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ABSTRACT

Purpose: To investigate the healing effect of resveratrol on ischemia, inflammation and oxidative injury in brain and heart tissue of rats in an
experimentally induced carbonmonoxide (CO) intoxication model.

Methods: Twenty-eight mature female Spraque Dawley rats were randomized into four groups of seven animals each. Groups | and Il inhaled
room air for 60 minutes. Groups Il and IV inhaled a high concentration of a 5000 ppm CO gas mixture at 4 L/min until loss of consciousness.
Blood CO levels were measured from T mL blood specimens collected from the tail vein. Groups | and IIl received 1 mL of normal saline while
groups Il and IV received 25 mg/kg resveratrol intraperitoneally. At the end of 48 hour, the rats were sacrified and later blood, brain and heart
tissue samples were taken for histopathological and biochemical evaluation. Neuron damage scores, percentages of degenerate neurons and
apoptosis rates in the cortex and hypothalamus were calculated in brain tissues. Myocyte degeneration, vascular congestion and myocyte
apoptosis rates were calculated in heart tissues. Total antioxidant (TAS), total oxidant (TOS) and oxidative stress index (OSI) levels were also
calculated from the tissue samples.

Results: Histopathological evaluation revealed that resveratrol significantly reduced tissue damage in the brain when groups Il and IV were
compared (p<0.05). Resveratrol also reduced cardiac myocyte degeneration and myocyte apoptosis rate in heart tissue (p=0.004 and p=0.002).
No positive effect was determined at analysis of antioxidant parameters.

Conclusion: The results of this study investigated that resveratrol administration in experimental setting may be beneficial in healing injury
secondary to CO intoxication in brain and heart tissue.
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INTRODUCTION

Intoxications associated with carbon monoxide (CO), a colorless
and odorless gas resulting from incomplete combustion of carbon-
containing compounds, are a cause of growing worldwide mortality
and morbidity. The pathophysiology of CO intoxication is complex,
and in addition to the cellular damage caused by CO itself, the
hypoxia and ischemia produced by the CO-hemoglobin complex
also play a significant role in the process (1). Low endogenous levels
of CO are physiological. The essential problem lies in excessive
exogenous CO intake (2). The main target of CO is hemoglobin
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(Hb), and the affinity of Hb for CO is 210 times greater than that
for oxygen. CO binds to Hb, and COHb forms when the oxygen
in Hb is replaced by CO. Since the oxygen binding regions in this
compound that forms have higher affinity for oxygen, the bound
oxygen is prevented from being presented to tissues. This in turn
results in tissue hypoxia. The most important causes of mortality
and morbidity are complications developing secondary to tissue
hypoxia developing in the brain and heart. However, tissue hypoxia
is not the only mechanism responsible for the toxic effects of CO.
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Direct cellular damage caused by inflammation and oxidative
stress developing following hypoxia also produce deleterious
effects in several tissues, particularly the brain and heart (3). These
range from mild, nonspecific findings in the acute period to severe
manifestations including coma, cerebral and myocardial infarction,
and death (4). Another problem following acute exposure is delayed
or permanent neurocognitive sequelae. These typically emerge 27-
270 days after intoxication, and may be lifelong (5).

The measurement of COHb levels is today an important diagnostic
technique. However, the correlation between blood or tissue COHb
levelsand organ damage is nota powerful one. COHb levels exceeding
60% generally result in mortality, while clinical findings are variable at
lower levels. It is not always possible to determine clinical severity
using COHb levels (1). The basis of treatment of acute CO intoxication
is administration of 100% oxygen with establishment of an open
airway. Hyperbaric oxygen therapy (HBO) is applied when clinical
findings are severe, and under limited indications. Nonetheless, the
effectiveness of HBO in preventing acute and delayed complications
developing in association with severe intoxications is controversial
(6). This is because the underlying mechanism the resulting
complications is not limited to tissue hypoxia.

The options available in treatment planning of patients with CO
intoxication are limited. Synthesis of reactive oxygen products
increases in intoxication secondary to tissue hypoxia. The
numbers of studies concerning the place and importance of
antioxidant therapies as an alternative to oxygen therapy are
therefore increasing rapidly. Treatments with antioxidant and
anti-inflammatory efficacy therefore need to be investigated in
terms of preventing damage occurring secondary to inflammation
under the oxidant effect of free oxygen radicals.

