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A B S T R A C T   

2-methoxyethanol (2-ME) is an organic solvent widely used in the manufacture of brake fluids, paints, resins, 
varnish, nail polish, acetate cellulose, wood coloring, and as a plasticizer in plastics manufacturing. We therefore, 
investigated its effect on the liver, in a time-course study in male Wistar rats. Animals were orally administered 
50 mg/kg body weight of 2-ME for a period of 7, 14, and 21 days. Following 7 days of administration of 2-ME, 
there was a significant increase in the level of Bax, c-Myc, K-Ras, TNF-α, IL-1β, IL-6, MDA and GPx activity, while 
the levels of Bcl-2, NO and GSH were significantly reduced compared with control. At the end of 14 days 
exposure, Bcl-2, and GSH levels, as well as GST activity, were significantly decreased, while levels of Bax, c-Myc, 
K-Ras, caspase-3, TNF-α, IL-1β, IL-6, MDA and NO were significantly increased compared with control. After 21 
days of 2-ME administration, Bcl-2, IL-10, and GSH levels, as well as SOD and GST activities, were significantly 
decreased, while levels of Bax, c-Myc, K-Ras, caspase-3, p53, TNF-α, IL-1β, IL-6, MDA and NO were significantly 
increased compared with control. Lastly, liver histopathology confirmed and corroborated the biochemical 
findings reported above. We therefore, advised that exposures to 2-ME should be strictly avoided as it could 
trigger hepatic damage through the disorganization of the antioxidant system, up-regulation of inflammatory, 
apoptotic, and oncogenic markers in rats.   

1. Introduction 

Ethylene glycol ethers (EGEs) are important constituents of 
numerous household, industrial, and pharmaceutical products. These 
EGEs have physicochemical properties, such as solubility in both ethanol 
and water mixtures as well as low vapor pressure, which makes them a 
useful solvent with wide applications [1]. EGEs are used in liquid soaps, 
varnishes, pesticides, herbicides, cooling liquids, household appliances, 
vaccines, antiseptic specifics, children’s toys and many more. Some of 
the most widely known EGEs are 2-methoxyethanol (2-ME), 2-ethoxye-
thanol (2-EE), and 2 buthoxyethanol (2-BE). EGEs are highly absorbed 
following oral, inhalation or dermal exposure and are rapidly distrib-
uted throughout the body [2,3]. Numerous in vitro and in vivo studies 
have demonstrated that these compounds elicit toxic influence on 

hematological, immunological, developmental and reproductive sys-
tems [4,5]. 

EGEs are mainly metabolized in vivo through oxidation by alcohol 
dehydrogenase to alkoxyacetaldehyde, followed by conversion to 
alkoxyacetic acid by aldehyde dehydrogenase [6]. The Toxic effect of 
EGEs is exerted mainly and predominantly by alkoxyacetic acids [7]. 
2-ME and 2-EE predominantly have gonadotoxic effects. In male rats, 
both 2-ME and 2-EE altered testicular function by lowering the number 
of spermatocytes and spermatids as well as degeneration of spermato-
cytes [8]. These compounds also caused a toxic effect majorly on ovarian 
luteal cells in female rats [9]. Occupational exposure to 2-EE and 2-ME 
had been reported to reduce sperm count in men and disturbance in the 
menstrual cycle in women [10]. Contrary to 2-ME and 2-EE, 2-BE exerts 
potent hemolytic effect in experimental animals and clinical 
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observations of intoxicated patients [5,7,11]. EGEs have been reported 
to cause bone marrow suppression, reduction of red blood cell, throm-
bocyte, leukocyte counts and hemoglobin level [12]. The toxicity of 
EGEs on the immune, hematopoietic, and reproductive system is rela-
tively well reported. Following clinical observations of EGEs intoxicated 
patients, brain function was affected, while central nervous system 
depression, disturbed motor coordination, headache, impairment of 
cognitive function, or convulsions resulted depending on the dose 
exposed to Ref. [13]. EGEs cross the blood-brain barrier, harming the 
CNS and therefore triggering the process of neurodegenerative changes. 
More lipophilic EGEs like BE or 2-phenoxyethanol (2-PHE) are more 
harmful to neurons than those EGEs with higher hydrophilic properties 
[14]. In a previous study, the mixture of two EGEs resulted in adverse 
reactions in the brain in vivo by lowering the total antioxidant capacity, 
stimulating lipid peroxidation and enhancing caspase-3 activity in hip-
pocampus and frontal cortex of rats [15]. 

