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Abstract: Formaldehyde (FA) is an organic chemical which is widely used all over the world and has hazardous ef-
fects for the environment. FA can react with many biomolecules in the biological systems and lead to toxic effects 
on humans. Melatonin (MEL), a neurohormone produced by pineal gland, has been shown to be an effective antioxi-
dant with free radical scavenging properties. The present study aimed to evaluate the ameliorative effects of MEL 
on FA-induced toxicity by monitoring oxidant/antioxidant and histopathological changes in the lung, liver and kidney 
tissues of rats as well as DNA damage in the blood samples. FA was administered through inhalation at a rate of 
6 ppm for 6 weeks and intraperitoneal injection at a rate of 10 mg/kg/day for 14 days. MEL was administered in 
related groups at a rate of 10 mg/kg/day. Upon the completion of the experimental protocol, tissues were dissected 
for processing biochemical assays and routine histological staining. Blood samples were collected to investigate 
DNA damage with the comet assay and ELISA kit for 8-hydroxydeoxyguanosine (8-OHdG). FA exposures increased 
the levels of DNA damage, malondialdehyde and myeloperoxidase activity and reduced glutathione levels. FA also 
significantly raised the level of tissue reactive oxygen species. FA-induced morphological changes in the tissues 
were also observed with the light microscope. These alterations were reversed by MEL treatment. In conclusion, 
the present study suggests that oxidative mechanisms play an important role in FA toxicity. MEL ameliorates oxida-
tive tissue and DNA damage resulting from FA-induced toxicity by balancing oxidant-antioxidant status, inhibiting 
neutrophil infiltration and reducing 8-OHdG level, and might be beneficial in reducing FA-induced oxidative tissue 
and DNA damage.
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Introduction

Formaldehyde (FA), a colorless, water soluble 
and flammable organic compound, is widely 
used in various industrial facilities for the syn-
thesis of numerous chemicals. These include 
urea and phenol resins, building materials (ply-
wood, roofing felt etc.), and furniture manufac-
turing applications. FA is also widely used for 
preserving or fixing human and animal remains 
or tissues in spread anatomy and pathology 
laboratories of the hospitals and universities. 
FA is naturally found in fruits (apples, peals etc.) 
and is an endogenous metabolite in mammals, 
including humans [1-3]. Occupational exposure 

to FA occurs in a wide range of doses; for exam-
ple it changes from 2 to 5 ppm in the furniture 
varnishing process, and it has been reported as 
greater than or equal to 3 ppm in short-term 
exposures for pathologists and embalmers in 
the pathology laboratories where embalming 
takes place. In both industrial areas and labora-
tories, human exposure to FA occurs mainly by 
inhalation [3]. 

Inhaled FA has toxic effects on central nervous 
system, respiratory system, reproductive sys-
tem and bone marrow in addition to its well-
known hepatotoxic effects [4, 5]. The main con-
cern about its toxicity is that FA has a strong 
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mutagenic effect to living organisms and is 
classified as carcinogenic to humans in group 1 
[3]. Additionally, FA causes irritation to the eye, 
nose and nasopharynx via inhalation, and is 
responsible for some adverse allergic reac- 
tions such as contact dermatitis and asthma 
[6]. The high solubility and reactivity of FA 
enable it to interact readily and reversibly with 
mucus or with other cellular macromolecules 
that have nucleophilic groups, including amino 
acids and DNA [7]. The ability of FA to interact 
with DNA leads to the formation of DNA cross-
links and formaldehyde-derived adducts that 
are believed to be the responsible for the geno-
toxic and carcinogenic effects of FA [8]. Oxida- 
tive stress resulting from increased reactive 
oxygen species (ROS) levels in cells is thought 
to be related to the occurrence of various dis-
eases including Alzheimer’s, heart failure and 
cancer [9, 10]. The previous studies reported 
that FA exposure causes oxidative stress by 
effecting enzymes such as superoxide dis-
mutase (SOD) and catalase (CAT) and disturb-
ing the antioxidant defense system in the body 
[11]. 

Melatonin (MEL) is a neurohormone secreted at 
night, primarily by the pineal gland [20], but 
also by the skin, bone marrow, retinas and thy-
mus [12]. Due to its ability to cross all biological 
membranes, MEL is secreted into the capillar-
ies and distributed to most of the body tissues 
once formed. MEL plays a powerful role in the 
amelioration of cardiovascular complication, 
convulsion therapy and circadian rhythm sleep 
disorders like shift work sleep disorder and jet 
lag [13]. Along with the major physiological 
activity of MEL - the regulation of the sleep-
wake cycle - several of its other properties have 
been also reported in the last two decades. 
These include the direct scavenging activity of 
free radicals and gene regulation of antioxidant 
enzymes such as SOD, CAT and glutathione 
peroxidase [14, 15]. The promising properties 
of MEL suggest that it might inhibit DNA-
adducts upon reaching to its highest levels in 
the nucleus of the cell, protecting lipids, pro-
teins and other biological macromolecules 
from both endogenous and exogenous free 
radical generated oxidative damage [16, 17].

