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Radiotherapy affects not only malignant, but also a healthy tissue adjacent to tumor by increasing
reactive oxygen species generation, with consequent damage to biomolecules, such as the oxida-
tion of membrane lipids, known as lipid peroxidation. The end product of lipid peroxidation is
malondialdehyde. Radioprotectors are compounds that could significantly protect normal cells
from radiation, without changing the tumor cell radiosensitivity. Synthetic radioprotectors usu-
ally have side effects and are toxic. Natural radioprotectors exert protection without adverse ef-
fects. In this study, we examined the radioprotective ability of linden honey in rat blood, by de-
tecting alterations in the activities of antioxidant enzymes catalase and glutathione peroxidase
and malondialdehyde concentration after the exposure to a therapeutic dose of gamma rays. Six-
teen rats were randomly divided into Control and Honey groups. Honey group received honey
(1.5 mL(kgd1)) orally for four weeks, while at the same time Control group were given distilled
water. After four weeks, blood was sampled from all animals. Samples were halved, and one series
of samples were gamma irradiated (2 Gy). Radiation induced decreased glutathione peroxidase
activity and increased malondialdehyde level, while honey treatment attenuated those alterations,
keeping glutathione peroxidase and malondialdehyde at physiological levels. These findings con-
firm radioprotective properties of linden honey.
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INTRODUCTION

Radiotherapy is widely used for treating cancer. It
has been estimated that 80 % of cancer patients need ra-
diotherapy either for curative or palliative purpose [1].
However, radiation affects not only malignant, but also a
healthy tissue adjacent to tumor. Ionizing radiation in-
duces biochemical changes in living tissue through vari-
ous molecular events, such as direct reaction with
macromolecules (nucleic acids, proteins and lipids) and
production of aqueous free radicals due to the action of ra-
diation on water. The main free radicals resulting from the
radiolysis of water are hydroxyl (OH-) and hydrogen radi-
cal (H-) [2]. In the presence of oxygen, hydrated electrons
and H atoms react with molecular oxygen producing
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hydroperoxyl (HOO-), superoxide anion radical (-OO )
and non-radical reactive oxygen species (ROS), such as
hydrogen peroxide (H,0,) [3]. Even low doses of radia-
tion induce ROS production and may eventually increase
the risk of malignancy [4-6]. The ROS can react with all
cellular macromolecules including nucleic acids, proteins,
lipids efc. changing their functions and structures and
causing cell dysfunction and mortality. To counteract
overproduction of ROS cells have developed enzymatic,
superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), glutathione reductase (GR)) and
non-enzymatic antioxidants (glutathione (GSH), vitamins
C, A, E, which maintain a dynamic balance between pro-
and antioxidant (AO) processes in normal physiological
conditions. Radiotherapy increases ROS generation in
both malignant and healthy tissue leading to oxidative
stress, with consequent damage to biomolecules. One of
the first consequences of oxidative stress is the oxidation
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of membrane lipids, a chain reaction known as lipid
peroxidation (LPO). The end product of the oxidation of
biological membranes is malodialdehyde (MDA), which
is considered a good biomarker of oxidative stress and
LPO. Previous studies have shown that radiotherapy in-
duced oxidative damage to membrane lipids [7, 8]. In the
last few decades, a great effort has been made to discover
radioprotective agents that will reduce harmful effects of
radiotherapy. Radioprotectors are compounds that could
significantly protect normal cells from radiation induced
damage without changing the tumor cell radiosensitivity
[9]. However, the use of synthetic radioprotectors is lim-
ited due to their side effects and toxicity. Therefore, more
attention has recently been paid to natural radioprotectors
that exert protective actions against radiation, without ad-
verse effects. Garlic, green tea, apples, citrus and ginger
are examples of food containing natural radioprotective
agents [9].

Honey is well known for its health effects as a nat-
ural food supplement. Previous studies have reported
numerous beneficial effects of honey: antibacterial,
anti-inflammatory, antiviral, immunomodulatory,
antimutagenic and antioxidant [10, 11]. Furthermore,
honey contains many active agents, such as enzymes
(glucose oxidase, catalase, diastase, invertase etc.),
ascorbic acids, phenolic acids, carotenoid derivates,
amino acids, proteins [12-14]. The total antioxidant ca-
pacity of honey originates from phenols, flavonoids,
phenolic acids, proteins and amino acids, but depends
not only on its chemical composition, but also on the
complex interaction between particular compounds
[15]. Although antioxidant properties of honey are well
documented [16, 17], radioprotective role of honey and
honey-bee products, such as propolis has only lately
been investigated [18-21].

