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Abstract

Exposure to xenobiotics such as 2,5-Hexanedione (2,5-HD) can cause oxidative stress in the erythrocytes. 2,5-Hexanedione is a neurotoxic
metabolite of n-Hexane widely used as solvent in several industries. The current study was designed to investigate the effects of 2,5-HD on
the oxidative stress and antioxidant markers in the erythrocytes of female Wistar rats. The rats were randomly divided into four study
groups of eight (8) rats per group. The control group was administered only tap water, while the remaining three groups were exposed to
0.25, 0.5, and 1.0% 2,5-HD respectively. Thereafter, markers of oxidative stress and antioxidant defence system were assayed in the
erythrocytes. Results indicated elevated concentrations of hydrogen peroxide (H,O,) and malondialdehyde (MDA) in the 2,5-HD-treated rats
compared with the control (p < 0.05). In addition, the activities of superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx) and
glutathione-S-transferase (GST) significantly (p < 0.05) increased compared with the control. These results imply that treatment of female
rats with 2,5-HD for 21 days is accompanied by induction of oxidative stress and changes in the antioxidative defence system of the

erythrocytes.
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INTRODUCTION

Several environmental toxicants have the potential to induce
oxidative stress in erythrocytes (Prabu and Sumedha, 2013).
2,5-Hexanedione (2,5-HD) is a metabolite of n-Hexane, and
methyl-n-butyl ketone exposures, widely used as solvents in
vanishes, inks, shoemaking, and oil extraction industries
(Couri et al.,, 1982; Cheng et al., 2012). Although, the
neurotoxicity of 2,5-HD (Carratu et al., 1995; Lehning et al.,
1995), as well as its inhibiting effects on certain glycolytic
enzymes such as enolase and phosphofructokinase (Sabri et
al., 1979; Howland et al., 1980; Griffiths et al., 1981) has
been reported, studies on its effects on the erythrocytes'
oxidative stress-antioxidants relationship are limited in the
literature.

The biconcave, disc-shaped, and high concentration of
haemoglobin in the erythrocytes, make them to function
mainly in oxygen delivery to tissues. Reactive oxygen
species (ROS) such as hydrogen peroxide, hydroxyl and
superoxide radicals can easily penetrate erythrocytes'
membrane and induce oxidative damage (Lynch and
Fridovich, 1987; Denicola et al., 1998; Tsukimori et al.,
2005) due to the presence of high levels of polyunsaturated
fatty acids in the membrane (Hatherill, et al., 1991; Eritsland,
2000). Although, ROS s involved in normal cellular
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signalling, however, at concentrations higher than the
physiological range, it has been implicated in several disease
states (Halliwell and Gutteridge, 1999; Droge, 2002),
including erythrocytic diseases such as anaemia.

O

CH
HsC 3

O

Figure 1:
Chemical structure of 2,5-Hexanedione

In order to forestall the damage caused by ROS,
erythrocytes are equipped with an array of both enzymatic
and non-enzymatic antioxidants such as catalase, superoxide
dismutase, glutathione-S-transferase, reduced glutathione,
and vitamins. These antioxidants play active role in
preventing the overproduction of ROS, thereby maintaining
the integrity of the erythrocytes' membrane (Halliwell and
Gutteridge, 1999; Farombi et al., 2003; Abolaji et al., 2013).
In the present study, we hypothesized that 2,5-HD exposure
in rats may cause an imbalance between the erythrocytes'
antioxidant defence systems and ROS, and hence, induce
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oxidative damage in the erythrocytes. Since erythrocytes are
useful models to comprehend the vulnerability of membranes
to oxidative damage induced by various toxicants (De Flora,
1993; Hamidi and Tajerzadeh, 2003), this study was carried
out therefore, to investigate erythrocyte oxidative stress and
antioxidative defence status in female rats exposed to 2,5-HD

MATERIALS AND METHODS

Chemicals

The 2,5-Hexanedione (purity > 98% ), epinephrine,
glutathione (GSH), 5'5'-dithio-bis-2-nitrobenzoic acid,
hydrogen peroxide (H,0O,), thiobarbituric acid, and 1-chloro-
2,4-dinitrobenzene (CDNB) were purchased from Sigma
Chemical Co. (St. Louis, MO). All other reagents were of
analytical grade, and were obtained from the British Drug
Houses (Poole, Dorset, UK).

