimens of arse-

nic for 12 weeks, 8 weeks, and 4 weeks. A significant but 

dose-dependent decrement (p < 0.05) in the activity of 

lymphocyte complex I characterized the effects of the 

exposure to 100 ppm, 150 ppm, and 200 ppm arsenic for 

1 month. Similarly, a dose-dependent and significant re-

duction (p < 0.05) in the activity of brain complex I was 

the hallmark of the responses to the three-dose regimen 

of arsenic for 8 weeks. Prolonged ingestion of the three-

dose regimen of arsenic for 12 weeks also significantly 

down-regulated (p < 0.05) the activity of complex I in 

the lymphocytes of the animals that drank arsenic-

contaminated water relative to the control experimental 

animals. This enzymic down-regulation of complex I 

activity is in a concentration-dependent fashion. 

3.8 Lymphocyte complex II (Succinate dehydrogen-

ase) activity in rats exposed to arsenic-contaminated 

water 

Effects of exposure to 100 ppm, 150 ppm, and 200 ppm 

arsenic along with drinking water for 12 weeks, 8 weeks, 

and 4 weeks on Lymphocyte succinate dehydrogenase 

(Complex II) activity is illustrated in Figure 7. Generally, 

the three doses of arsenic at all the time intervals studied 

significantly reduced (p < 0.05) the activity of the lym-

phocyte significantly reduced (p < 0.05) the activity of  

Figure 5. Influence of arsenic-contaminated water on the brain 

MDH activity. 

Figure 6. Influence of arsenic-contaminated water on lymphocyte 

complex I activity. 

Figure 7. Influence of arsenic-contaminated water on lymphocyte 

Complex II activity. 
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 the lymphocyte complex II enzyme when compared with 

the control animals. At 4 weeks, the most pronounced 

effect was produced by the maximum dose (200 ppm). 

At 8 weeks, the arsenic-induced down-regulation of 

Complex II was dose-dependent. That is, the least effect 

was produced by the minimum dose (100 ppm), while 

the most pronounced effect on lymphocyte complex II 

activity was produced by the highest dose (200 ppm arse-

nic). On prolonged exposure for 12 weeks, the minimum 

dose (100 ppm) led to the most pronounced effects on the 

SDH activity in the lymphocytes of the arsenic-treated 

animals.  

3.9 Lymphocyte complex III activity in rats exposed 

to arsenic-contaminated water 

The impact of different doses of arsenic on lymphocyte 

complex III (ubiquinol: cytochrome c oxidoreductase) 

activity is shown in Figure 8. As shown, exposure of ex-

perimental rats to 100 ppm, 150 ppm, and 200 ppm of 

arsenic-contaminated water for 4 weeks, 8 weeks, and 12 

weeks ensued a notable decline (p < 0.05) in the activity 

of lymphocytes complex III of the arsenic-exposed ani-

mals. At 4 and 8 weeks of exposure, the observed arsenic

-induced down-regulation of lymphocyte complex III 

activity followed a dose-dependent pattern. Contrarily, 

exposure for 12 weeks induced a hormetic response, that 

is, the minimum dose of 100 ppm induced the most pro-

nounced effects meanwhile, the maximum dose (200 

ppm) produced the smallest effects on the lymphocyte 

complex III activity relative to the control.   

3.10 Lymphocyte complex IV activity in rats exposed 

to arsenic-contaminated water 

The influence of various doses of arsenic on lymphocyte 

cytochrome c oxidase activity is depicted in Figure 9. As 

illustrated, exposure of Wistar rats to 100 ppm, 150 ppm, 

and 200 ppm arsenic for 4 weeks, 8 weeks, and 12 weeks 

considerably lowered (p < 0.05) the activity of lympho-

cyte complex IV activity at all the time intervals investi-

gated. At 4 weeks of exposure, the arsenic-induced de-

cline in the activity of the enzyme follows a concentra-

tion-dependent pattern. When the exposure time was in-

creased to 8 and 12 weeks, the down-regulation of the 

complex IV activity was more pronounced. Overall, the 

arsenic-induced reduction in the activity of lymphocyte 

cytochrome c oxidase followed a time-dependent pattern. 