Linden honey is particularly known to be rich in
vitamins (B1, B2, B3, B5, B6, C, E, and K), minerals
(potassium, phosphor, magnesium, sodium, and iron),
trace elements (manganese, chromium, selenium, co-
balt, zinc, copper etc.) [22]. It is also very rich in
flavonoids and other polyphenols known for their an-
tioxidant activity [23, 24]. Nevertheless, the research
on its radioprotective potential is lacking. Therefore,
in this study, we examined the radioprotective ability
of linden honey from Fruska Gora Mountain in rat pe-
ripheral blood, by detecting alterations in the activities
of antioxidant enzymes CAT and GPx and concentra-
tion of MDA after the exposure to a therapeutic dose of
gamma rays.

MATERIALS AND METHODS

Animals

Eleven-week old male Wistar rats weighing
300-350 g were used in this study. Animals were
housed in a temperature and climate-controlled room
(22£1°C; 45-65 % humidity) with reversed day/night

cycle (lights on from 19:00 to 7:00) and food and water
ad libitum. They were treated as ethically as possible
according to the recommendations of the Ethical Com-
mittee for the care and use of laboratory animals of the
Vinca Institute of Nuclear Sciences, which follows the
guidelines of the Serbian Society for the Use of Ani-
mals in Research and Education. Since the Serbian
Law on Animal Protection prohibits testing radiation
directly on animals, we opted for ethically and legally
acceptable alternatives and irradiated rat blood sam-
ples, keeping the animals alive and safe. The Ethical
Committee of the VincCa Institute approved the study
(approval number 06/2023).

Experiment design

Sixteen animals were randomly divided into two
groups, each with eight individuals. The control group
was raised under standard conditions, while the Honey
group received honey dissolved in distilled water in a
ratio 1:1 and in a dose of 1.5 mL(kgd)"'. Honey was ad-
ministered by oral syringe, once a day, always at the
same time, for four weeks, as previously described [25].
Linden honey used in this study originated from the lin-
den forest located on the slopes of Fruska Gora, an iso-
lated mountain in the Pannonian Plain and was col-
lected in 2022 in the apiary of Dr. V. Stani¢. After four
weeks blood was sampled from rat tails into tubes con-
taining lithium heparin as the anticoagulant and animals
were returned to their cages. All animals survived the
experiment without signs of illness. Blood samples (ap-
proximately 1 mL) were divided in half. One series of
samples was labeled as C for Control group and H for
Honey group and kept at 4 °C until use. The other series
of samples, labeled as C1 or H1 for Control and Honey
group, respectively, was taken to the Department of Ra-
diation and Environmental Protection, Vinca Institute
of Nuclear Sciences, where it was placed on the radia-
tion bench and gamma irradiated with a dose of 6 Gyh™!
for 20 minutes. The absorbed dose was 2 Gy, which is a
therapeutic dose that can be given in one session with-
out significant damage to the adjacent healthy tissue.
Throughout the handling samples were kept on wet ice
to prevent degradation.

Sample preparation

After irradiation of C1 and H1 all blood samples
were centrifuged at 1500 g, 4 °C for 10 minutes. The
plasma (supernatant) was stored at —80 °C for MDA
assay. The blood cells were washed three times in cold
saline and then lysed in 20 packed cells volumes of
ice-cold distilled water. Lysates were centrifuged at
8500 g, 4 °C for 10 minutes to remove the blood cell
stroma and supernatants were stored at—80 °C for CAT
and GPx assays.
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Assays

Antioxidant properties of linden honey are in-
vestigated in the Laboratory for investigation of natu-
ral resources of pharmacologically and biologically
active compounds, Department of Chemistry, Bio-
chemistry and Environmental Protection, Faculty of
Sciences, University of Novi Sad. Lipid peroxidation
inhibition capacity (LPIC), hydroxyl radical scaveng-
ing capacity (HRSC) and superoxide anion radical
scavenging capacity (SARSC) are determined by the
spectrophotometric method proposed by Pintac ef al.
[26].