There is still a dearth of information on the hepatotoxic effect of 
EGEs. Therefore, the present study investigated the time course effect of 
2-ME on hepatic markers of lipid peroxidation (MDA), oxidative stress 
(CAT, SOD, GPx, GST, GSH, and NO), inflammation (TNF-α, IL-1β, IL-6, 
and IL-10), apoptosis (caspase 3, p53, Bax, and Bcl-2) and proto- 
oncogenic markers (c-Myc and K-Ras) in male Wistar rats. 

2. Materials and methods 

2.1. Test materials, chemicals, and kits 

2-ME (C3H8O2; CAS# 109-84-4; 99.5% purity), is a product of BDH 
Laboratory Supplies, Poole, BH15 1TD, England. Rats TNF-α (CSB- 
E11987r), IL-1β (CSB-E08055r), IL-6 (CSB-E04640r), IL-10 (CSB- 
E04595r), caspase-3 (CSB-E08857r), p53 (CSB-E08336r), Bax (CSB- 
EL002573RA), Bcl-2 (CSB-E08854r), c-Myc (CSB-E09260h), and K-Ras 
(CSB-EL012493h) enzyme-linked immunosorbent assay (ELISA) kits are 
products of Cusabio Technology Llc, Houston, TX, USA. All other used 
chemicals and reagents were of analytical grade and were products of 
Sigma Chemical Co., Saint Louis, MO, USA or BDH Chemical Ltd, Poole, 
England. 

2.2. Oral acute toxicity of 2-ME 

The oral median lethal dose (LD50) of 2-ME was determined as 
described by Lorke [16]. The study was conducted in two phases. In the 
first phase, three groups of three rats each were orally administered 
1000, 2000, and 3000 mg/kg body weight of 2-ME respectively. We 
administered these doses based on reported findings that LD50 of 2-ME 
in rats is in the range of 1000 mg/kg body weight or more [17]. The 
rats were observed for signs of toxicity and possible deaths for a week. In 
the second phase, another three groups of 1 rat each were orally 
administered 900, 950 and 980 mg/kg body weight of 2-ME respec-
tively, based on outcomes of the first phase, and were also monitored for 
toxicity signs and deaths. From the outcomes of the 2 phases, LD50 was 
determined. 

2.3. Experimental animals and study design 

Twenty (20) male Wistar albino rats of an average weight of 150 g 
were used for this study. They were obtained from the animal house of 
the College of Veterinary Medicine, Federal University of Agriculture, 
Abeokuta, Nigeria. They were sheltered in steel metal cages in the ani-
mal house of our Department and were served food and water ad libitum. 
Experimental protocols were conducted following guidelines of the 
Institutional Animal Care and Use Committee and were approved by the 
Animal Ethical Committee of the Department of Biochemistry, Federal 
University of Agriculture, Abeokuta, Nigeria. After 1 week of acclima-
tization, the rats were divided randomly into four groups of five animals 
each. Group I animals served as control and were served only rat chow 

and water, while groups II, III and IV animals were orally administered 
50 mg/kg of 2-ME (1/20th of LD50) based on calculated mean LD50, for 
7, 14, and 21 days respectively. Distilled water was used as a vehicle to 
administer the 2-ME, and it was in the ratio of 1:100. 

2.4. Sample collections and preparations 

Group 1 animals were sacrificed on day 0 before the commencement 
of 2-ME administration. 2-ME was orally administered for 7, 14, and 21 
days, and 24 h after each of these days (days 7, 14, and 21); animals 
were sacrificed by cervical dislocation. They were treated following the 
international guidelines for the care and use of laboratory animals [18]. 
The liver was harvested, washed in ice-cold saline (0.9% w/v) solution, 
blotted dry, and weighed. A section of the liver was suspended in 
ice-cold 0.1 M phosphate buffer (pH 7.4) for disruption using a tissue 
homogenizer. Homogenization was followed by centrifugation at 5000 
rpm for 10 min. The supernatant was aliquoted into Eppendorf tubes and 
used for the estimations of biochemical parameters. 