3.11 Influence or arsenic contaminated water on 

brain Complex I activity 

NADH: ubiquinone oxidoreductase (Complex I) activity 

profile as affected by arsenate in the brain mitochondrial 

fractions of the experimental rats are shown in Figure 10. 

Arsenate exposure occasioned a marked reduction (p < 

0.05) of complex I activity in the brain of all the experi-

mental animals at all the time intervals investigated. The 

ingestion of 100 ppm, 150 ppm, and 200 ppm arsenate 

for 1 month down-regulated the activity of complex I in a 

dose-dependent pattern. This down-regulation of NADH:  

Figure 8. Influence of arsenic-contaminated water on lymphocyte 

complex III activity. 

Figure 9. Influence of arsenic-contaminated water on lymphocyte 

complex IV activity  

Figure 10. Influence of arsenic-contaminated water on brain complex 

I activity. 
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ubiquinone oxidoreductase activity is more pronounced 

at 150 and 200 ppm doses of the arsenate. Similarly, the 

effect of the exposure on the enzyme is also more pro-

nounced when the exposure time was prolonged for 8 

and 12 weeks when compared with 4 weeks of exposure 

to all the 3 doses of arsenate.  

3.12 Impact of arsenic-contaminated water on brain 

complex II activity 

Ingestion of 100 ppm, 150 ppm, and 200 ppm sodium 

arsenate for 4 weeks, 8 weeks, and 12 weeks notably re-

duced (p < 0.05) the activity of SDH (complex II) in the 

brain mitochondrial fractions of the experimental rats 

relative to the control group (Figure 11). At all the time 

intervals and doses investigated, arsenic significantly 

downregulated (p < 0.05) the activity of succinate dehy-

drogenase in the brains of the experimental rats. As 

shown, at 4 weeks of exposure, 150 ppm arsenate had the 

most pronounced effects on the activity of the enzyme 

while the maximum dose (200 ppm) produced the slight-

est effect when compared with the control. At both 8 and 

12 weeks of exposure, the reductive effect of arsenate on 

the brain succinate dehydrogenase enzyme is both time- 

and dose-dependent.  

3.13 Influence of arsenic-contaminated water on the 

brain Complex III activity 

Figure 12 portrays the impacts of arsenic-contaminated 

water on complex III in the brain mitochondrial fraction 

of arsenic-exposed Wistar rats. As shown, the treatment 

of animals with 100 ppm, 150 ppm, and 200 ppm arsenic 

for 4 weeks, 8 weeks, and 12 weeks triggered a time-

dependent and significant decrement (p < 0.05) in the 

brain complex III activity of the treated animals relative 

to the control. As observed in the present study, the arse-

nic-induced inhibition of Complex III activity was dose-

dependent at weeks 4 and 12.  

3.14 Impact of arsenic on brain Complex IV activity 

The influence of arsenic complex IV in the brains of the 

experimental rats is represented in Figure 13. As illustrat-

ed, arsenic exposure for 4 and 8 weeks at all doses in-

duced a marked enhancement (p < 0.05) of complex IV 

activities in the brains of the animals that drank arsenic-

contaminated water relative to the control group. The 

arsenic-induced enhancement of the enzymatic activity at 

8 weeks was in a concentration-dependent fashion. Con-

trarily, when the period of exposure was prolonged to 12 

weeks, the arsenate exposure occasioned a dose-

dependent marked (p < 0.05) down-regulation of Com-

plex IV activity in the brain.  

Figure 11. Influence of arsenic-contaminated water on brain complex II 

activity  

Figure 12. Influence of arsenic-contaminated water on brain complex 

III activity. 