Resveratrol (3.4, 5-trihydroxystilbene; C H,,0,) is a natural
polyphenolic molecule shown by researches to possess anti-
inflammatory, antioxidant, anti-apoptotic, anti-aging and anti-
cancer properties (7). Resveratrol is a phenolic phytoalexin found
in approximately 72 plants in nature, particularly in red grape, and
in peanuts, pine trees, and legumes (8). Studies have revealed that
the most important mechanism in the neuroprotective and cardio-
protective effects of resveratrol is its potent protective activity against
oxidative stress. Its reactions with several signalling pathways at the
molecular level are also a particular subject of investigation (9).

The aim of this study was to investigate whether resveratrol, with
its known antioxidant and cyto-protective properties, can prevent
or reduce damage developing secondary to ischemia, oxidative
damage, and inflammation in brain and heart tissue which are
hypoxia-sensitive vital organs.

METHODS

Study Design

This randomized, non-blinded experimental animal study was
performed following approval of the study protocol by the
Institutional Animal Care and Ethics Committee (Approval No.
2016/18)
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Study Groups

Twenty-eight female Sprague-Dawley rats (10 weeks old and
weighing approximately 240-280 g) were used. These were
housed in steel cages at room temperature until the day of the
study with access to water and standard rat chow. Only water was
permitted in the final 12 h before the study.

Experimental Protocol

The experimental protocol was based on a previously published
experimental CO intoxication model (10). Rats were randomly
assigned into four groups of seven rats each. For purposes of
randomization, the rats were numbered from 1 to 28. These were
written down and placed separately into an opaque envelope.
These numbers were then drawn from the envelope by a member
of staff in a blinded manner (11). For the experimental protocol, a
two-part container made from special glass, 100x40x50 cm in size,
capable of receiving gas from one end and with a hole to allow
gas to escape in the other end, was designed as the experimental
apparatus. During the first 60 min of the experimental protocol, rats
in groups | and Il were placed inside this glass jar and allowed to
breathe room air. Rats in groups Il and IV were made to inhale a
high concentration of 5000 ppm CO gas mixture at 4 [t/min until
losing consciousness. Carboxyhemoglobin (COHb) levels were
measured immediately from T mL blood specimens collected from
the tail veins into the blood gas syringe after the rats were removed
from the jar, and the protocol specified for each group was initiated.
The treatment protocol was applied four times to all rats via the
intraperitoneal (i. p.) route at 12-h intervals over a total period of
48 h. Groups | and Il received 1 mL normal saline solution while
groups Il and IV received 25 mg/kg resveratrol i. p. The dosage of
resveratrol was based on a previous study in the literature (12). At
the end of 48 h, rats were sacrificed by decapitation under 50 mg/
kg ketamine and 5 mg/kg xylazine anesthesia and blood specimens
were collected into yellow biochemistry tube, brain and heart tissue
specimens were separately collected in a jar that contains 10%
formaldehyde and the study was terminated.

Laboratory analysis

All measurements and scoring in the experimental protocol were
performed by a biochemist and histologist blinded to the study
groups.

COHDb Level Measurement: Blood COHb levels were measured
automatically using a blood gas device (Rapidlab 1265, Bayer
Health Care LLC, Pittsburgh, USA) in the biochemistry laboratory.

Measurement of tissue antioxidant parameters: Protein levels
in specimens were determined using a commercial kit (Thermo
Scientific Pierce BCA Protein Assay Kit, Cat No: 23227, Rockford,
IL, USA) following the manufacturer’s instructions, and the results
were expressed as mg/mL. Levels of all biochemical parameters
measured in tissue were given in proportion to the sample protein
amounts calculated for standardization.