The present study was carried out to determine 
the toxic effects of FA administered through 
inhalation and intraperitoneal (i.p.) injection, 
and to reveal the ameliorative effects of MEL 

on FA-induced oxidative stress and DNA dam-
age in rats. For this purpose, Wistar albino rats 
were exposed to FA either by i.p. injection at a 
dose of 10 mg/kg/day for 14 days or by inhala-
tion at a dose of 6 ppm for 8 hours/day, 5 con-
secutive days per week, for 6 weeks, to mimic 
occupational exposure. To evaluate the po- 
tentially protective role of MEL treatment on 
FA-induced toxicity in rats, certain biochemical 
assays and histopathological staining were 
conducted in the lung, liver and kidney tissues 
while genotoxicity assays were performed with 
the blood samples after completion of the 
experimental protocol. 

Materials and methods

Chemicals

Melatonin, 10% neutral buffered formalin, 3-Ca- 
rboxy-4-nitrophenyl disulfide (DTNB), dimethyl 
sulfoxide (DMSO), o-dianisidine, 2-thiobarbitu-
ric acid, trichloroacetic acid (TCA), low-melting 
agarose (LMA) and high-melting agarose (HMA) 
were purchased from Sigma-Aldrich, Inc. (St 
Louis, MO, USA); ELISA kit for 8-hydroxy-2’-de-
oxyguanosine (8-OHdG) was obtained from 
Wuhan USCN Business Co., Ltd. (Houston, 
USA). All other chemicals were used in analyti-
cally grade. 

Animals 

The experimental protocol used in the present 
study was approved by the Marmara Univer- 
sity School of Medicine Animal Care and Use 
Committee (Approval ID and Date: 192015.
mar, March 06, 2015). Female and male Wistar 
albino rats with a body weight of 250 to 300 g 
were used in this study. Animals were housed  
in polypropylene cages at room temperature 
(22±2°C) with 12 h light/12 h dark cycle. Ani- 
mals fed with a standard rat pellet and water 
was available ad libitum. 

Experimental design

Rats were divided randomly into 6 experimen-
tal groups (control, FA-inh, FA-ip, MEL, FA-inh+ 
MEL and FA-ip+MEL) of 8 animals each, with an 
equal number of male and female rats. The 
FA-inh group was exposed to 6 ppm of FA for 8 
hours/day and 5 consecutive days per week, 
for 6 weeks in a special inhalation chamber 
(18). The FA-ip group was injected i.p. 10 mg/
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kg/day FA for 14 days. MEL treated groups 
(MEL, FA-inh+MEL and FA-ip+MEL) received i.p. 
injection of MEL (solute in saline; 1:10, ethyl 
alcohol and saline) at a dose of 10 mg/kg/day 
and control group was injected with same dose 
of saline. Upon completion of the experimental 
protocol, all animals were decapitated and the 
blood samples of each animal were collected 
separately into heparinized tubes and the 
comet assay was performed with the fresh 
blood samples. The rest of the blood samples 
were centrifuged at 3500 rpm for 10 min, after 
which the plasma was removed carefully and 
divided into aliquots kept at -20°C until 8-OHdG 
measurements were performed. The lung, liver 
and kidney of rats were carefully removed and 
washed with saline. For biochemical assays, 
tissue samples of each organ were separately 
kept at -20°C until the malondialdehyde (MDA) 
and glutathione (GSH) levels, myeloperoxidase 
(MPO) activity and luminol, lucigenin and nitric 
oxide (NO) chemiluminescence (CL) measure-
ments were performed. For the histopathologi-
cal examination, tissue samples of each organ 
were stored in 10% neutral buffered formalin at 
room temperature.