2.5. Estimation of MDA concentration 

The lipid peroxidation marker (MDA) was determined by the method 
of Buege and Aust [19]. In this procedure, 0.1 mL of the liver sample was 
added to 2 mL of trichloroacetic acid-thiobarbituric acid-hydrochloric 
acid (TCA/TBA/HCl) (1:1:1 ratio) reagent, boiled at 100 ◦C for 15 min, 
and allowed to cool. Flocculent materials were removed by centrifuga-
tion at 3000 rpm for 10 min. The supernatant was removed and the 
absorbance was read at 532 nm against a blank. MDA concentration was 
calculated using the molar extinction coefficient for the MDA-TBA 
complex of 1.55 × 106 M− 1cm− 1. 

2.6. Estimation of NO level 

Liver NO concentration was estimated using Griess Reagent [20] that 
detects nitrite ion. The reaction mixture was made up of 150 mL sulfa-
nilamide,100 mL distilled water and 50 mL of sample. The mixture was 
incubated for 10 min, and then the addition of 150 mL N-naphthyl 
ethylenediamine, followed by incubation for another 10 min. The con-
centration nitrite ion, which represents NO production of the system, 
was measured at 540 nm. 

2.7. Estimation of GSH concentration 

The level of liver reduced glutathione (GSH) was determined by the 
method of Moron et al. [21]. 1:1 of the liver sample and sulphursali-
cyclic acid were mixed together, and centrifuged at 3000 rpm for 5 min. 
From the supernatant, 0.5 ml was taken and added to a solution con-
taining 4 ml of 0.1 M phosphate buffer (pH 7.4) and 0.5 mL of Ellman’s 
reagent, and the color developed was read at 412 nm. 

2.8. Determination of GPx activity 

The liver activity of GPx was determined by the method of Rotruck 
et al. [22]. The reaction mixture involves 500 μL of phosphate buffer, 
100 μL of sodium azide, 200 μL of reduced glutathione, 100 μL of 
hydrogen peroxide, 500 μL of liver sample, and 600 μL of distilled water. 
The mixture was incubated for 3 min, followed by addition of 500 μL of 
TCA. This was centrifuged at 3000 rpm for 10 min and 1000 μL of the 
resulting supernatant was added to 2000 μL of di-potassium hydrogen 
phosphate and 1000 μL of Ellman’s reagent. The color developed was 
read at 412 nm. 

2.9. Determination of GST activity 

Liver glutathione S-transferase (GST) activity was determined by the 
method of Habig et al. [23] based on enzyme-catalyzed condensation of 
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glutathione with the model substrate, 1-chloro-2,4-dinitrobenzene. 
Briefly, the reaction mixture involves 30 μL of reduced glutathione, 
150 μL of 2,4-dinitrochlorobenzenne (CDNB), 2.79 mL of 0.1 M phos-
phate buffer (pH 6.5), and 30 μL of liver sample. It was mixed properly 
and the absorbance was read at 340 nm every minute for 3 min. 

2.10. Determination of SOD activity 

The activity of liver SOD was determined by the method of Misra and 
Fridovich [24]. The method is based on the ability of superoxide dis-
mutase to inhibit auto-oxidation of adrenaline to adrenochrome at 
alkaline pH. Briefly, the reaction mixture involves 2.5 mL of 0.05 M 
sodium bicarbonate buffer (pH 10.2), 0.3 mL of adrenaline, and 0.2 mL 
of the liver sample. It was mixed thoroughly and immediately read at 
480 nm. The unit of enzyme activity is defined as the enzyme required 
for 50% inhibition of adrenaline auto-oxidation. 

2.11. Estimation of CAT activity 

The activity of liver CAT was determined by the method of Sinha 
[25]. The reaction mixture (2.5 mL) contained 0.01 M phosphate buffer 
(pH 7.0), tissue homogenate (0.25 mL) and 2 M H2O2 (1 mL). The re-
action was stopped by the addition of 0.5 mL dichromate-acetic acid 
reagent (5% potassium dichromate and glacial acetic acid mixed in 1:3 
ratios) at 0, 1, 2, and 3 min, followed by heating in boiling water for 10 
min, and then cooled at room temperature. The absorbance was read at 
570 nm. 