Malondialdehyde (MDA), superoxide dismutase (SOD) and
catalase (CAT) levels in brain and heart tissue specimens were
measured using enzyme-linked immunosorbent assay (ELISA)
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kits (Elabscience; Cat No. E-EL-0060, E-EL-R1424 and E-EL-R2456,
respectively, Wuhan, China) in line with the manufacturer’s
instructions. The results were expressed as pg/mg protein. Total
antioxidant status (TAS) and total oxidant status (TOS) in tissue
specimens were measured using colorimetric kits (Rel Assay
Diagnostics; Cat No. RL0024 and RLO017, respectively; Gaziantep,
Turkey) in line with the manufacturer’s instructions. The results
were expressed as pumol H,O, equivalent/L and mmol trolox
equivalent/L, respectively. OSI values in tissue specimens were
calculated using the formula OSI=[ (TOS, umol H,0, equivalent/L)/
(TAS, umol trolox equivalent/L) x 100] (13).

Histopathological Analysis

Brain and heart tissue specimens were fixed for 48 h in 10%
formaldehyde and then subjected to histopathological analysis. All
specimens were dehydrated by being passed through increasing
alcohol series, cleared in xylene, and embedded in paraffin blocks.
Sections 5 pum in thickness were then taken from these blocks
using a fully automatic microtome (Leica RM 2255, Tokyo, Japan),
stained with hematoxylin-eosin (H&E), and evaluated under a light
microscope (Olympus BX-51; Olympus Optical Co., Tokyo, Japan).

Brain tissue was also scored semiquantitatively in terms of neuronal
changes in the bilateral cortex regions following staining with
cresyl violet (O=none, 1=mild, 2=moderate, 3=severe). The CAT,
CA2 and CA3 regions in the cortex and hippocampus in all groups
were examined in terms of percentages of degenerative neurons
at 200X magnifications under a light microscope (Olympus Soft
Imaging Solutions, Minster, Germany) (14, 15).

Heart tissue was evaluated semiquantitatively from O to 3 under
light microscopy in terms of both myocardial cell degeneration and
vascular congestion (0=none, 1=mild, 2=moderate, 3=severe) (16).
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DNA fragmentations in cells from each tissue were identified
using the terminal deoxynucleotidy transferase (TdT) deoxyuridine
triphospate nick end-labeling assay (TUNEL) at analysis of tissue
specimen apoptosis. An in situ cell death detection kit (Roche,
Mannheim, Germany) was used for TUNEL staining in line with the
manufacturer’s instructions. TUNEL (+) with no areas of necrosis and
with homogeneously stained brown were defined as apoptotic cells.
The apoptotic index (AI=TUNEL (+) cell number/total cell number
x 100) was calculated by evaluating 100 cells in five different areas
at 400X magnification in the brain (pyramidal neurons in the cortex
and hippocampus) and heart (myocytes) (17).

Statistical Evaluations

Statistical analysis was performed on SPSS 23.0 software (IBM SPSS,
Armonk, NY, USA). Statistical analysis of biochemical parameters,
antioxidant enzymes were performed by ANOVA and Tukey Kramer
multiple comparisons test was used for identification of the source
of variation. Statistical analysis of histomorphological parameters
were analysed by the non-parametric Mann Whitney-U test with
Bonferroni correction. All data were shown as mean # standard
deviation. p<0.05 was considered statistically significant.

RESULTS

Biochemical results

The results and analyses of serum biochemical parameters in all
the experimental groups are shown in Table 1. Significant elevation
was observed in serum COHb levels between the control groups
(Groups I-11) and the study groups exposed to CO (Groups IlI-1V)
(p=0.006 and p=0.003 respectively). No statistically significant
differences were observed between the groups in terms of serum
oxidant and antioxidant parameters (Table 1).

Table 1. Brain and heart tissue serum oxidant and antioxidant parameter analyses and results in the study groups