Figure 13. Influence of arsenic-contaminated water on brain complex 

IV activity. 
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3.16 Panoramic views of histoarchitecture of the  he-

patic micromorphological section revealed by period-

ic acid-Schiff staining (PAS) at magnification (X40) 

Hepatocytes, portal triad (hepatic artery, bile duct, and 

hepatic vein), and sinusoids can all be seen in different 

groupings. Red arrows suggest chromatolytic alterations, 

decreased glycogen expression, steatosis, inflammatory 

response activity, dilated portal triad, hemorrhage/

fibrosis, pyknotic hepatocyte with loss of nuclear and 

cytoplasmic, infiltrating sinusoid, and loss of hepatic 

parenchymal cells. While the groups without the red ar-

rowhead appear normal, the B, C, and D treatments 

showed minor differences in comparison to the other 

groups. The treatments A, E, and I appear to be typical, 

with obvious layering. 

3.16 Panoramic views of hepatic micromorphological 

section revealed by Feulgen staining at low magnifica-

tion (X40) 

Hepatocellular DNA expressivity is shown in magenta 

throughout the various groupings A-L. (red arrows). The 

presence of normal DNA content in the hepatocytes, as 

shown by the bright magenta colour, can be seen clearly 

in treated groups A, E, and I. Normal DNA content was 

found in groups B, C, and D, however, there were some 

moderate chromatolytic alterations with scattered nuclear 

material, which was particularly noticeable in group D. A 

weak Feulgen reaction is detected in groups F, G, H, J, 

K, and L, showing a steady increasing depletion of DNA-

containing nuclei in hepatocytes. Both central and pe-

ripheral chromatolytic alterations, pyknotic cells, and 

lower DNA content characterize these groups. The 

sparsely scattered and scarcely detectable magenta-

coloured cells in this group structurally confirm the low-

er activity. The H and L treatment has the lowest DNA 

expressivity. 

Plate 4.1 (X40). Panoramic views of histoarchitecture of the liver 

micromorphological section demonstrated by Periodic Acid-

Schiff staining (PAS) in rats administered arsenic contaminated  

A- Control group; B - 100 pm arsenate (4 weeks); C - 150 ppm arsenate (4 

Plate 4.2 (X40). Panoramic views of histoarchitecture of the liver 

micromorphological section demonstrated by Periodic Acid-Schiff 

staining (PAS) in rats administered arsenic contaminated. 

E - Control group; F - 100 ppm arsenate (8 weeks); G - 150 ppm arsenate (8 

weeks); H - 200 ppm arsenate (8 weeks) 

Plate 4.3 (X40). Panoramic views of histoarchitecture of the liver 

micromorphological section demonstrated by Periodic Acid-Schiff 

staining (PAS) in rats administered arsenic contaminated.  

A - Control group; B - 100 ppm arsenate (4 weeks) ; C - 150 ppm arsenate 

(4 weeks); D - 200 ppm arsenate (4 weeks) 
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4.0 DISCUSSION  

In this study, we detected a substantial decline in body 

weight as a consequence of ingestion of arsenic-

contaminated water for 12 weeks, 8 weeks, and 4 weeks 

in a time- and dose-dependent manner in most of the cas-

es with a simultaneous significant increase in the relative 

organ (brain and liver) weight. This outcome agreed with 

the earlier observations of Fatoki et al. [28] Meanwhile, 

data from previous experimental data revealed that body 

weight loss is one of the conditions that accompany 

heavy metal toxicity [29]. Furthermore, oxidative stress 

has been suggested as one of the mechanisms of arsenic-

induced toxicities as a direct consequence of depleted 

cellular antioxidants and enzymes [11]. Oxidative stress 

has been associated with the promotion of catabolic 

stress most especially in the skeletal muscle. Prolonged 

exposure to this type of metabolic stress is expected to 

further promote muscle wasting leading to an oxidative 

stress-induced reduction in muscle mass and cachexia 

[30]. 

Furthermore, the significant upsurge in the relative or-

gans (brain and liver) weight relative to the control ani-

mals may be proposed to be a result of nuclear inclusion 

bodies or cytoplasmic aggregation as a direct conse-

quence of arsenic-induced genetic damage in the cells of 

the exposed animals [31]. The observation from pano-

ramic views of the histoarchitecture of the liver micro-

morphological section demonstrated by Fuelgen staining 

in the present study further laid credence to the genotoxic 

potential of arsenic. It may also be due to unregulated 

DNA replications leading to the formation of biomass 

growth which is an important disease end-point of arse-

nic exposure [32, 33].  