2.12. Estimations of liver levels of TNF-α, IL-1β, IL-6, IL-10, caspase-3, 
p53, Bax, Bcl-2, c-Myc, and Ras 

Protocols in the purchased Cusabio ELISA kits (Cusabio Technology 
Llc, Houston, TX, USA) were followed. Briefly, 100 μL of samples and 
standards were added into the wells already pre-coated with an antibody 
specific for IL-1β, IL-6, TNF-α, IL-10, caspase-3, p53, Bax, Bcl-2, c-Myc, 
or Ras and incubated for 2 h at 37 ◦C. Unbound substances were 
removed, and 100 μL of biotin-conjugated antibody specific for IL-1β, IL- 
6, TNF-α, IL-10, caspase-3, p53, Bax, Bcl-2, c-Myc, or Ras was added to 
the well. After washing, 100 μL of avidin conjugated Horseradish 
Peroxidase (HRP) was added to the wells and incubated for 1 h at 37 ◦C, 
followed by addition of 90 μL of TMB substrate solution, followed by 
incubation for 15–30 min at 37 ◦C to give a color proportional to the 
amount of IL-1β, IL-6, TNF-α, IL-10, caspase-3, p53, Bax, Bcl-2, c-Myc, or 
Ras bound in the initial step. Stop solution was added to each well, the 
plate was gently tapped for thorough mixing, and the intensity of the 
color is measured at 450 nm. 

2.13. Determination of total protein concentration 

The concentration of liver total protein was determined by the 
method of Gornall et al. [26], and used for the estimations of SOD, CAT, 
GST, and GPx activities. Briefly, the reaction mixture involves 1 mL of 
Biuret reagent and 100 μL of the liver sample. The mixture was allowed 
to incubate for 10 min at room temperature and the absorbance of 
purple color developed, corresponding to the total protein concentration 
was measured at 546 nm against reagent blank. 

2.14. Histopathological analysis 

Briefly, sections of the liver were fixed in phosphate-buffered 
formalin solution for 48 h. After dehydration in an increasing concen-
tration of alcohol and cleared twice in xylene, the tissues were 
embedded in paraffin, cut into sections, stained with hematoxylin-eosin 
dye, and finally observed at ×400 magnification under a Nikon light 
microscope. 

2.15. Statistical analysis 

Data were analyzed by one-way analysis of variance (ANOVA), fol-
lowed by Tukey test for multiple comparisons among the groups of rats 
using Graph Pad Prism program version 6.0. Data were expressed as 
mean ± standard error of the mean. P values less than 0.05 were 
considered statistically significant. 

3. Results 

3.1. Oral acute toxicity test 

After about 12 h of 2-ME administration, animals showed signs of 
toxicity which include decreased food and water consumption and 
death. In phase one, mortality was recorded following administration of 
1000 and 3000 mg/kg of 2-ME (Table 1). In the second phase, mortality 
was not recorded by 900, 950, and 980 mg/kg of 2-ME (Table 1). Based 
on these, oral LD50 of 2-ME was calculated using the formula: LD50 = √ 
(Do x D100), and was found to be 990 mg/kg in rat, where D0 = highest 
dose that gave no mortality (980 mg/kg) and D100 = lowest dose that 
produced mortality (1000 mg/kg). 

3.2. Time course effect of 2-ME on liver relative weight 

Compared with control, only administration of 50 mg/kg body 
weight of 2-ME for 14 and 21 days significantly (p < 0.05) decreased 
liver relative weight (Fig. 1). 

3.3. Time course effect of 2-ME on liver MDA level 

There was a significant (p < 0.05) increase in hepatic MDA level after 
7 (by 1.91%), 14 (by 1,72%), and 21 days (by 2.82%) of 2-ME admin-
istration compared with control (Fig. 2A). 

3.4. Time course effect of 2-ME on liver NO level 

Administrations of 2-ME for 7 days resulted in a significant (p <
0.05) decrease in hepatic NO level (by 27.65%) compared with control, 
while administrations for 14 and 21 days significantly (p < 0.05) 
increased NO level compared with 7 days (by 45.88% and 37.77% 
respectively) and control (by 30.92% and 20.56% respectively) 
(Fig. 2B). 

3.5. Time course effect of 2-ME on liver GSH level 

Administrations of 2-ME for 7, 14, and 21 days significantly (p <
0.05) decreased liver level of GSH compared with control by 13.40%, 
14.05%, and 20.96% respectively. Also, exposures after 21 days signif-
icantly (p < 0.05) decreased liver GSH compared with exposures after 7 
(by 6.66%) and 14 days (by 6.05%) (Fig. 2C). 

