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SUMMARY: Cyclohexanone is widely used in industry for the organic synthesis of chemicals such as adipic acid, caprolactam,
polyvinyl chloride and its copolymers, and methacrylate ester polymers. Its mechanism of toxicity, especially oxidative stress, is rarely
reported in cyclohexanone toxicity studies. In this study, we evaluate oxidative stress immunohistochemically in the livers of rats exposed
to cyclohexanone. Rats were exposed to 0 ppm and 625 ppm cyclohexanone for 6 h/day, 5 days/week, for 13 weeks via whole-body
inhalation. All rats were sacrificed at the end of exposure and livers were removed and prepared for histological examination. Histopathology
indicated an increase in bile duct hyperplasia in the liver was only observed in the cyclohexanone-exposed group, compared to that in the
control group in males. Immunohistochemistry showed 4-HNE immunoreactivity in the cytoplasm of hepatocytes in the liver.
Immunoreactivity was significantly stronger in the cyclohexanone-exposed group compared to the control group in both sexes. However,
it was significantly stronger in males compared to females. This result shows a sex-based difference in the expression of oxidative stress
in response to cyclohexanone exposure.
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INTRODUCTION

Cyclohexanone is an oily liquid that is mainly used
in industrial chemical production for the organic synthesis
of adipic acid, caprolactam, polyvinyl chloride and its
copolymers, and methacrylate ester polymers (OECD, 1996).
In 2014, 256,931 tons were manufactured in Korea, exposing
8,399 workers (KOSHA, 2014). Also, Europe manufactures or imports over 1,000,000 tons of it per year (ECHA,
2017). The current permissible exposure limit for
Cyclohexanone established by the Occupational Safety and
Health Administration is a concentration of 25 ppm over an
eight hour time-weighted average (TWA) (OECD).
Inhalation exposure leads to central nervous system
depression, the irritation to respiratory system, the eye and skin
in human (New Jersey Department of Health, 2009). In
addition, liver and kidney damage has been reported in humans
as well as rabbits and monkeys (Cralley 1985; U. S. Department
of Health and Human Services, 1988; IARC, 2018).

Oxidative stress results from an imbalance between
the production of oxidizing species and antioxidants.
Reactive oxygen species (ROS) may be harmful to cells,
causing formation of radical products whose accumulation
is associated with numerous diseases (Evans & Cooke,
2004). Oxidative stress may be mechanistically related
to the toxicity some industrial chemicals. For example,
trichloroethylene is used in industry as a general solvent,
primarily for degreasing metal parts. It causes oxidative
stress in the liver and kidney, which can increase the risk
of cancer in laboratory animals and humans (Lock &
Reed, 2006; Chen, 2000).
However, oxidative stress effect are rarely
reported in cyclohexanone toxicity studies. In this
study, we aimed to characterize the oxidative stress in
the livers of rats exposed to cyclohexanone with
immunohistochemistry.
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MATERIAL AND METHOD

Forty specific-pathogen-free (SPF) F344 rats (20
males and 20 females) were divided into control group (0
ppm) and cyclohexanone exposed group (625 ppm) (10 per
sex per group). The rats were purchased from Japan SLC
Inc. (Shizuoka, Japan).They had free access to a commercial
rodent diet (Teklad Global 18 % Protein Rodent Diet, Envigo
Co., Huntingdon, UK) and filtered tap water. All rats were
individually housed in stainless steel wire mesh cages (W
230 mm ¥ L 1200 mm ¥ H 200 mm). A whole–body exposure
chamber (WITC-00-M, HCT Co., Icheon, Korea), with a
gas generator (LVg-04-A, HCT Co., Icheon, Korea), was
used to expose the rats to cyclohexanone at 0 and 625 ppm
for 6 h/day, 5 days/week for 13 weeks. The chamber
conditions, including temperature, relative humidity,
pressure, and air ventilation, were controlled with an
environmental controller (WITC-00-M, HCT Co., Icheon,
Korea). The protocols used in the study were reviewed and
approved by the Institutional Animal Care and Use
Committee (IACUC-1710).