Plate 4.4 (X40). Panoramic views of histoarchitecture of the liver 

micromorphological section demonstrated by Fuelgen staining in 

rats administered arsenic contaminated.  

A - Control group; B - 100 ppm arsenate (4 weeks); C - 150 ppm arsenate 

(4 weeks); D - 200 ppm arsenate (4 weeks) 

Plate 4.6 (X40). Panoramic views of histoarchitecture of the liver 

micromorphological section demonstrated by Fuelgen staining in rats 

administered arsenic contaminated.  

I - Control group; J - 100 ppm arsenate (12 weeks); K -150 ppm arsenate (12 

weeks); L - 200 ppm arsenate (12 weeks) 

Plate 4.5 (X40): Panoramic views of histoarchitecture of the 

liver micromorphological section demonstrated by Fuelgen 

staining in rats administered arsenic contaminated.  

E - Control group; F - 100 ppm arsenate (8 weeks) ; G - 150 ppm arse-

nate (8 weeks); H - 200 ppm arsenate (8 weeks) 
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Glycolysis, tricarboxylic acid (TCA) cycle and oxidative 

phosphorylation are the chief energy transduction path-

ways crucial for the generation of energy needed by the 

cells to perform their numerous biological activities. Per-

turbations in the aforementioned energy-producing path-

ways have been correlated with several metabolic and 

degenerative disorders [34]. The outcomes of this study 

indicated that ingestion of different doses of arsenic for 

12 weeks, 8 weeks, and 4 weeks perturbs various en-

zymes of energy transduction pathways in the lympho-

cytes and neuronal cells. These perturbations were char-

acterized by a pronounced decline in the activities of 

hexokinase (150 and 200 ppm), aldolase, and MDH to-

gether with complexes I, II, III, and IV as well as a sig-

nificant enhancement of hexokinase (100 ppm) and LDH 

activities in the lymphocyte of the exposed animals. In 

the brain mitochondrial fraction of the exposed experi-

mental rats, a significant decrement in the activities of 

MDH and complexes (enzymes) of the ETC (electron 

transport chain) was the hallmark of the exposure. 

Hexokinase is the first enzyme of the glycolytic pathway. 

It catalyzes one of the rate-limiting steps of glycolysis; 

the phosphorylation of glucose by ATP to yield glucose-

6-phosphate, effectively trapping glucose in the cell and 

committing it to glycolysis and energy production [4, 

35]. Aldolase catalyzes the reversible splitting of fructose

-1,6-bisphosphate to glyceraldehyde-3-phosphate and 

dihydroxyacetone phosphate [36]. Although aldolase is 

not a rate-limiting enzyme of the glycolytic pathway, its 

activity ensures the continuity of glycolysis. Reduced 

activity of aldolase implies a stoppage of glycolysis at 

the point of fructose-1,6-bisphosphate. Once committed 

to glycolysis, glucose is metabolized to pyruvate with 

concomitant generation of ATP. Furthermore, the py-

ruvate is converted to acetyl CoA and the acetyl CoA is 

catabolized through the TCA cycle producing reducing 

equivalents. The reducing equivalents thus generated are 

sequentially reduced in the ETC and the electrons are 

transmitted to molecular oxygen; the final electron ac-

ceptor generates an electropotential gradient to drive the 

synthesis of ATP in a process that is known as oxidative 

phosphorylation [37]. 

Lymphocytes play very crucial roles in the adaptive im-

mune system [38]. Such roles include the detection of 

antigenic signals and the presentation of the detected an-

tigen to T-cells [39]. Lymphocytes also play vital roles in 

antibodies and cytokine production [40, 41]. Due to these 

important roles of lymphocytes in the adaptive immune 

response, and for its continuous effectiveness, the cell 

must be furnished with an adequate supply of energy. 