Inhalation chamber

The inhalation protocol of Valentine and Ken- 
nedy [18] was applied with minor modifications 
in a special inhalation chamber purchased 
from a local company named Zenon Diagnostic 
(Inhalation Exposure Unit, Cabinet 1000, Is- 
tanbul, Turkey). Gaseous FA was prepared  
from 10% formalin. The concentration during 
exposure was adjusted and monitored with a 
ToxiRAE Pro dedector (RAE Systems, San Jose, 
CA, USA). Air temperature, the relative humidity 
and airflow rate were maintained at 22±2°C, 
45-55% and 1.65±0.15 m3/h, respectively. A 
filter made of activated charcoal was used to 
inhibit the release of FA via the exhausted air 
from the cabin, in order to protect the environ-
ment and prevent undesired human exposure.

The single cell gel electrophoresis (comet as-
say)

The standard protocol for alkaline comet assay 
was operated for the lymphocytes of the ani-
mals with minor modifications of Singh et al. 
[19]. Cells were mixed with 0.65% LMA and 
placed on HMA-coated slides (two duplicates 
for each sample), with coverslip. The slides 

were kept at 4°C to solidify, after which the cov-
erslip were removed and the slides were care-
fully immersed in cold lysing solution (2.5 M 
NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 10) for 
1.5 h at 4°C. After the lysing process, the slides 
were placed in a tank and electrophoresed for 
20 min at 300 mA and 15 V. Then the slides 
were gently removed from the tank and washed 
3 times for 5 min each with a neutralizing solu-
tion (0.4 M Tris buffer, pH 7.5) to neutralize the 
residual alkali. Subsequently the slides were 
fixed with 50%, 75% and absolute ethyl alcohol 
respectively, and laid flat to dry at room tem-
perature. Each slide was stained with 50 µL 
ethidium bromide (EtBr, 20 µl/ml) and then cov-
ered with a coverslip. Image analysis of slides 
was carried out at X40 magnification under a 
fluorescent microscope (Olympus, BX51, Tokyo, 
Japan) equipped with an 546 nm excitation fil-
ter and a 590 nm barrier filter. Based on the 
principle of releasing damaged DNA from the 
core of the nucleus during electrophoresis, 
comets are formed. 100 cells per sample (two 
duplicate sample slides, 50 randomly selected 
cells scored per slide) were scored to count the 
percentage DNA in tail (%DNAT) using BAB 
Bs200Pro image analysis software (BAB LTD., 
Ankara, Turkey).

Enzyme-linked immunosorbent assay (ELISA) 
for 8-hydroxydeoxyguanosine (8-OHdG)

The plasma levels of 8-OHdG were measured 
with an ELISA Kit for 8-OHdG (Cat No: 
CEA660Ge, Wuhan USCN Business Co., Ltd., 
Houston, USA) according to the manufacturer’s 
instructions. The principle of the assay is based 
on the competitive inhibition reaction between 
biotin labeled 8-OHdG and unlabeled 8-OHdG 
(standards or samples) with the pre-coated 
antibody specific to 8-OHdG. Briefly, standards 
(5 different concentrations) or samples were 
added into the appropriate wells in duplicate 
and then incubated at 37°C. Followed by the 
chromogenic reaction, the absorbance was 
measured at 450 nm using a microplate reader 
(EL×800, BioTek Instruments, Inc., Winooski, 
USA). The content of 8-OHdG in plasma sam-
ples was expressed as pg/ml. 

Tissue MDA and GSH levels

Lipid peroxidation levels were investigated in 
terms of MDA equivalent in lung, liver and kid-
ney tissues of rats. Tissues were homogenized 
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(w/v 10%) in 10% trichloroacetic acid and then 
centrifuged at 3000 rpm for 15 min. Super- 
natant was aspirated and MDA levels were 
determined by monitoring the reaction between 
same volume of thiobarbituric acid and super-
natant at 100°C based on the level of absor-
bance at 532 nm in a spectrophotometer 
(Beckman Coulter DU 73, Fullerton, California, 
USA). The results were presented as nmol 
MDA/g tissue [20]. A modified Ellman proce-
dure was performed to measure GSH levels in 
tissues using a spectrophotometer at 412 nm 
[21].

Tissue myeloperoxidase activity

Tissue myeloperoxidase (MPO) activity assay 
was performed in a procedure similar to that 
described by Hillegas et al. [22]. Tissue sam-
ples were homogenized (w/v 10%) in an ice-
cold 50 mM potassium phosphate buffer (PB, 

released from the tissues. Luminol is selective 
for hydroxyl radical, hydrogen peroxide, hydro-
peroxyl and hypochlorite, while lucigenin is 
selective for superoxide radical. Samples were 
put into vials containing 2.0 ml of 0.5 M ph- 
osphate buffered saline (PBS) solution and 
0.02 M 4-(2-hydroxyethyl)-1-piperazine-ethane-
sulphonic acid (HEPES) solution. ROS were 
quantified for an accounting period of 5 min 
with 1 min intervals after the addition of 0.2 
mM of each enhancer. Nitric oxide (NO) levels 
were also measured in the tissues using lumi-
nol-sodium salt and H2O2. Results were given 
as relative light units per mg tissue (rlu/mg tis-
sue) by calculating the area under the curve 
[23]. 