3.6. Time course effect of 2-ME on liver activity of GPx 

Following 7 and 14 days of 2-ME administrations, there was a sig-
nificant (p < 0.05) increase in liver activity of GPx by 4.58% and 3.60% 
respectively compared with control (Fig. 3A). 

Table 1 
Records of mortality in phases 1 and 2 of the oral acute toxicity study.   

Phase 1 (n = 3 per group) Phase 2 (n = 1 per group) 

Group 
1 

Group 
2 

Group 
3 

Group 
1 

Group 
2 

Group 
3 

2 ME (mg/ 
kg) 

1000 2000 3000 900 950 980 

Mortality 2 0 1 0 0 0  
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3.7. Time course effect of 2-ME on liver GST activity 

For GST, 14 and 21 days of exposure to 2-ME significantly (p < 0.05) 
decreased the hepatic activity of the antioxidant enzyme compared with 
control (by 268.53% and 172.39% respectivvely) and 7 days (by 
299.41% and 195.21% respectively) of exposure (Fig. 3B). 

3.8. Time course effect of 2-ME on liver SOD activity 

Liver SOD activity was only significantly (p < 0.05) decreased by 

26.84% following 21 days of 2-ME administrations compared with 
control (Fig. 3C). 

3.9. Time course effect of 2-ME on liver CAT activity 

For liver CAT activity, no significant (p > 0.05) effect was recorded 
after 7, 14, and 21 days of 2-ME administrations compared with control 
(Fig. 3D). 

3.10. Time course effect of 2-ME on liver TNF-α, IL-1β, IL-6 and IL-10 
levels 

Liver TNF-α level was significantly (p < 0.05) increased after 14 (by 
39.22%) and 21 (by 47.30%) days of 2-ME administrations compared 
with control (Fig. 4A). Also, there was a significant (p < 0.05) increase in 
TNF- α level after 21 days of 2-ME administrations compared with 7 days 
of administrations. For liver IL-1β (Fig. 4B) and IL-6 (Fig. 4C) levels, 
there was a significant (p < 0.05) increase following 7, 14 and 21 days of 
2-ME administrations. The significant increase was 33.63%, 34.69% and 
43.31% respectively for IL-1β, and 26.51%, 30.36%, and 37.79% 
respectively for IL-6. For IL-10 (Fig. 4D), there was a significant (p <
0.05) decreased after 21 days only compared with control. 

3.11. Time course effect of 2-ME on liver p53, Bax, Bcl-2, caspase-3 
levels 

For liver p53, a significant (p < 0.05) increase by 22.94% was only 
recorded after 21 days of 2-ME exposure (Fig. 5A) compared with 

Fig. 1. Time course effect of 2-ME on relative liver weight. Values are 
expressed as mean ± standard error of the mean (n = 5). Bars labeled with 
different letters are statistically significant (p < 0.05). 

Fig. 2. Time course effect of 2-ME on liver MDA (2A), NO (2B), and GSH (2C) concentrations. Values are expressed as mean ± standard error of the mean (n = 5). 
Bars labeled with different letters are statistically significant (p < 0.05). 
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control. Hepatic Bax level (Fig. 5B) was significantly (p < 0.05) 
increased after 7, 14 and 21 days of 2-ME administrations by 14.77%, 
25.54%, and 32.27% respectively, while liver Bcl-2 level (Fig. 5C) was 
significantly (p < 0.05) decreased after 7, 14 and 21 days of 2-ME ad-
ministrations by 39.74%, 48.63%, and 98.20% respectively compared 
with control. After 14 and 21 days of 2-ME administrations, hepatic level 
of caspase-3 was significantly (p < 0.05) increased by 8.11% and 
14.57% respectively compared with control (Fig. 5D). 

3.12. Time course effect of 2-ME on liver levels of c-Myc and K-Ras 

Both hepatic levels of c-Myc (Fig. 6A) and K-Ras (Fig. 6B) were 
significantly (p < 0.05) increased by 2-ME after 7, 14 and 21 days of 
administrations compared with control. The increase in c-Myc level 
compared with control was 46.44%, 48.84%, and 62.57% respectively, 
while for K-Ras, it was 8.15%, 10.70%, and 14.94% respectively. 