Animals and Treatment

Thirty two (32) female Wistar rats (230-250 g) were obtained
from the Central Animal House Facility of the College of
Medicine, University of Ibadan, Nigeria, and housed under
controlled conditions of 12 h light/dark cycle, temperature
23+2°C. The rats were allowed free access to tap water and
feed manufactured by Ladokun Feeds Limited, Ibadan,
Nigeria.

After a period of one week of acclimatization, the animals
were randomly divided into four study groups of eight (8)
rats per group. While the control group received only tap
water, the remaining three groups were exposed to 0.25, 0.5,
and 1.0% 2,5-HD respectively. Animals were handled in
accordance with the guidelines of the National Institute of
Health (NIH) for Laboratory animal care and use.

Blood Collection and preparation of erythrocytes

At the end of the three weeks treatment period, the rats were
fasted overnight, and sacrificed by cervical dislocation.
Blood was collected by cardiac puncture, allowed to clot, and
centrifuged at 3,000 x g at room temperature for 15 min to
obtain the erythrocytes. The erythrocytes were washed three
times with ice-cold phosphate buffered saline (PBS: 145 mM
NaCl, 1.9 mM NaH,PO, and 8.1 mM Na,HPO,), and
centrifuged. The erythrocyte pellets obtained were thereafter
re-suspended in PBS (0.1 M, pH 7.4) at 1:9 dilutions, and
used for the evaluation of erythrocytes biochemical assays.

Biochemical Assays

Protein content of erythrocytes was determined according to
the method of Lowry et al. (1951) using bovine serum
albumin as a standard. Hydrogen peroxide generation was
determined by the method of Wolff (1994). Lipid
peroxidation (LPO) was assayed as malondialdehyde
(MDA), according to the method described by Farombi et al.
(2000) and Buege and Aust (1978). Catalase activity was
assessed using the method of Clairborne (1995), while SOD
activity was determined by measuring the inhibition of
autoxidation of epinephrine (pH 10.2) at 30°C based on the
method of Misra and Fridovich (1972). In addition, while
GST activity was determined by the method of Habig et al.
(1974), GPx activity was assayed by the method of Rotruck

et al. (1973), and GSH level was assessed using the method
of Jollow et al. (1974).

Statistical Analysis

All values are expressed as the mean + standard deviation.
Levels of statistical significance were determined using the
one-way analysis of variance, followed by Students’ t-test. P
< 0.05 was considered significant.

RESULTS

Results of erythrocytes oxidative stress markers

Figures 2 and 3 depict the effects of 2,5-HD on oxidative
stress markers (hydrogen peroxide and malondialdehyde
respectively) in the erythrocyte of female Wistar rats exposed
to 2,5-HD. The results indicated that 2,5-HD caused
significant (p < 0.05) increases in erythrocytes H,O, and
MDA concentrations in all the exposed rats when compared
with the control animals.
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Figure 2

Effect of 2,5-HD on erythrocyte hydrogen peroxide (H,0,)
generation in female Wistar rats after 21 days of exposure. Data are
presented as mean + SD of 8 rats per group. Values with asterisks
(*) indicate significant difference from control at p < 0.05
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Figure 3

Effect of 2,5-HD on erythrocyte malondialdehyde (MDA) level in
female Wistar rats after 21 days of exposure. Data are presented as
mean + SD of 8 rats per group. Values with asterisks (*) indicate
significant difference from control at p < 0.05
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Results of erythrocytes antioxidant markers

In Figure 4-7, the data show the effects of 2,5-HD on the
activities of erythrocytes antioxidant enzymes. The activities
of SOD, catalase, GPx and GST were significantly (p < 0.05)
elevated in the erythrocytes of the exposed rats compared
with those of the control animals. In addition, erythrocytes
glutathione level after exposure of female rats to 2,5-HD
indicated that there was no significant change in the levels of
glutathione in all the 2,5-HD-treated rats compared with the
control.
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Figure 4

Effect of 2,5-HD on erythrocyte superoxide dismutase (SOD)
activity in female Wistar rats after 21 days of exposure. Data are
presented as mean + SD of 8 rats per group. Values with asterisks
(*) indicate significant difference from control at p < 0.05.