Group | Group lI Group Il Group IV
Control+NS Control+RES CO+NS CO+RES
(Mean#SD) (Mean+SD) (Mean+SD) (Mean#SD)
*COHb level (mg/dl) 0.57+1.46* 0.18+0.29° 36.1£3.492 39.9£9.91°
Brain Tissue
-TAS 0.87 £0.31 1.01+0.25 1.39+0.34 0.86+0.21
-TOS 1.95+0.42 1.84+0.51 1.79+0.25 1.71+0.33
-0Sl 0.24+0.07 0.19+0.06 0.13+0.03 0.20+0.03
-MDA 32.5+17.9 249+ 6.17 29.3+10.8 26.5+2.83
-MPO 4.6+1.39 4.9+1.08 3.7+1.22 2.7+0.29
-SOD 326131 86+13.2 119+58.3 173+48.2
-CAT 4.5+1.77 4.0+.0.60 3.6+0.95 3.1£0.71
Heart Tissue
-TAS 1.29+0.23 1.01+0.10 0.93+0.14 0.91+0.34
-TOS 2.02+0.44 2.67+0.96 2.57+1.04 2.02+0.60
-OSl 0.16+0.05 0.27£0.12 0.28+0.11 0.24£0.10
-MDA 9.24+6.39 10.1£4.69 8.8+2.35 21.0£14.2
-MPO 68.8+5.6 51.2+17.3 68.1£20.6 54.5+24.0
-SOD 44.5+14.9 47.3+25.7 71.0£5.90 90.7+22.8
-CAT 75.3+23.9 61.6+28.7 56.0£16.5 56.9+45.4

COHb level and antioxidant parameters: Comparitions in groups 1&2 and 3&4, also in groups 1&3, and 2&4 according to the Mann-Whitney U test with Bonferroni correction.

p<0.05 is statistically significant.
*:a, p=0.006 b, p=0.003

COHb: carboxyhemoglobin; TAS: total antioxidant status; TOS: total oxidant status; OSI: oxidative stress index; MPO: myeloperoxidase; MDA: malondialdehyde;
SOD: superoxide dismutase; CAT: catalase; RES: resveratrol; NS: normal saline.
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Figure 1. Cerebral cortex microphotographs (H&E X200). (A: Group 1, B: Group 2, C: Group 3, D: Group 4) Normal pyramidal neurons (1),
degenerative pyramidal neurons (A)

Table 2. A comparison of heart and brain tissue histopathological damage scores between the groups

Group | Group II Group Il Group IV
Control+NS Control+RES CO+NS CO+RES
(Mean+SD) (MeantSD) (Mean+SD) (Mean#SD)
Brain Tissue
Jluran Damage StF°re y 11420375 1.40£0.54 2.50£0.57% 171:0.48
mKe”rff” A ege{‘efa I'f’t‘ ( /) 12.5£3.20° 13.6£2.70¢ 61.0£5.16% 34.5£6.05%
ortex Apoptosis Rate (%) 7.85£2.54% 13.043.08%¢ 54,046,375 25.8+4.09°¢
Hypothalamus Apoptozis Rate (%) 6.85+3 .89 7.60+4.03¢ 37,244,030 20.0+2.44%
Mol ] zone 1.85:0.69° 160£054¢ 11751.89% 47141115
3.281.60 3.60+1.14 10.0£2.58% 4.28+1.38
t CA-3 zone
Heart Tissue (%)
A Myosit Degeneration 0.71£0.48° 0.60+0.54¢ 2.75£0.50° 1424053
» Vascular Congesion 1.14£0.37 1.40£0.54 1.75£0.50 142053
A Myosit Apoptosis rate 8.71£1.79° 8.20+1.30¢ 46.0£6.05* 21.745.12%¢

¥, % 00,1, # 1,4, A:Comparitions groups 1&2 and groups 3&4, also in groups 1&3, and 2&#4 according to the Mann-Whitney U test with Bonferroni correction. Both of these
analysis p<0.05 is statistically significant.

¥:a, p=0.015; and b, p=0.002 f:a,b,and ¢, p=0.002  A:a, p=0.004; b, p<0.001; and ¢, p=0.03

*1a, p=0.015; and b, p=0.02 #:a, p=0.002; b and c; p<0.001

o0: 3, p=0.03; b, c,and d, p=0.002  *:aand b, p=0.002 A:a, b, andc, p=0,002
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Figure 2. Myocardial tissue microphotographs (H&E X200) A: Group 1, B: Group 2, C: Group 3, D: Group 4) Myocardial cells (1), vascular congesion (A)