Assays for CAT, GPx and MDA were performed
using Perkin Elmer Lambda 25 Spectrophotometer
(Perkin Elmer Instruments, Norwalk, CT, USA).

CAT activity was determined by the method of
Beutler [27]. The decomposition of hydrogen peroxide
(H,0,) by CAT from the samples was monitored through
a decrease in absorbance at 230 nm as a function of time.
One CAT activity unit is defined as 1 mol of H,0, de-
composed per minute under the assay conditions. The
specific enzyme activity of CAT was expressed as
kilounits per gram of hemoglobin (kUg'Hb).

The GPx activity was determined by the method of
Paglia and Valentine [28] using a commercial kit
Ransel® (Randox Laboratories Ltd., Crumlin, UK). Re-
duction of organic peroxide by the GPx from the sample
is accompanied by concomitant oxidation of glutathione.
In the presence of GR, oxidized glutathione is immedi-
ately recycled to its reduced form, with simultaneous ox-
idation of nicotinamide adenine dinucleotide phosphate
(NADPH) to NADP*. The rate of NADPH oxidation ac-
companied by a decline in absorbance at 340 nm as a
function of time is directly proportional to the GPx activ-
ity. One GPx activity unit is defined as I mol of NADPH
decomposed per minute under the assay conditions. The
specific enzyme activity of GPx was expressed as units
per gram of hemoglobin (Ug 'Hb).

The MDA concentration was determined by the
method of Siddique et al. [29]. In the reaction of MDA

from the sample with a chromogenic agent 1-methyl-
2-phenylindole at 45 °C, a colored compound with
maximal absorbance at 586 nm is formed. MDA con-
centration is directly proportional to the absorbance at
586 nm and is expressed as micromoles per liter of
plasma (umolL ™).

Statistics

The data were presented as mean =+ standard devia-
tion. Normality of data was assessed by Shapiro- Wilk
test. Effects of honey administration and gamma radia-
tion were tested by two-way ANOVA with repeated mea-
surements on one factor. Differences between independ-
ent samples (i. e., Cvs. H, Cvs. H1, C1 vs. H, and C1 vs.
H1) were tested by Tukey post-hoc test, while Pair-sam-
ple #-test was used for testing paired samples (C vs. C1,H
vs. H1). Statistical analyses were carried out using the
Origin Pro 9 data analysis software (OriginLab Corpora-
tion, Northampton, MA, USA). A P value below 0.05
was considered significant.

RESULTS AND DISCUSSION

Antioxidant characteristics of linden honey,
measured by LPIC, HRSC and SARSC are shown in
tab. 1. The results demonstrate that the honey pre-
served the antioxidant properties even after being irra-
diated with gamma rays. The LPIC is higher at lower
concentrations (below 1 mg(mL) ). The HRSC is also
preserved after radiation with almost unchanged
half-maximal inhibitory concentration (IC50), while
for SARSC ICs is even lower after radiation. Our re-
sults confirm antioxidant properties of linden honey.
Furthermore, we demonstrated that antioxidant capac-
ity of linden honey remained well preserved after
gamma radiation. These findings are in accordance
with the results of Saxena et al. [30] who found that
honey retained its antimutagenic, antioxidant and

Table 1. Antioxidant capacity of linden honey from the region of Fruska Gora mauntain before and

after the irradiation by 2 Gy of gamma rays

Sample Concentragilon ~ Lipid peroxidation Hydroxyl radical scavengjlxlg Superoxide anion radical .
[mg(mL) '] inhibition capacity [%] capacity 1Cso* [mg(mL) '] scavenging capacity ICsy [mg(mL) ']
0.179 245432
0.359 284453
Honey 0.717 26.9 +4.2 1.116 £0.157 1.890 +0.112
2.152 44+12.2
4.303 8.1£11.8
1.171 30.2+1.4
0.343 23.848.3
lrgfﬁfé d 0.685 15.9 +3.8 1.165 +0.084 1.587 0.233
2.06 2.0+4.8
4.11 11.1+9.4

* 1C5p — half maximal inhibitory concentration
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Figure 1. Effects of linden honey and gamma radiation on CAT and GPx in rat blood; C - blood samples from Control
group, H - blood samples from Honey group, C1 - blood samples from Control group irradiated with 2 Gy of gamma radi-
ation, H1 - blood samples from Honey group irradiated with 2 Gy of gamma radiation, * P < 0.05 significantly different
from C, # P < 0.05, ### P < 0.001 significantly different from H, and + P < 0.05 significantly different from C1

radioprotective properties after gamma irradiation
aimed to achieving microbiological safety.