Meanwhile, studies have shown that glucose is the main 

source of energy for effective B-cell development and 

maturation [42]. In lymphocytes, glucose successively 

generates glucose-6-phosphate and finally, pyruvate 

which is fermented to lactate with the aid of LDH. At the 

initial dose of 100 ppm, the activity of hexokinase in the 

lymphocyte was significantly enhanced by the arsenic 

exposure, suggesting that the lymphocytes, due to its im-

munostimulant potential were able to combat and sup-

press the biological assault on the cells occasioned by the 

arsenic exposure. This implies that at this dose, the high 

energy demand by the lymphocyte cells to get rid of the 

cells' potential danger can still be met effectively through 

glycolysis.  

Furthermore, inhibition of hexokinase at higher doses 

(150 and 200 ppm) and aldolase at all doses of arsenic 

indicated arsenic-induced inhibition of glycolysis in the 

lymphocytes of the exposed animals, and this is expected 

to have severe consequences on the ability of lympho-

cytes to generate the energy necessary for the effective 

functioning of the lymphocyte cells since as noted earli-

er, glycolysis is one of the major source of ATP to lym-

phocytes cells. The overall consequence of this on the 

system's immune response may therefore be fatal as this 

may render the organism susceptible to various opportun-

istic infections. The reduction in the activity of hexoki-

nase following arsenic exposure observed in this study is 

in total agreement with the findings of Vasanthan and 

Probal [43] who also observed a marked reduction in 

hexokinase activities in the brain, kidney, muscle, and 

liver of the experimental animals exposed to heavy met-

als. A previous study by Kumar and Pandey [44] impli-

cated free radicals in the loss of enzymatic activity since 

all enzymes are proteins and proteins are susceptible to 

damage by free radicals. Meanwhile, in one of our previ-

ous studies, we proposed the induction of free radicals-

induced oxidative stress as one of the possible mecha-

nisms for arsenic-induced toxicity [11]. It will not be out 

of place therefore to also propose that the arsenic-

induced inhibition of lymphocytes hexokinase and al-

dolase activities observed in this study is through the 

generation of free radicals.  

Lactate dehydrogenase catalyzes the reversible transfor-

mation of lactate to pyruvate, with concomitant reduction 

of NAD+ to NADH and vice versa [45]. In anaerobic or 

hypoxic conditions, the above reaction ensures the con-

tinuous availability of NAD+ which is necessary for the 

continuity of glycolysis. Meanwhile, in tissue damage,  
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cells release LDH into the bloodstream. Elevated LDH 

activity in circulation, therefore, depicts organ damage, 

causes of which include anemia, hepatitis, myocardial 

infarction, and renal failure among other disorders. The 

arsenic-induced enhancement of LDH observed in this 

study may therefore imply arsenic-induced organ damage 

in the animals that were exposed to the arsenic as a result 

of one or more of the conditions highlighted above. Fur-

thermore, biomass growth in the various cancer cells de-

pends majorly on the continuous regeneration of NAD+ 

by LDH. High activity of LDH as observed in this study, 

therefore, represents a diagnostic hallmark of cancer 

[33]. Meanwhile, the International Agency for Research 

on Cancer (IARC) had previously classified arsenic as a 

potent human carcinogen [46]. It may therefore be postu-

lated that one of the mechanisms through which arsenic 

causes cancer is through the enhancement of LDH activi-

ty.  

Meanwhile, a plethora of mechanistic pathways had been 

postulated for arsenic-induced DNA damage and carcin-

ogenesis. Some of these multifaceted effects of arsenic at 

the cellular level include (i) induction of oxidative stress 

as a result of elevated oxidative DNA damage [11]; (ii) 

methylation of inorganic arsenic to its organic forms with 

more potent genotoxic effect; (iii) arsenic-induced tran-

scriptional repression of genes that code for DNA repair 

enzymes and modulation of their enzymatic activities 

resulting in the inhibition of DNA repair mechanisms; 

(iv) non-genotoxic epigenetic dysregulation and aberrant 

activation of signal transduction pathways, leading to the 

expression changes of proto-oncogenes and tumor sup-

pressor genes during initiation and alternative splicing. 