3 %0 ;
E I i

o _ 404 —

S = i

© o

&80 T |
™~ Q. U
e i
g £ 201 i
2 £ !
2 E 10 i
= |
= H
S 0 r T i

Control 0.25 0.50 1.00

2,5-Hexanedione (%)

Figure 5

Effect of 2,5-HD on erythrocyte catalase activity in female Wistar
rats after 21 days of exposure. Data are presented as mean + SD of
8 rats per group. Values with asterisks (*) indicate significant
difference from control at p < 0.05.
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Figure 6
Effect of 2,5-HD on erythrocyte glutathione peroxidase (GPx)
activity in female Wistar rats after 21 days of exposure. Data are

presented as mean + SD of 8 rats per group. Values with asterisks
(*) indicate significant difference from control at p < 0.05.
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Figure 7

Effect of 2,5-HD on erythrocyte glutathione-S-transferase (GST)
activity in female Wistar rats after 21 days of exposure. Data are
presented as mean + SD of 8 rats per group. Values with asterisks
(*) indicate significant difference from control at p < 0.05.
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Figure 8

Effect of 2,5-HD on erythrocyte glutathione level in female Wistar
rats after 21 days of exposure. Data are presented as mean + SD of
8 rats per group. Values with asterisks (*) indicate significant
difference from control at p < 0.05

DISCUSSION

Exposure to Xenobiotics such as 2,5-HD can exacerbate
oxidative stress in the erythrocytes due to their role as
oxygen transporter. In this study, erythrocyte was used as a
model to assess oxidative/antioxidative defense status
following exposure of female rats to the neurotoxicant 2,5-
HD. The results of this study indicated changes in the
concentrations of the oxidative stress and the antioxidant
markers in the erythrocytes of 2,5-HD-treated rats.

According to our data, the concentrations of oxidative
stress markers H,O, and MDA were elevated in the
erythrocytes of 2,5-HD-exposed rats with respect to the
control animals. This therefore, implies induction of
oxidative stress in the treated rats. Hydrogen peroxide is
capable of reacting with superoxide radicals (Haber-Weiss
reaction) in the presence of iron (Fenton reaction), to
generate highly reactive hydroxyl radicals (OH"). Indeed,
hydroxyl radicals can oxidize polyunsaturated fatty acids in
erythrocyte membranes to induce lipid peroxidation
(Halliwell and Gutteridge, 1999) resulting in increased level

Archives of Basic and Applied Medicine 2 (February 2014): Farombi et al 33



Toxicity of 2,5-Hexanedione in erythrocytes of female rats

of MDA as noted in this study. Due to the absence of nucleus
and other organelles in the erythrocyte, its plasma membrane
is the target of peroxidation, which reduces the hydrophobic
nature of the lipid bilayer, thereby altering interaction of
lipids and proteins, and eventually impairs erythrocyte
homeostasis. Lipid peroxidation, as observed in this study
therefore, is due to the elevated level of H,0,, which attacked
polyunsaturated fatty acid in the erythrocytes, thereby
generating MDA as a by-product.

Erythrocytes possess an array of antioxidants that can
prevent or reduce oxidation by ROS, through a direct or
indirect mechanism of action. In this investigation, the
activities of SOD, catalase and GPx significantly increased in
the 2,5-HD-exposed rats. Superoxide dismutase is the first
line of defence enzyme against the deleterious effects of
oxyradicals that damage erythrocytes membrane structure.
Catalase, in conjunction with GPx, helps to scavenge the
hydrogen peroxide generated by SOD by converting it to
water, and molecular oxygen in order to protect erythrocyte
membranes from lipid peroxidation. In the presence of
oxidative stress, catalase is the most adaptive antioxidant
enzyme that plays a major role in cell defence against
oxidative damage (Pidaran and Leelavinothan, 2007; Valko
et al., 2007; Patlolla et al., 2009; Guzin et al., 2011). The
observed increases in erythrocytes SOD, catalase and GPx
activities therefore, suggest erythrocytes adaptive response to
2,5-HD-induced elevations of oxidative stress markers as
noted in our study.

Furthermore, we observed higher activity of GST in the
2,5-HD-exposed rats when compared with the control
animals. This implies the occurrence of oxidative stress
conditions, since GST is also considered as an oxidative
stress marker (Neefjes et al., 1999). In the erythrocytes, GST
catalyses the conjugation of electrophilic molecules with
GSH in order to detoxify xenobiotics. In addition, the
elevated activity of GST may be due to increased lipid
peroxidation following exposure of rats to 2,5-HD as
reported in this study (Natasa et al., 2008).

In conclusion, 2,5-HD caused changes in antioxidant
enzyme activities, and induced oxidative stress as evidenced
by the elevated levels of hydrogen peroxide and lipid
peroxidation by-product (MDA) in the erythrocytes. Due to
this imbalance between the erythrocytes antioxidant enzyme
activities, and the oxidative stress markers in the 2,5-HD-
exposed rats, the mechanism of toxicity of 2,5-HD is
connected with oxidative damage, which can consequently
initiate impairment of erythrocytes functions.