Enzyme activities of CAT and GPx are presented
in fig. 1. For CAT activity no significant main effect
was found for either honey or radiation treatment or in-
teraction between the two (F=2.48, F=0.2, F=3.44,
P > 0.05 for honey, radiation and interaction, respec-
tively). Tukey test revealed significant difference be-
tween C, and H, (¢ = 2.24, P < 0.05). For GPx activity
significant main effects were found for both honey
and radiation, but not for their interaction (F=10.61,
P<0.01, F=14.12, P<0.01, F = 0.11, P> 0.05, for
honey, radiation and interaction, respectively). Honey
treatment significantly increased GPx activity both be-
fore (Cvs. H,t=-2.18, P<0.05) and after irradiation (C,
vs. H,t=-2.88, P<0.05). On the contrary, gamma radi-
ation significantly decreased GPx activity in both Con-
trol (Cvs. C,, t=2.85, P<0.05) and Honey group (H vs.
H,, t=2.46, P <0.05). Major difference was found be-
tween H and C, group (1 =4.76, P < 0.001).

The MDA concentrations are shown in fig. 2.
Significant main effects were found for radiation and
interaction between honey and radiation (F = 6.77,
P<0.05; F=5.99, P<0.05, for radiation and interac-
tion, respectively). Radiation provoked significant in-
crease in MDA concentration only in Control group (C
vs. C,t=-2.62,P<0.05). Irradiated blood from Con-
trol group also had higher MDA concentrations com-
paring with Honey group before Hvs. C1, t=-2.21,
P<0.05) and after irradiation (C, vs. H, t = —2.18,
P <0.05).

Changes in antioxidant enzyme activities and
MDA concentrations found in our study suggest that
both honey treatment and gamma radiation have influ-
enced antioxidant status in rat blood. Since radiation
induces ROS overproduction, increased activities of
AO enzymes should be an adequate response. How-
ever, we found only slightly increased CAT activity
(about 16 %) in irradiated blood obtained from control
animals, but this was not statistically significant, while
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Figure 2. Effects of linden honey and gamma radiation
on MDA concentrations in rat blood; C — blood samples
from Control group, H- blood samples from Honey
group, C1-blood samples from Control group after 2 Gy
of gamma radiation, H1 — blood samples from Honey
group after 2 Gy of gamma radiation, * P < (.05 signifi-
cantly different from C; # P < 0.05 significantly different
from H, and + P < (.05 significantly different from C1

GPx activity was decreased. The study of Focea et al.
[31] reported increased CAT activity after low- and
medium dose of ionizing radiation in various animal
tissues. Up-regulation of CAT activity could be a pro-
tective response to increased oxidative stress due to ir-
radiation. Honey treatment had no effect on CAT ac-
tivity in non-irradiated blood, but decreased it in
irradiated blood. Since linden honey used in our re-
search is proven to have the ability to neutralize
hydroxyl and superoxide anion radicals, we may pre-
sume that overproduction of H,0,, the substrate of
CAT, is prevented before it started. The CAT is a key
enzyme for neutralization of H,0, through its decom-
position to molecular oxygen and water. However, due
to its high Michaelis-Menten constant, CAT is not
highly effective at low (physiological) levels of H,0,,
thus maintaining optimum level of this important sig-
naling molecule [32]. Another H,O, detoxifying en-
zyme, GPx, is more efficient at lower concentrations