acid buffer for 10 min, and treated with universal blocking
reagent (Bio Genex, San Ramon, CA, USA) for 10 min at
room temperature to eliminate nonspecific binding. Sections
were incubated with 1:100 rabbit polyclonal anti-4hydroxynonenal (4-HNE) antibody (Abcam, Cambridge,
UK) overnight at 4 °C. Signals were developed with an
avidin-biotin horseradish peroxidase complex and
diaminobenzidine (DAB) chromogen using the RealTM
EnvisonTM Detection system (Dako, Glostrup, Denmark).
Sections were counterstained with Mayer’s hematoxylin for
30s, dehydrated, covered with coverslip and examined by
light microscopy. The intensity of staining was scored from
0 to 5 (0: No staining, 1: <10 %, 2: 10-30 %, 3: 30-50 %, 4:
50-70 %, 5: >70 %).
Statistical Analysis. Immunoreactivity scores were evaluated
using SPSS (ver. 19.0, IBM, Chicago, IL, USA). The Mann–
Whitney U test was used to assess statistical significance. P
values below 0.05 indicated statistical significance.

RESULTS

Tissue preparation for light microscopy. At 13 weeks
of treatment, rats were euthanized. Livers were surgically
removed from each animal during necropsy and fixed
immediately in 10 % neutral buffered formalin. Livers were
processed routinely, embedded in paraffin, sectioned to 3-4
mm, stained with hematoxylin and eosin, and examined
microscopically under low- to high- power fields.

Histopathology showed an increase of bile duct
hyperplasia in the livers of the male was observed in
cyclohexanone-exposed group compared to control group
(Table I) (Fig. 1). However, abnormal lesions were not
observed in the livers of the female control or cyclohexanoneexposed groups.

Immunohistochemical staining. Sections were
deparaffinized and blocked for endogenous peroxidase
activity with 3 % H2O2 for 10 min, boiled in 0.1 M citric

Immunohistochemistry showed that, in males, 4-HNE
was strongly expressed in the cytoplasm of almost every
hepatocyte of hepatic lobules of the cyclohexanone-exposed

Fig. 1. Histological findings in livers of male rats exposed to cyclohexanone. A) No abnormal lesions were observed in control group livers,
B) Bile duct hyperplasia at portal tract (arrow) was observed in the cyclohexanone-exposed group (625 ppm). Magnification x200.
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Table I. Incidence of bile duct hyperplasia in liver.
F indings
Bile duct hyperplasia

Grade
Minimal
Mild
Total

Control (0 ppm)
1/10
1/10
2/10

group, while it was expressed mainly in the cytoplasm of
hepatocytes around the central vein of hepatic lobules in the
control group. In particular, 4-HNE was strongly observed in
hepatocytes around bile duct hyperplasia in the cyclohexanoneexposed group compared to the control group. In contrast to
males, 4-HNE was weakly expressed in females in the
cytoplasm of hepatocytes around central vein of hepatic lobules
in the cyclohexanone-exposed group, while it was faintly

Cyclohexanone (625 ppm)
2/10
2/10
4/10

expressed in the cytoplasm of hepatocytes around central vein
of hepatic lobules in the control group (Fig. 2).
With semi-quantitative scoring, 4-HNE expression
was significantly stronger in the cyclohexanone-exposed
group compared to the control group in both sexes. However,
it was significantly stronger in male groups compared to
female groups (Fig. 3).

Fig. 2. Immunohistochemical detection of 4-HNE expression in livers of control and cyclohexanone-exposed groups. In males,
A) immunoreactivity of 4-HNE was observed mainly in the cytoplasm of hepatocytes around central vein of hepatic lobules in
the control group (arrow), B) 4-HNE was strongly expressed in the cytoplasm of most hepatocyte of hepatic lobule in the
cyclohexanone-exposed group (arrow). 4-HNE expression in hepatocytes near bile duct hyperplasia at the portal tract (arrow
head). In females, C) 4-HNE was faintly expressed in the cytoplasm of hepatocytes around central vein of hepatic lobule in the
control group (arrow). D) 4-HNE was weakly expressed in the cytoplasm of hepatocyte around central vein of hepatic lobule in
the cyclohexanone-exposed group (arrow). Magnification x200.
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combined with ethanol, or carbon tetrachloride (Tsukamoto
et al., 1995; Hartley et al., 1997; Kono et al., 2001).
Therefore, 4-HNE is an useful immunohistochemical
marker for evaluating oxidative stress.