Histopathological analysis

For the light microscopic examinations, 10% 
neutral buffered formalin fixed tissues (lung, 

Figure 1. Measurements of the percentages DNA in tail (%DNAT) in the lym-
phocytes. Data are represented as mean ± standard deviation. ***P<0.001 
compared to the control group, +++P<0.001 compared to the FA-inh group 
and ###P<0.001 compared to the FA-ip group (n = 8). 

Figure 2. 8-Hydroxydeoxyguanosine (8-OHdG) levels in the plasma samples. 
Data are represented as mean ± standard deviation. *P<0.05, **P<0.01, 
***P<0.001 compared to the control group, ++P<0.01, +++P<0.001 compared 
to the FA-inh group and ###P<0.001 compared to the FA-ip group (n = 8).

pH 6.0) containing 0.5% he- 
xadecyltrimethylammonium 
bromide (HETAB), and ethyl-
enediaminetetraacetic acid 
(EDTA) and centrifuged at 
12.000 rpm at 4°C for 10 
min. Aliquots were added to 
2.9 ml of reaction mixture 
consisting of 50 mM PB, 
o-dianisidine and 20 mM H2O2 
solution in a 37°C water bath. 
The MPO activity was deter-
mined such that one unit of 
enzyme activity caused a ch- 
ange in the absorbance mea-
sured with spectrophotome-
ter at 460 nm for 3 min. The 
results were expressed as 
U/g tissue.

Chemiluminescence mea-
surements

Chemiluminescence (CL) is  
a noninvasive method typical-
ly used for the determination 
of ROS. The assay was carri- 
ed out at room temperature 
using a luminometer (Junior 
LB 9509, EG & G Berthold, 
Germany). Luminol and luci-
genin probes were used as 
enhancers to generate the 
light emissions of the ROS 
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liver and kidney) were embedded in paraffin, 3 
µm sections were taken and stained with 
hematoxylin and eosin (H&E) [24]. 

Statistics

Statistical analysis was carried out using the 
GraphPad Instat (GraphPad Software, San 
Diego, CA) program. All results are given as 
mean ± standard deviation (SD); groups of data 
were compared with one-way analysis of vari-
ance (one-way ANOVA) followed by Tukey’s mul-
tiple comparison tests. Values of P<0.05 were 
considered as significant. 

Results

The levels of %DNAT 

The effect of MEL on FA-induced DNA damage 
was evaluated by comet assay in lymphocytes 
and the results were given as %DNAT. As a con-
sequence of FA exposure through inhalation 
and i.p. injection, the %DNAT levels were signifi-
cantly (P<0.001) higher than those of the con-

FA-ip) and the control group were observed. In 
FA-inh group, FA exposure escalated the MDA 
levels of the lung, liver and kidney tissues 
(P<0.001, P<0.001, P<0.05, respectively) com-
pared to the control. MDA levels of these tis-
sues were also increased in the FA-ip group. 
Moreover, FA exposure induced the depletion of 
the GSH levels of the tissues. MEL treatment 
significantly reversed these effects and 
reduced the tissue MDA levels while increasing 
the GSH levels. 

Tissue myeloperoxidase activity

Myeloperoxidase activity, a notable marker of 
neutrophil infiltration, was significantly higher 
in the lung, liver and kidney tissues of rats 
exposed to FA via inhalation (P<0.001, P<0.01 
and P<0.001, respectively), and MEL treatment 
reduced this effect in the lung and liver tissues 
of FA-inh+MEL group, significantly (P<0.001 
and P<0.05, respectively). The MPO activity of 
the lung, liver and kidney tissues in FA-ip group 
was determined to be statistically higher than 
that of the control group (P<0.05, P<0.001 and 

Table 1. Malondialdehyde (MDA) and glutathione (GSH) levels, 
and myeloperoxidase (MPO) activity in the lung, liver and kidney 
tissues of rats

Tissues Groups MDA 
(nmol/g tissue)

GSH 
(µmol/g tissue)

MPO 
(U/g tissue)

Lung Control 7.14±0.89 4.81±0.99 0.35±0.06
FA-inh 13.33±1.49*** 2.13±0.52*** 0.79±0.22***