References

Abolaji, A.O., M.U. Eteng, O. Omonua, and Y. Adenrele (2013)
Influence of co-administration of artemether and lumefantrine on
selected plasma biochemical and erythrocyte oxidative stress
indices in female Wistar rats. Hum. Exp. Toxicol. 32 (2):206-215.

Buege, J.A., and S.D. Aust. 1978. Microsomal lipid peroxidation.
Method Enzymol. 30:302—-  310.

Carratu, M.R., M. Labate, S. DeSantis, A. Giustino, M.A. DeSalvia,
and V. Cuomo. 1995. Lectin binding pattern of Schwann cell and
macrophages in 2,5-hexanedione-induced axonal degeneration in
rats. Arch. Toxicol. 69:60-64.

Cheng, X., G. Wang, Z.L. Ma, Y.Y. Chen, JJ. Fan, Z.L. Zhang,
K.K.H Lee., H.M. Luo, and X. Yang. 2012. Exposure to 2,5-

hexanedione can induce neural malformations in chick embryos.
Neurotoxicology 33:1239-1247.

Clairborne, A. 1995. Catalase activity. In Handbook of Methods for
Oxygen Radical Research. A. R. Greewald, editors. CRC, Boca
Raton, Florida, USA.237-242

Couri, D., and M. Milks. 1982. Toxicity and metabolism of the
neurotoxic hexacarbons n-hexane, 2-hexanone and 2, 5-
hexanedione. Ann. Rev. Pharmacol. Toxicol. 22:145-166.

De Flora, A. 1993. Use of red blood cells (RBC) as carriers of
bioactive compounds, Appl. Sci. (NATO ASI series, series E)
252:23-33.

Denicola, A., J.M. Souza, R. Radi. 1998. Diffusion of peroxynitrite
across erythrocyte membranes. Proc. Natl. Acad. Sci. USA.
95:3566-71.

Droge, W. 2002. Free radicals in the physiological control of cell
function. Physiol. Rev. 82:47-95.

Eritsland, J. 2000. Safety considerations of polyunsaturated fatty
acids. Am. J. Clin. Nutr. 71(1):197-201.

Farombi, E.O., J.G. Tahnteng, A.O Agboola, J.O. Nwankwo, and
G.O. Emerole. 2000. Chemoprevention of 2-acetylaminofluorene-
induced hepatotoxicity and lipid peroxidation in rats by
kolaviron—a Garcinia kola seed extract. Food. Chem. Toxicol.
38:535-541.

Farombi, E.O., Y. Shyntum, and Emerole G.O. 2003. Influence of
chloroquine treatment and Plasmodium falciparum malaria
infection on some enzymatic and non-enzymatic antioxidant
defense indices in humans. Drug Chem. Toxicol. 26(1):59-71.

Griffiths, I.R., P.A.T. Kelly, S. Carmichael, M. McCulloch, and M.
Waterston. 1981. The relationship of glucose utilization and
morphological change in the visual system in hexacarbon
neuropathy. Brain Res. 222:447-451.

Guzin, O., M. Sinan Aktas, I. Camkerten, A. Gokcen, H. Ipek, T.
Sahin, N. Uren-Paksoy. 2011. Erythrocyte superoxide dismutase,
catalase and malondialdehyde level in hypodermosis. J.
Anim. Vet. Adv. 10(1):84-86

Habig, W.H., M.J. Pabst, and W.B. Jakoby. 1974. Glutathione-S-
transferase. The first enzymatic step in mercapturic acid
formation. J. Biol. Chem. 249:7130-7139.

Halliwell, B., and J.M.C. Gutteridge. 1999. Free radicals in biology
and medicine. Oxford: Clarendon Press.

Hamidi, M., and H. Tajerzadeh. 2003. Carrier erythrocytes: an
overview, Drug Deliv. 10:9-20.

Hatherill, J.R., and G.O. Till. 1991. Ward mechanisms of oxidant-
induced changes in erythrocytes. Agents & Actions. 32(3-4):
351-358.

Howland, R.D., I.L. Vyas, H.E. Lowndes, and T.M. Argentieri.
1980. The etiology of toxic peripheral neuropathies: in vitro
effects of acrylamide and 2, 5-hexanedione on brain enolase and
other glycolytic enzyme. Brain Res. 202:131-142.