This is expected to eventually lead to enhanced prolifera-

tion of cells and inhibition of apoptosis [47-49]. 

MDH is the enzyme that is responsible for the reversible 

transformation of malate to oxaloacetate also with simul-

taneous reduction of NAD+ to NADH [50]. It is a vital 

enzyme required for the continuity of the TCA cycle 

[51]. Also as an alternative to LDH, cytosolic MDH can 

at the same time regenerate NAD+, thus ensuring the 

continuity of glycolysis [52]. The inhibition of MDH 

both in the lymphocytes and brain mitochondrial fraction 

of the experimental rats used in the present study may, 

therefore, imply a possible inhibition of both glycolysis 

and the TCA cycle. Meanwhile, the complex activities of 

the brain and immune system are accompanied by an 

enormous consumption of energy which under physio-

logical conditions especially in the brain is supplied by 

glucose [53]. Glucose when catabolized through the gly-

colytic pathway generates only two molecules of ATP. 

For effective utilization of glucose, therefore, cells need 

to further metabolize the pyruvate product of glycolysis 

via the TCA cycle, ETC. The inhibition of MDH which 

is a key enzyme of the TCA cycle is expected to pose a 

severe energy consequence on the brain and the immune 

system. 

In oxidative phosphorylation, electrons are transferred 

through the ETC and this is coupled with proton 

transport from the inner mitochondrial membrane to the 

intermembrane space thereby generating an electrochem-

ical gradient. The electrochemical gradient is then used 

by ATPase to drive the biosynthesis of ATP from ADP 

and Pi [54]. Impairment of this process as represented in 

this study by an arsenic-induced inhibition of all the four 

complexes of the electron transport chain is expected to 

result in energy deficits to support the important physio-

logical and biochemical processes in the cell. 

In this study, the Periodic acid-Schiff (PAS) reaction was 

used for the demonstration of glycogen expression. Gly-

cogen is a glucose polymer that acts as a glucose unit 

storage [55]. The liver and skeletal muscle are the two 

largest glycogen stores in animals. The substantial acti-

vation of cyclin-dependent kinase (CDKN1A) in chronic 

arsenic-transformed cells, which plays a key role in the 

hepatic catabolic pathway of glycogen, could explain the 

depletion of intracellular glycogen in the liver seen on 

PAS stained slides. CDKN1A phosphorylates (activates) 

myriads of phosphorylase kinase molecules, that can en-

act or catalyze the phosphorylation of many phosphory-

lase b molecules to produce the a-form at the expense of 

adenosine triphosphate (ATP), resulting in intracellular 

glycogen exhaustion (phosphorylation cascade) [56].  

As noted earlier, heavy metals have been demonstrated to 

influence normal gene expression in tissues, albeit few 

studies have found heavy metals to be genotoxic. When 

arsenic at different concentrations (200 ppm, 150 ppm, 

and 100 ppm) across different exposure periods (12 

weeks, 8 weeks, and 4 weeks) indicates DNA damage 

matched to intact DNA in control groups, faint pink 

staining of the hepatic nuclei in the liver indicates a re-

duction in DNA containing particles (figure 4.29) This 

finding is consistent with previous research on arsenic-

induced DNA damage [57, 58]. In terms of the dose-

response relationship, we observed a positive correlation 

between the magnitude of arsenate-induced toxic effects 

on most of the parameters studied and the various dose 

regimens of sodium arsenate investigated.   
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In conclusion, the findings of this experimental study 

indicated that consumption of arsenic-contaminated 

drinking water perturbed the activities of multiple energy

-metabolizing enzymes, depleted the hepatic glycogen 

storage, and induced marked DNA damage in the liver of 

the exposed animals in a dose- and time-dependent fash-

ion. This is expected to be one of the mechanisms of ar-

senic-induced toxicity. 
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