FA-ip 8.8±0.67* 3.42±0.22*** 0.52±0.13*

MEL 6.91±0.73 4.91±0.35 0.29±0.07
FA-inh+MEL 8.21±0.55+++ 4.12±0.40+++ 0.37±0.08+++

FA-ip+MEL 7.39±0.50# 4.02±0.50 0.41±0.08
Liver Control 11.31±1.01 6.57±0.60 0.22±0.07

FA-inh 15.33±1.32*** 2.42±0.90*** 0.41±0.15**

FA-ip 19.58±1.85*** 3.17±0.48*** 0.53±0.12***

MEL 12.66±1.06 6.28±0.97 0.26±0.08
FA-inh+MEL 12.83±0.89++ 5.56±0.69+++ 0.30±0.06+

FA-ip+MEL 12.52±1.55### 5.4±1.05### 0.31±0.05##

Kidney Control 15.90±3.20 4.70±0.39 0.18±0.03
FA-inh 20.55±2.51* 3.16±0.40*** 0.32±0.10***

FA-ip 24.09±2.91*** 3.35±0.30*** 0.38±0.04***

MEL 14.81±2.70 5.10±0.37 0.16±0.04
FA-inh+MEL 16.94±2.48 4.26±0.33+++ 0.25±0.06
FA-ip+MEL 17.95±2.27## 4.02±0.57# 0.24±0.06##

Data are represented as mean ± standard deviation. *P<0.05, **P<0.01, 
***P<0.001 compared to the control group, +P<0.05, ++P<0.01, +++P<0.001 
compared to the FA-inh group and #P<0.05, ##P<0.01, ###P<0.001 compared to 
the FA-ip group (n = 8).

trol group (Figure 1). MEL treat-
ment brought out a significant 
(P<0.001) reduction in DNA 
damage in the FA-inh+MEL and 
FA-ip+MEL groups compared to 
related FA exposure groups. 
Additionally, only MEL treated 
rats displayed levels of %DNAT 
similar to the control. 

The plasma 8-OHdG levels

Increased levels of 8-OHdG 
were observed in FA-inh and 
FA-ip groups compared to the 
control, significantly (P<0.001). 
MEL treatment reduced the 
8-OHdG levels in the FA-inh+ 
MEL group (26.75±1.40; P< 
0.01) and FA-ip+MEL group 
(25.17±1.55; P<0.001) with 
respect to related FA exposure 
groups (Figure 2). 

Tissue MDA and GSH levels

The results of MDA and GSH 
measurements are shown in 
Table 1. Significant differences 
in MDA and GSH levels between 
FA-exposed groups (FA-inh and 
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0.001). MEL treatment reduced 
these effects in the kidney tis-
sue significantly (P<0.001) and 
decreased the lucigenin levels 
in the FA-inh+MEL and FA-ip+ 
MEL groups (Table 2). The NO 
levels of the lung and liver tis-
sues were significantly higher in 
FA-inh (P<0.001, P<0.001) and 
FA-ip groups (P<0.01, P<0.001). 
Treatment with MEL reduced 
NO levels of these tissues in  
the FA-inh+MEL and FA-ip+MEL 
groups. In the kidney tissue, 
only the FA-ip group showed a 
higher NO level than the control 
(P<0.001) and the MEL supple-
ment decreased NO level in the 
FA-ip+MEL group, significantly 
(P<0.001).

Light microscopic findings

Formaldehyde inhalation indu- 
ced alveolar damages as well  
as congestion, hemorrhage, ed- 
ema and interstitial inflamma-
tory cell infiltration in H&E sta- 
ined sections of FA-exposed rat 
lung tissue (Figure 3). Epithelial 

Table 2. Luminol, lucigenin enhanced chemiluminescence (CL) 
measurements and nitric oxide (NO) levels in the lung, liver and 
kidney tissues of rats

Tissues Groups Luminol
(rlu/mg)

Lucigenin  
(rlu/mg) NO (rlu/mg)

Lung Control 5.13±1.50 4.33±0.93 5.30±1.47
FA-inh 13.44±2.76*** 36.70±11.18*** 234.50±82.22***

FA-ip 7.48±3.02 15.69±4.70*** 99.98±66.62**

MEL 3.94±0.79 4.08±0.96 4.78±0.94
FA-inh+MEL 5.04±0.64+++ 6.52±2.47+++ 69.25±17.57+++

FA-ip+MEL 5.40±1.72 4.50±1.01### 38.80±10.50
Liver Control 3.25±1.05 3.61±1.08 3.88±1.04