Histopathological results

Evaluation of cerebral cortex tissues revealed normal pyramidal
neurons in the control groups (Group | and II), while degenerative
neurons and widespread apoptosis were observed in the groups
exposed to CO (Groups Il and V) (Figure 1-3). Individual analysis
of hippocampus regions CA1, CA2 and CA3 revealed that the CA1
region was the most affected (Figure 4). The greatest number of
degenerative neurons was observed in the CA1 region in Group
Il Histopathological damage scoring and results for brain tissues
from all the study groups are shown in Table 2. Comparisons
of neuron damage scores and neuron degeneration rates and
apoptosis rates in three different regions of the cortex and
hippocampus between the control groups (Group | and Il) and
the study groups (Groups Ill and 1V) revealed that CO caused
statistically significant damage (Table 2). A comparison of Group
[, which received saline solution following CO exposure, and
Group IV, which was treated with resveratrol, in terms of neuron
damage scores, cortex apoptosis, and apoptosis rates in regions
CA1, CA2, and CA3 of the hippocampus revealed significant
healing in the following CO exposure (Table 2).
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Heart tissue evaluation revealed a normal myocardial structure
in groups | and Il. Degeneration in heart muscle cells, expansion
between muscle cells, widespread vascular congestion, and
increased apoptosiswere observedin Group Ill,which received saline
solution only following CO exposure (Figure 2-5). However, heart
muscle cells in Group IV, the group subjected to CO plus resveratrol
treatment, exhibited an almost normal morphology. An analysis of
the histopathological damage results for heart tissue is shown in
Table 2. According to these results, CO exposure caused damage
at the cellular level, while statistically significant improvement was
observed in myocyte degeneration and myocyte apoptosis rates in
the group receiving resveratrol treatment (p=0.004 and p=0.002,
respectively). No significant improvement was observed in the
group receiving resveratrol in vascular congestion scores (p>0.05).

DISCUSSION

This study investigated the effect of resveratrol, with known
high antioxidant and anti-inflammatory capacities, on damage
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Figure 3. Cerebral cortex microphotographs (TUNELX200). (A: Group 1, B: Group 2, C: Group 3, D: Group 4) Normal pyramidal neurons (1), apoptotic
pyramidal neurons (A)

occurring in brain and heart tissue in an experimentally induced
model of CO intoxication. Our study results showed that
resveratrol exhibited an ameliorating effect on damage occurring
secondary to CO exposure in both brain and heart tissue.

According to our study findings, CO exposure resulted in severe
damage in cerebral tissue, showing that our toxicity model was
successfully established. Analysis showed thatresveratrol treatment
exhibited significant positive effects on histopathological damage
parameters. Carbon monoxide poisoning induces ischemia and
cause cerebral damage (18). Oxidative stress is one of the most
important mechanisms of CO poisoning (19). The principal toxicity
mechanism of CO involves the prevention of oxygen transport
by haemoglobin and causing tissue hypoxia and cell death by
inactivating aerobic phosphorylation through inhibition of the
enzyme mitochondrial cytochrome c (10). Brain and heart cells,
which have the highest susceptibility to hypoxia, are therefore the
tissues most affected by CO intoxication. Pin Wang and colleagues
explained that MDA levels increased in serum, cerebral cortex
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and hippocampus of rats with CO intoxication (20). According to
the literature, histopathological injury begins with necrosis and
apoptosis as a result of CO intoxication, followed by increased
brain inflammation and oxidative stress in a period of time (19,
21). Studies have shown that resveratrol passes into brain tissue
and exhibits a neuroprotective effect in hypoxia associated
with Alzheimer’s dementia, and cerebral ischemia (18, 22, 23).
Several anti-inflammatory (microganglia inhibition, astrocyte
modulation, NF-kB activity, anti-apoptotic, antioxidant NF-kB,
lipid peroxidation, veROS inhibition, and SIRT1 stimulation), anti-
apoptotic and anti-amyloidogenic effects specific to the central
nervous system underlie the neuroprotective effect of resveratrol
(24). Tabrizan et al. evaluated necrosis, lipid peroxidation and Akt
levels, and BAX and BCL2 expression following treatment with
resveratrol at different lower levels (resveratrol 1, 5 and 10 mg/
kg) in an in vivo CO toxicity model and compared these with
a control group receiving normal saline solution only. In that
study, there was no decrease in MDA levels in the groups given
1 and 5 mg/kg resveratrol treatment in 5 days period, whereas
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in the rats given 10 mg/kg resveratrol treatment, MDA levels
decreased (25). However, in our study, there was no difference
between the MDA levels measured in the brain tissue of the
rats between the treatment group and the control group. In our
study, histopathological examination of the brain tissue revealed
that, an improvement was observed in the neuron damage and
degeneration, also apoptosis rate in the cortex and hypothalamus,
compared to the control group. The underlying mechanism of
the histopathological results is not clear because there was no
statistically difference between oxidative stress parameter levels
and we couldn't evaluate other cell survival path mechanisms, the
anti-inflammatory process. The reason why for this statistically
insignificant difference in oxidative stress levels might be the
time of the measurement which was done in a 48-hour period at
study protocol. It is thought that similar effects can be detected by
prolonging the treatment period.