Fig. 3. Semiquantitative Score of 4-HNE immunoreactivity in liver
Significant differences compared with control group: ** p < 0.01.
Significant differences compared with equivalent exposure male
rat group : †† p < 0.01

DISCUSSION

In this study, increased bile duct hyperplasia in the
liver was only observed in males in the cyclohexanoneexposed group (Table I). These changes, known as background lesions, are usually found in older animals in rats
and mice, but might be induced or exacerbated by the
treatment in this study, as indicated by the incidence
difference of the lesions between control and cyclohexanoneexposed groups (Thoolen et al., 2010).
Oxidative stress arises from an imbalance in the
production neutralization and metabolism of ROS, resulting
in the formation of free radicals (Evans & Cooke). Lipid
peroxidation results from hydroxyl radical attack on fatty
acyl chains of phospholipids and triglycerides (Brand,
2010; Sena & Chandel, 2012). 4-HNE is one of the major
end products of lipid peroxidation, and it is associated with
pathogenesis in a variety of diseases including Alzheimer’s
disease, cataract, and cancer (Esterbauer et al., 1991;
Uchida, 2003). Several studies have revealed that the
carbon-carbon double bond of 4-HNE can react with a
variety of cellular components, including DNA and proteins
(Uchida & Stadtman, 1992). Also, 4-HNE is a strong
electrophile that can change cellular redox state
significantly by decreasing cellular sulfhydryl compounds
such as glutathione (GSH). Therefore, 4-HNE has been
acknowledged as a mediator and inducer of oxidative stress
(Awasthi et al., 2004). Also, 4-HNE has demonstrated
induction of oxidative stress by immunohistochemistry in
tissue obtained from animals treated with ethanol, iron
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Immunohistochemistry showed that 4-HNE was
more strongly expressed in the cytoplasm of hepatocytes in
the cyclohexanone-exposed group than in control group in
both sexes. Also, 4-HNE expression in the liver was stronger
in the male groups compared to the female groups. This result
indicates that the exposure to cyclohexanone caused
oxidative stress in hepatocytes of liver and although bile
ducts do not express positive signals, increased bile duct
hyperplasia can also be caused by oxidative stress because
hepatocytes around bile ducts express positive signals to a
considerable degree. A previous study linked cyclohexanone
treatment to acute liver damage. In rat induced with carbon
tetrachloride, enhanced liver damage may have been caused
by free radical oxygen that increased with cyclohexanone
treatment (Kim et al., 2002), which supports our results.
Differences between sexes in 4-HNE expression in the liver
may be attributed to sexual dimorphism in cytochrome P450
that is associated with the metabolism of xenobiotics (Borrás
et al., 2003; Cederbaum, 2015).
In conclusion, the present study revealed oxidative
stress in the livers of rats exposed to cyclohexanone, with
different results observed based on sex. This provides useful
information on the toxic mechanism of cyclohexanone.
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RESUMEN: La ciclohexanona se usa ampliamente en la
industria para la síntesis orgánica de sustancias químicas, como el
ácido adípico, la caprolactama, el cloruro de polivinilo y sus
copolímeros y los polímeros del éster metacrilato. Su mecanismo
de toxicidad, especialmente el estrés oxidativo, se observa raramente en los estudios de toxicidad de la ciclohexanona. En el presente estudio, evaluamos el estrés oxidativo a través de la
inmunohistoquímica en hígados de ratas expuestas a la
ciclohexanona. Las ratas fueron expuestas a 0 ppm y 625 ppm de
ciclohexanona por 6 horas diarias, 5 días a la semana durante 13
semanas, mediante inhalación corporal total. Al final de la exposición, se sacrificaron las ratas y se extirparon sus hígados para el
examen histológico. La histopatología indicó que se observó un
aumento de la hiperplasia del conducto biliar solamente en el grupo expuesto a la ciclohexanona, en comparación con el grupo de
control en machos. La inmunohistoquímica mostró una
inmunorreactividad al 4-HNE en el citoplasma de los hepatocitos
del hígado. La inmunorreactividad fue significativamente mayor
en el grupo expuesto a la ciclohexanona, en comparación con el
grupo control en ambos sexos. Sin embargo, fue significativamente
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mayor en los machos, en comparación con el hígado de las hembras. Este resultado muestra una diferencia basada en el sexo, en la
expresión del estrés oxidativo en respuesta a la exposición a la
ciclohexanona.
PALABRAS CLAVE: Ciclohexanona; 4-HNE;
Inmunohistoquímica.
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