FA-inh 5.96±1.48*** 8.54±2.90*** 26.71±12.33***

FA-ip 5.60±1.05*** 8.68±1.76*** 35.28±15.90***

MEL 2.64±0.70 2.70±0.43 2.69±1.10
FA-inh+MEL 2.98±0.63+++ 4.60±1.78+++ 11.68±7.24+

FA-ip+MEL 2.93±0.56### 3.88±1.48### 14.37±4.52##

Kidney Control 4.01±1.29 3.81±1.14 4.44±1.47
FA-inh 4.56±0.52 4.48±1.03 4.30±1.10
FA-ip 5.63±2.04 15.47±8.16*** 38.58±7.24***

MEL 2.96±1.06 3.03±1.66 2.86±0.70
FA-inh+MEL 5.36±2.26 3.53±1.33 3.75±0.88
FA-ip+MEL 3.35±0.94 5.75±3.34### 16.70±6.48###

Data are represented as mean ± standard deviation. **P<0.01, ***P<0.001 com-
pared to the control group, +P<0.05, +++P<0.001 compared to the FA-inh group 
and ##P<0.01, ###P<0.001 compared to the FA-ip group (n = 8). 

P<0.001, respectively). MEL treatment in the 
FA-ip+MEL group significantly reduced the MPO 
activity of these tissues (Table 1).

Chemiluminescence measurements

Luminol enhanced CL measurements were sig-
nificantly increased (P<0.001) in the liver tis-
sues of the FA-inh and FA-ip groups (5.96± 
1.48 rlu, 5.60±1.05 rlu, respectively) and in the 
lung tissue of FA-inh group (13.74±2.76 rlu) 
compared to the control group, however, no sig-
nificant change in the kidney tissue was 
observed (Table 2). MEL treatment reduced the 
increased luminol levels in the lung and liver 
tissues of the FA-inh and FA-ip groups. Lucigenin 
enhanced CL measurements were significantly 
increased in the lung and liver tissues of the 
FA-inh (15.69±4.70 rlu, 8.54±2.9 rlu, respec-
tively) and FA-ip (36.70±11.18 rlu, 8.68±1.76 
rlu, respectively) groups compared to the con-
trol. In the kidney tissue, the lucigenin level of 
the FA-inh group remained unchanged (P>0.05), 
while only the FA-ip group showed increased 
lucigenin levels compared to the control (P< 

desquamation, thickening of the alveolar septa 
and emphysematous changes were also 
observed in the lung samples. Similar findings 
were observed in FA-ip group with less severe 
inflammatory cell infiltration and emphysema-
tous findings than in the FA-inh group. MEL 
therapy slightly reduced these effects as indi-
cated by the less pronounced emphysematous 
changes and the thickening of the alveolar 
septa. 

The normal structures of hepatic tissue were 
observed in the control group; no signs of 
inflammation, congestion and edema were 
detected and portal areas appeared normal 
(Figure 4). FA exposures (both via i.p. and in- 
halation) caused damages in the portal areas 
and mild edema along with Kupffer cell prolif-
eration in portal areas. Mild congestions in 
sinusoidal areas and the hepatic vein were 
examined in H&E stained sections of the liver 
tissues of FA-exposed rats. MEL treatment 
slightly reduced the destructive effects of FA in 
hepatic tissue with reducing congestion in the 
sinusoidal and portal areas (Figure 4). 
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Histopathological examination of kidney tissue 
sections of the control rats revealed the normal 
structure of renal corpuscles and renal tubules. 
The amounts and shapes of glomerules were 
normal. Interstitial lymphoplasmocytes cell in- 

filtration, glomerular enlargement and conges-
tion were observed in the FA-exposed groups 
(i.p. and inhalation). MEL treatment did not 
reduce these effects adequately in FA-exposed 
rats (Figure 5).

Figure 3. A: Alveoli structure of normal lung tissue in the control group. B: Alveolar shape and size were regular in 
the MEL group. C: Epithelial desquamation (arrowhead), inflammatory cell infiltration (*) and hemorrhaging (ar-
row) could be observed in the FA-inh group. D: The damages were less pronounced after MEL treatment in the FA-
inh+MEL group. E: Slight alveolar septa thickening and congestion (arrow) in the FA-ip group. F: Alveolar septum was 
slightly regular after MEL treatment in the FA-ip+MEL group. (H&E, Bar = 100 µm).