3.13. Time course effect of 2-ME on liver histopathology 

Results of liver histopathology (Fig. 7) revealed micro-vesucular 
steatosis, severe periportal infiltration by inflammatory cells and se-
vere infiltration by inflammatory cells in groups administered 2-ME for 
7, 14, and 21 days compared with day 0 that revealed normal 
architecture. 

4. Discussion 

EGEs have high solubility in both ethanol and water mixtures which 

makes them a useful solvent with wide applications [1]. EGEs including 
2-ME are used in liquid soaps, varnishes, pesticides, herbicides, cooling 
liquids, household appliances, vaccines, antiseptic specifics, children’s 
toys and many more. As a result, humans are unavoidably and inad-
vertently exposed to them. In this present study, we investigated the 
time-course effect of 2-ME exposure in male Wistar rats for 21 days. In 
the oral acute toxicity study conducted, LD50 of 2-ME was calculated to 
be 990 mg/kg body weight. Mortality was recorded following admin-
istration of 1000 and 3000 mg/kg, and not 2000 mg/kg body weight of 
2-ME. The reason for the observed non-mortality effect of 2000 mg/kg 
2-ME may be due to genetic variation whereby the genes responsible for 
the metabolism of 2-ME may not have been adequately expressed, and 
therefore limiting the amount of the active intermediate that is 
responsible for liver toxicity in that particular rat. Following exposures, 
relative liver weight was significantly decreased after 14 and 21 days of 
2-ME administration, an indication of liver toxicity in the rats over time 
(Fig. 1). Also, the liver being the major site of biotransformation of 2-ME 
to 2-methoxyacetaldehyde (2-MAD), and then 2-methoxyacetic acid 
(2-MAA), by alcohol dehydrogenase (ADH) and aldehyde dehydroge-
nase (ALDH) respectively, may be responsible for the significant 
decrease in relative liver weight of the rats [27,28]. 

Measurement of thiobarbituric acid reactive substance (TBARS) is 
usually used to assess lipid peroxidation and indirectly, oxidative stress 
in vitro and in vivo [29]. Lipid oxidation results in the disruption of the 
bilayer and cell integrity, leading to leakage of cellular content from the 
damaged organ into the bloodstream [30–32]. The significant increase 
in MDA concentration after 7, 14 and 21 days of 2-ME administrations 
(Fig. 2A) may be attributed to the generation of reactive oxygen species 

Fig. 3. Time course effect of 2-ME on liver GPx (3A), GST (3B), SOD (3C), and CAT (3D) activities. Values are expressed as mean ± standard error of the mean (n =
5). Bars labeled with different letters are statistically significant (p < 0.05). 
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that may have attacked the electron-rich unsaturated fatty acid com-
ponents of cell membranes, causing their oxidation and destruction and 
thereby jeopardizing the cellular integrity and functions [32,33]. 

NO is a strong mediator of inflammation, a low level is known to play 
an important role in cellular signaling under normal physiological 
conditions. Excessive production in the cell can lead to the generation of 
peroxynitrite which subsequently can damage the tissue [34,35]. The 
high level of liver NO level reported in this study (Fig. 2B) may be an 
indication of nitrosative stress and hepatic damage following 2-ME 
administration. 

Oxidative stress, characterized by an increase in the production of 
reactive oxygen or nitrogen species due to insufficient antioxidant de-
fense [36] has been reported in clinical and experimental studies to play 
a key role in the etiology of many diseases. Oxidative stress adds to the 
pathological processes of diseases such as diabetes mellitus, cardiovas-
cular diseases, cancer, rheumatoid arthritis, and neurological disorders 
such as Parkinson and Alzheimer’s [37]. From the findings of this study, 
the significant decrease in hepatic GSH (Fig. 2C) levels, GST (Fig. 3B) 
and SOD (Fig. 3C) activities, as well as increased activity of GPx 
(Fig. 3A) following 2-ME administrations can be attributed to cellular 
response to 2-ME-induced free radical generation and oxidative stress. 
SOD is responsible for catalytic dismutation of highly reactive and 
potentially toxic superoxide radicals to hydrogen peroxide (H2O2) and 
O2, while CAT is responsible for the catalytic decomposition of H2O2 to 
molecular oxygen and water [38]. In the reaction catalyzed by GPx, GSH 
serves as a substrate, and as H2O2 is being detoxified, there is concom-
itant oxidation of GSH to GSSG [39]. GST is a phase two 
drug-metabolizing enzyme and catalyzes the release and transfer of GSH 

to xenobiotic for their detoxification. All these may have been the cause 
or responsibility for the observed results in this study. Their roles in the 
detoxification and mopping of generated free radicals may be the cause 
of the up-regulation or depletion of antioxidant systems [32,33,39]. 