Jollow, D.J., J.R. Mitchell, N. Zampaglione, and J.R. Gillette. 1974.
Bromobenzene induced liver necrosis: protective role of
glutathione and evidence for 3, 4 bromobenzene oxide as the
hepatotoxic metabolite. Pharmacology. 11:151-169.

Lehning, E.J., K.S. Dyer, B.S. Jortner, and R.M. LoPachin. 1995.
Axonal atrophy is a specific component of 2, 5-hexanedione
peripheral neuropathy. Toxicol. Appl. Pharmacol. 135:58-66

Lowry, O.H., N.J. Rosenbrough, A.L Farr, and R.J. Randall. 1951.
Protein measurement with folin phenol reagent. J. Biol. Chem.
193:265-275.

Lynch, R.E., and I. Fridovich. 1987. Permeation of the erythrocyte
stroma by superoxide radical. J. Biol. Chem. 253:4697-9.

Misra, H.P., and I. Fridovich. 1972. The role of superoxide anion in
the autooxidation of epinephrine and a simple assay for
superoxide dismutase. J. Biol. Chem. 247:3170-3175.

Natasa, Z.D., M.B. Goran, D.M. Snezana, 1.0. Branka, S. Andras,
V.Z. Radoslav, and S. Zorica. 2008. Oxidative stress and changes
in antioxidative defense system in erythrocytes of preeclampsia in
women. Reprod. Toxicol. 25:213-218

34 Archives of Basic and Applied Medicine 2 (February 2014): Farombi et al



Toxicity of 2,5-Hexanedione in erythrocytes of female rats

Neefjes, V.M., C.T. Evelo, L.G Baars, and C.E. Blanco. 1999.
Erythrocyte glutathione-S- transferase as a marker of oxidative
stress at birth. Arch. Dis. Child Fetal Neonatal Ed. 81:130-3.

Patlolla, A.K., C. Barnes, C. Yedjou, V.R Velma, and P.B.
Tchounwou. 2009. Oxidative stress, DNA damage, and
antioxidant enzyme activity induced by hexavalent chromium in
Sprague—Dawley rats. Environ. Toxicol. 24:66-73

Pidaran, M., and P. Leelavinothan. 2007. Influence of
tetrahydrocurcumin on erythrocyte membrane bound enzymes
and antioxidant status in experimental type 2 diabetic rats. J.
Ethnopharm. 113:479-486

Prabu S.M., N.C. Sumedha 2013. Ameliorative effect of diallyl
trisulphide on arsenic-induced oxidative stress in
rat erythrocytes and DNA damage in lymphocytes. J. Basic Clin.
Physiol. Pharmacol. 11:1-17. doi: 10.1515/jbcpp-2013-0047.

Rotruck, J.T., A.L. Pope, H.E. Ganther, A.B. Swanson, and W.G.
Hoekstra. 1973. Selenium:  biochemical role as a component of
glutathione peroxidase. Science 179:588-590.

Sabri, M.l, C.L. Moore, and P.S. Spencer. 1979. Studies on the
biochemical basis of distal axonopathies—I. Inhibition of
glycolysis by neurotoxic hexacarbon compounds. J. Neurochem.
32:683-689.

Tsukimori, K., K. Fukushima, A. Tsushima, and H. Nakano. 2005.
Generation of reactive oxygen species by neutrophils and
endothelial cell injury in normal and preeclamptic pregnancies.
Hypertension 46:696—700

Valko, M., D. Leibfritz, J. Moncol, M.T.D. Cronin, M. Mazur, and
J. Telser. 2007. Free radicals and antioxidants in normal
physiological function and human disease. Int. J. Biochem. Cell.
Biol. 39:44-84

Winterbourn, C.C. and A. Stern. 1987. Human red cells scavenge
extracellular hydrogen peroxide and inhibit formation of
hypochlorous acid and hydroxycal radical. J. Clin. Invest.
80:1486-91

Wolff, S.P. 1994. Ferrous ion oxidation in the presence of ferric ion
indicator xylenol orange for measurement of hydroperoxides.
Methods Enzymol. 233:182-189.

Archives of Basic and Applied Medicine 2 (February 2014): Farombi et al 35


http://www.ncbi.nlm.nih.gov/pubmed?term=Prabu%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=24114904
http://www.ncbi.nlm.nih.gov/pubmed?term=Sumedha%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=24114904
http://www.ncbi.nlm.nih.gov/pubmed/24114904
http://www.ncbi.nlm.nih.gov/pubmed/24114904