Figure 4. A: Normal structure of liver tissue in the control. B: MEL group; similar structures were observed as in con-
trol group. C: Congestion (arrow) in the FA-inh group. D: MEL treatment reduced the degeneration slightly (arrow). 
E: Congestion (arrow) in the FA-ip group. F: Congestion (arrow) was less pronounced in the FA-ip+MEL group. (H&E, 
Bar = 100 µm).
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Discussion

The toxic effects of formaldehyde on lung, liver 
and kidney tissues have documented in pre- 
vious studies. In addition to its detrimental 
effects on organ systems, FA has been found to 
be responsible for DNA damage due to the for-
mation of strand breaks and adducts [3, 
25-27]. In this study, we observed that FA expo-
sure caused increases in the %DNAT, 8-OHdG 
level, MPO activity, MDA and ROS levels while 
reducing the GSH levels in rats; these were 
reversed by the MEL treatment. 

The comet assay is used for biomonitoring 
exposure to genotoxic agents including formal-
dehyde and demonstrates the level of DNA 
damage in lymphocytes [28-30]. In this study, 
rats exposed to FA, either by inhalation or i.p. 
injection, showed enhanced levels of DNA  
damage as demonstrated by the comet assay 
along with the raised plasma levels of the oxi-
dative DNA damage marker 8-OHdG. Similarly, 
in their experimental study on oxidative DNA 
damage, Ciftci et al. [31] observed that formal-
dehyde exposure increased the level of 8-OhdG. 
Additionally, the increased DNA damage in the 
peripheral blood lymphocytes and the relation 
of this damage to the levels of FA exposure was 
demonstrated in another study conducted with 

pathologic anatomy laboratory workers [32]. 
Moreover, the findings of the current study 
demonstrated that MEL treatment reduced the 
FA-induced DNA damage by decreasing 8-OHdG 
levels in the plasma and the %DNAT in the 
lymphocytes. 

Reactive oxygen species are a byproduct of 
intracellular metabolic pathways that form un- 
der natural conditions. The increased level of 
ROS may lead to oxidative damage on the tis-
sues by altering the membrane lipids and struc-
ture of proteins as well as nucleic acids. 
Oxidative stress is considered to be one of the 
potential mechanisms behind the FA induced 
systemic toxicity; it has been reported to occur 
in multiple organs of rats exposed to FA [33, 
34]. GSH is involved in the nonenzymatic part 
of anti-oxidative defense systems, and plays a 
vital role as a coenzyme in the detoxification of 
many chemicals including FA [35]. Therefore, 
increased FA exposure leads to the depletion of 
GSH storage in the cells. As a biomarker of lipid 
peroxidation, MDA levels may also rise follow-
ing GSH depletion related to FA toxicity [2, 36]. 
A study by Ye et al. [26] revealed that FA expo-
sure causes increased levels of MDA and 
decreased levels of GSH in the lung and liver 
tissues of mice, while Strubelt et al. [37] report-
ed raised MDA levels in the liver of rats. The 

Figure 5. A: Section of normal kidney tissue in the control group. B: Similar observation was shown for MEL group 
as in the control group. C: Intense inflammatory cell infiltration (*) and congestion (arrow) in the FA-inh group. D: 
MEL treatment reduced inflammatory cell infiltration (*) in the FA-inh+MEL group. E: Degeneration and congestion 
in glomeruli and tubule (arrow) could be observed in the FA-ip group. F: MEL slightly reduced these effects in the 
FA-ip+MEL group. (H&E, Bar = 100 µm). 
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present study demonstrates that FA exposure 
augments MDA levels and reduces GSH levels 
in the lung, liver and kidney tissues. However, it 
is observed that the MEL treatment alleviated 
these FA induced oxidative injury effects. MPO, 
which is an indicator of inflammatory response, 
is a heme enzyme and produces H2O2 from 
hypochloric acid at the site of inflammation 
[22]. Increased MPO activity could modulate 
production of oxidant molecules and ultimately, 
tissue injury under oxidative stress conditions. 
Although Sogut et al. [38] reported that the 
changes in the MPO activity was not significant 
following FA exposure, our study displays sign- 
ificant increases in the MPO activities in the 
lung, liver and kidney tissues, in accordance 
with the MDA levels; these effects were abol-
ished by MEL treatment. Light microscopic 
investigation also illustrated the increased 
MPO activity by revealing moderate inflamma-
tion in the tissues. 