Cytokines are small non-structural proteins, which include tumor 
necrosis factors, interleukins, interferons, and chemokines, having a 
multitude of pleiotropic effects in different organs of the host [40]. 
These pleiotropic effects of individual cytokines give them the ability to 
exert multiple actions, and particularly in vitro, various cytokines have 
overlapping actions [41,42]. The significant increase in the levels of 
hepatic TNF-α (Fig. 4A), IL-1β (Fig. 4B), and IL-6 (Fig. 4C), as well as 
decreased level of IL-10 (Fig. 4D) as a result of 7, 14 and 21 days of 2-ME 
administrations, is an indication of 2-ME-induced liver injury or infec-
tion causing their secretion and recruitment predominantly by the 
helper T cells and macrophages to the site of injury or infection where 
they promote inflammation and trigger pathological pain [43]. In liver 
damage, Kupffer cells (a type of immune cell) become activated, leading 
to increased and rapid cytokine generation [44]. The resulting cytokine 
generations mediate the regeneration of damaged liver tissue. There-
fore, the significant increase in the pro-inflammatory cytokines recorded 
in this study can also be as a result of the cellular inflammatory response 
in the liver that is required to start the healing process [44], due to 
2-ME-induced hepatotoxicity. IL-10 has potent anti-inflammatory 
properties capable of blocking the formation of inflammatory cyto-
kines like TNF-α, IL-6, and IL-1β by activated macrophages [45]. IL-10 
down-regulates pro-inflammatory cytokine and up-regulates endoge-
nous anti-cytokines receptors, causing it to counter-regulate the for-
mation and function of pro-inflammatory cytokines at different levels 

Fig. 4. Time course effect of 2-ME on liver TNF-α (4A), IL-1β (4B), IL-6 (4C), and IL-10 (4D) levels. Values are expressed as mean ± standard error of the mean. Bars 
labeled with different letters are statistically significant (p < 0.05). 
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[45]. In our previous study, we reported that administration of methyl 
cellosolve significantly increase the renal levels of inflammatory cyto-
kines after 7, 14 and 21 days of administration in rats [46]. Also 
administration of camphor was reported to increase the hepatic ex-
pressions of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and 
two chemokines called regulated upon activation normal T cell 
expressed and secreted (RANTES), and monocyte chemo-attractant 
protein 1 (MCP-1) in a dose dependent manner in rats [47]. 

Induction of apoptosis helps prevent tumorigenesis by eliminating 
damaged cells [48]. It has been identified long ago that tumor sup-
pressor gene p53 is induced by DNA damage [49]. An increase in p53 
leads either to the induction of cell cycle arrest or apoptosis [50,51]. 
Therefore, apoptosis is a fundamental cellular activity occurring under a 
wide range of physiologic and pathologic conditions [52–54]. In this 
study, the significant increase in hepatic p53 (Fig. 5A) level following 21 
days of 2-ME administration is an indication of hepatic damage. 

Fig. 5. Time course effect of 2-ME on liver p53 (5A), Bax (5B), Bcl-2 (5C) and caspase-3 (5D) levels. Values are expressed as mean ± standard error of the mean. Bars 
labeled with different letters are statistically significant (p < 0.05). 