Our study results showed CO poisoning caused significant
histopathological damage in heart tissue like in brain and
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Figure 4. Hippocampus microphotographs (TUNELX200). (A: Group 1, B: Group 2, C: Group 3, D: Group 4) Normal pyramidal neurons (1),

administration of resveratrol made significant positive effects.
Few studies are available on the role of apoptosis in heart
damage caused by CO. In a study, it was shown that myocardial
apoptosis occurs after CO poisoning in rats and erythropoietin
administration has been shown to have a beneficial effect
in apoptosis suppression and myocardial healing (26). In
another study, resveratrol administration reduced myocyte
apoptosis by up-regulation of Akt protein, one of the main
pathophysiological ways of apoptosis down-regulation (27).
According to study results, compared to the control group, a
significant improvement in the rate of myocyte apoptosis and
a decrease in myocyte degeneration were found in the group
treated with resveratrol. Lin et al. showed that giving Resveratrol
(10 mg/kg) for four weeks following ischemia/reperfusion
reduced infarction size and improved left ventricle systolic and
diastolic function by reducing reduction of atrial natriuretic
peptide and transforming growth factor-p1 which are known to
protect the heart from detrimental remodelling (28). Although
the underlying mechanism is not clarified, the positive effect
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of resveratrol on heart tissue may be mediated by via many
different mechanisms showed in literature including free radical
scavenging, increasing glutathione peroxides, decreasing the
expression level of Akt proteins and pre-apoptotic proteins (29).
Also other therapies can decrease damage in brain and heart
tissue due to oxidative stress. In a study, Wang et al. showed
that a hydrogen-rich saline solution reduced lipid peroxidation
in brain tissue, and that it may thus exhibit a positive effect
on neurological sequelae (30). Another study showed that
N-acetlycysteine and melatonin reduced brain and lung damage
caused by CO (31).

There are a number of limitations to this study. The first involves
a limitation in the application of resveratrol treatment in the
experimental protocol. Resveratrol was applied in a single
standard dose for 48 h immediately after CO exposure. This
was in order not to exceed the experimental animal and group
numbers within the framework of the 3R ethical rules (32). Our

295

ELX200). (A: Group 1, B: Gro

Sahin A et al. The effect of resveratrol in CO poisoning

Ll s )

up 2, C: Group 3, D: Group 4) Normal myocytes (1), apoptotic

research therefore provides no information concerning the
ameliorating effect of resveratrol at different doses and in the
late period following exposure to CO. A longer treatment period
or the administration of higher doses might result in a further
increase in the ameliorating effect of resveratrol. A second
limitation was that there was no significant difference between
the control and study groups in terms of biochemical oxidant
and antioxidant parameters, despite the presence of a factor
such as CO that caused significant oxidative damage. There may
be several reasons for this. The first is that these measurements
only being capable of being taken at the end of the treatment
protocol may have led to us being unable to detect this variation
occurring in association with CO. Secondly, these parameters
were only measured in serum, and tissue level measurement
might have revealed this difference more clearly. In the light of
these results, the antioxidant effect of resveratrol in improving
CO damage could not be shown. The third limitation is that
parameters such as the inflammatory markers TNF-a, NFkB and
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interleukin that might have helped better clarify the mechanism
underlying the healing effect of resveratrol could not be
measured.

In conclusion, our study results show that the application of
resveratrol in an experimental animal model may be useful in
reducing damage in brain and heart tissue developing secondary
to CO poisoning.
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