The role of oxygen-derived free radicals in 
organ injury was previously documented [39] 
and scavenging free radicals were found to be 
useful in protecting the tissue from oxidative 
damage [36]. FA can induce tissue injury by  
creating an imbalance in the oxidant/antioxi-
dant status of normal cells, triggering overpro-
duction of ROS such as superoxide anions, 
hydroxyl radicals and as well as nitric oxide (NO) 
in the tissues [40, 41]. In the present study, the 
luminol and lucigenin enhanced CL measure-
ments revealed that ROS-mediated FA-induced 
organ injury is relieved by MEL treatment, evinc-
ing the anti-oxidative effect of MEL. We also 
observed that FA exposure induced the produc-
tion of NO in the lung, liver and kidney tissues, 
and that MEL therapy reduced these effects, 
significantly. On the other hand, FA can increase 
nitric oxide synthase (NOS) expression and NO 
level in the tissue, as well as interfering with 
antioxidant enzymes like CAT and SOD which 
are responsible for detoxifying the superoxide 
anion. The mechanism behind these oxidative 
injuries may be explained by the water soluble 
structure of FA, making easy for FA or its metab-
olite to circulate into membranes and directly 
react with biomolecules.

Campos et al. [42] reported an increase in the 
alveolar lumen area in mice as a result of ciga-
rette smoke. In addition to increase in the alve-
olar lumen area, a decrease in the alveolar 
septa volume density and an increase in the 

inflammatory response were documented in 
2016 by Murta et al. [43]. In our study, we 
observed increased inflammatory cell infiltra-
tion, thickening of the alveolar septa due to  
oxidative damage induced by FA-exposure. MEL 
treatment reduced the alveolar damages in- 
duced by FA slightly. These findings were sup-
ported by the changes in the oxidative stress 
parameters like increased MDA levels and 
depleted GSH stores in the lung tissue. The 
relationship between the inflammatory cells 
and oxidative stress was previously document-
ed: the increased ROS levels induce an inflam-
matory response in the cells [43]. Thus, we sug-
gest that FA might directly react with the lipids, 
proteins and DNA or indirectly interfere with the 
normal cell metabolism to induce the produc-
tion of ROS. The antioxidant property of MEL 
was reported in a previous study demonstrat-
ing the ameliorative effects of MEL on oxidative 
tissue damage [16]. We assumed that MEL pro-
tects the pulmonary tissue from FA induced 
damage by supporting the antioxidant defense 
system.

The liver is a vital organ, being the center of 
metabolism for many toxic or nontoxic xenobiot-
ics, including FA. Due to its high metabolic 
activity, the liver is the main target of many 
toxic substances. Various studies with experi-
mental animals have reported that FA caused 
degenerations in hepatocytes [41], the portal 
area and central vein [36], the impairment of 
membrane integrity and vacuolization [37]; 
these observations correlated with the findings 
of the current study. The damage in the portal 
areas and hepatocytes, along with congestion 
in sinusoids were the results of the detrimen- 
tal effects of FA in the liver observed by the 
light microscopic investigations. MEL treatment 
ameliorated the FA induced hepatic injury as 
distinguished by the less pronounced conges-
tion in sinusoids and damage in hepatocytes. 
FA induced morphological changes in the kid-
ney tissue were reported as epithelial damage 
in glomeruli, mononuclear cell infiltration and 
degeneration in the proximal and distal tubules 
[36, 44]. We observed that FA caused glomeru-
lar enlargement, interstitial cell infiltration, epi-
thelial desquamation and mild congestion. 
Although the MEL treatment reduced the tissue 
damage induced by FA exposure, it did not 
restore the tissue back to its normal structure. 

Once FA enters the body, it is metabolized to 
formic acid (which is later excreted in urine) by 
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formaldehyde dehydrogenase (FDH) which 
uses GSH as a cofactor, primarily in the liver. 
During FA exposure, plasma formic acid con-
centration increases and this may cause sys-
temic acidosis in many organs including the 
lung, liver and kidney [45]. Furthermore, formic 
acid-induced acidosis may lead to an elevation 
in the cellular level of ROS including superoxide 
and hydroxyl radicals along with nitric oxide. 
Thus, formaldehyde can induce oxidative stress 
as a result of free radical production in the tis-
sues in addition to causing DNA damage. The 
presence of an antioxidant like melatonin can 
reduce the harmful effect of FA. 

In conclusion, the results of the present study 
indicate that melatonin considerably amelio-
rates the toxic effects of formaldehyde by inhib-
iting neutrophil infiltration, balancing oxidant/
antioxidant status, reducing ROS levels of the 
lung, liver and kidney tissues and DNA damage 
in rats. Formaldehyde exists as a contaminant 
in the environment, everyday dietary consump-
tion and work-place areas, and humans will 
unavoidably be exposed to this substance. 
Thus, we conclude that melatonin supplemen-
tation may be useful to guard against formalde-
hyde toxicity and further studies are required to 
adopt these results to human. 
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