Fig. 6. Time course effect of 2-ME on liver c-Myc (6A) and K-Ras (6B) levels. Values are expressed as mean ± standard error of mean. Bars labeled with different 
letters are statistically significant (p < 0.05). 
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2-ME-induced hepatic oxidative stress and inflammation recorded in 
this study may have promoted the activation of p53, which signals the 
induction of cell cycle arrest and activates the apoptotic genes to initiate 
apoptosis. Many pathways are involved in p53-induced apoptosis, and 
one of these makes use of the Bcl-2 and Bax proteins. Bax protein is a 
target of p53 and a pro-apoptotic member of the Bcl-2 family [55,56]. 
The Bcl-2 family consists of both pro-apoptotic and anti-apoptotic 
members that cause opposing effects on mitochondria. Bax can stimu-
late the release of cytochrome c into the cytosol from mitochondria, 
which in turn activates caspase-3, one of the major executioners of 
apoptosis and poly (ADP-ribose) polymerase (PARP) [57]. The 
anti-apoptotic proteins such as Bcl-2 and Bcl-xl, which are transcrip-
tionally under-regulated by p53, protect the integrity of the mitochon-
dria [58]. This hinders the release of cytochrome c that activates the 
executors of apoptosis [59]. In this study, the significant increase in liver 
Bax (Fig. 5B) level and a significant decrease in liver Bcl-2 (Fig. 5C) 
suggest p53-induced apoptosis, since Bax and Bcl-2 are the targets of 
p53. In response to cellular damage, up-regulated p53 may have stim-
ulated Bax expression and down-regulated Bcl-2. The increased level of 
free Bax may have eventually bound to the mitochondrial membrane, 
creating pores in it, causing mitochondrial membrane damage and the 
release of cytochrome c that subsequently initiates cellular apoptosis. 
Majorly, the ratio of pro- and anti-apoptotic protein expression, such as 
Bax/Bcl-2, is critical for the initiation of apoptosis, and the ratio of 
Bax/Bcl-2 determines a cell’s susceptibility to embark on apoptosis [58]. 
Change in the ratio of Bax/Bcl-2 promotes the release of cytochrome c 
from mitochondria into the cytosol. Cytosolic cytochrome c interacts 
with apoptotic protease-activating factor-1 (Apaf-1) and results in the 
activation of caspase-3 and PARP that are key to the induction of 
apoptosis [60,61]. The above may, therefore, explain the increased level 
of liver caspase-3 (Fig. 5D) after 14 and 21 days of 2-ME administrations. 
The released cytochrome c following Bax attack on the mitochondrial 
membrane may have interacted with downstream apoptotic mediators 

(Apaf-1, caspase-9) to form an apoptosome that cleaved the executioner 
caspases including caspase-3, that facilitate the programmed cell death. 
In a related study, administration of methyl cellosolve in rats led to the 
significant increase in renal caspase-3 after 14 and 21 days in rats [46]. 

c-Myc, a proto-oncogene, is a strong pleiotropic transcription factor 
known to coordinate cell cycle growth, progression, adhesion, differ-
entiation, proliferation, apoptosis, and metabolism [62–64]. c-Myc is 
linked with more than 70% of cancers [65,66]. In hepatocellular car-
cinoma, c-Myc was one of the first oncogenes known for its high levels of 
expression [67]. Ras on the other hand, is one of the most common and 
often mutated oncogenes in human cancer but the frequency and dis-
tribution of mutations are not uniform [68,69]. The significant increase 
in liver c-Myc (Fig. 6A) and K-Ras (Fig. 6B) levels after 7, 14 and 21 days 
of 2-ME administrations may be an indication of 2-ME-induced inter-
ference with these oncogenes by amplification or translocation, result-
ing into their activations and subsequent generation of reactive oxygen 
species that may have caused DNA damage. Also, activation of these 
oncogenes may, therefore, explains the marked increase in the levels of 
apoptotic players (p53, Bax, caspase-3) recorded in this study that 
facilitated apoptosis and boycotted tumor initiation and progression. 
Following genetic analyses, overexpression of c-Myc is commonly 
caused by genomic amplification at 8q24.1 and found in about 70% of 
viral and alcohol-related hepatocellular carcinoma [70]. 

Our results on liver histopathology (Fig. 7) revealing microvesicular 
steatosis and severe periportal infiltration by inflammatory cells are a 
confirmation of the 2-ME-induced up-regulation of the pro- 
inflammatory cytokines reported in this study. 

In conclusion, this study has demonstrated, shown, and added to the 
existing knowledge of the toxic effect of 2-ME. It has been revealed in 
this study that exposure to 2-ME over time can aggravate and exacerbate 
its toxicity, and it is therefore advised that exposures to 2-ME should be 
strictly avoided to the barest minimum as continuous exposure to it 
could trigger hepatic damage through the disorganization of the 

Fig. 7. Liver microphotographs (x 400) showing normal appearance (A); microvesucular steatosis, severe periportal infiltration by inflammatory cells and severe 
infiltration by inflammatory cells (B, C and D). A = Day 0; B = Day 7; C = Day 14; D = Day 21. 
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antioxidant system, up-regulation of inflammatory, apoptotic, and 
oncogenic markers in rats. 
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