V. R. Stojiljkovié, et al., Radioprotective Effects of Linden Honey in Rat ...
Nuclear Technology & Radiation Protection: Year 2024, Vol. 39, No. 1, pp. 81-87 85

of the substrate [33]. In this study decreased GPx ac-
tivity in the blood of control and honey treated animals
were detected after gamma irradiation. Lowered GPx
activity may be explained by free radical induced dam-
age to hydrogen bonds that ensure the active site of the
enzyme. Decreased GPx activity and expression after
radiation have previously been reported in human
fibroblasts [34]. Since GPx depends on GSH avail-
ability, depletion of GSH, as a consequence of in-
creased ROS level due to gamma radiation may also
contribute to reduced enzyme activity. The GSH is one
of the most important cellular antioxidants, enzyme
cofactor and free radical scavenger, capable of break-
ing chain reaction of lipid peroxidation and recycling
other antioxidants [35]. Inactivation of GPx by irradi-
ation, as well as exhaustion of GSH content leads to
impaired GSH redox cycle, metabolic oxidative stress
and prolonged cell injury [36]. Impaired mechanism
of peroxide detoxification due to GPx inactivation is
reflected in an increased level of MDA in the irradiated
rat blood found in our study. The application of honey
significantly increased GPx activity both in non-irra-
diated and irradiated blood. Furthermore, MDA level
in irradiated blood of animals treated with honey re-
mained stable. Similar results are reported by
Al-Shemary and Abdulatif [37], who found elevated
MDA and decreased GSH concentration in rabbit tes-
ticles after exposure to X-rays, while those changes
were attenuated by pre- or post-treatment with honey,
suggesting radio-protective properties of honey. Anti-
oxidant compounds from honey may contribute to the
strengthening of the antioxidant defense system by
neutralizing ROS and preventing inactivation of GPx
and GSH depletion. Besides, since GPx function de-
pends on Se availability, Se from honey can also rein-
force its activity. Furthermore, a recent study has dem-
onstrated that honey bees can produce melatonin [38],
which can then be transferred to honey. Melatonin has
been detected in some honey samples from Australia,
USA and Poland [39]. Melatonin is a pluripotent mole-
cule with a wide range of biological functions, includ-
ing antioxidant. Pre-administration and post-adminis-
tration of melatonin have been recently reported to
maintain normal GPx activity in human fibroblasts af-
ter radiation [40]. There is still no evidence about the
presence of melatonin in linden honey from Fruska
Gora used in our study.

CONCLUSION

Our results confirm radioprotective properties of
linden honey. The application of honey invigorated the
antioxidant capacity in rat blood by enhancing GPx ac-
tivity and preventing lipid peroxidation, which is re-
flected in physiological level of MDA in the irradiated
blood of animals treated with honey. Further investiga-
tions, including detection of particular antioxidants,

should provide better understanding of processes under-
lying radioprotective effects of linden honey. However,
our results suggest that linden honey may be beneficial
for patients undergoing radiotherapy.
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PAJUOINIPOTEKTUBHO AEJCTBO JUIIOBOI MEJA
Y IIEPUOPEPHOJ KPBU ITAIIOBA

Pagmorepanmja ytude He caMO Ha MajUTHO, Beh M Ha CyCeHO 3[ApaBO TKHUBO, MoBehaBajyhn
CTBapame PeakKTHBHUX BPCTa KUCEOHUKA, Y3 omTehema OMoMoliexyia, Kao IITO je OKCHalyja JINIAA y
MemOpaHaMa, IIO3HaTa Kao JUNUAHA Nepokcupanuja. Kpajibn nmpowsBop IunmuHe NepoKcHianuje je
MaJIOHAMAJieXu. PagronporekTopu cy jefumbena Koja MOTy ia 3allTUTe HopMaiHe henuje off 3padema,
6e3 mpoMeHe PaANOCCH3UTUBHOCTH TyMOpPCKUX henuja. CHHTETHYKU PAAHONPOTEKTOPH UECTO MUMajy
criopesiHe eekTe 1 TOKCHYHH cy. [IpupogHn paguonpoTeKTOPH NCIOJbABajy 3aIITUTY Oe3 HeraTHBHUX
eekara. Y oBOM UCTpakMBamy NCIUTHBAIHN CMO PaHONPOTEKTUBHY CIIOCOOHOCT JIMIOBOT Mefla Y KPBH
namosa, oapebyjyhn mpomeHe y akTMBHOCTMMa aHTHMOKCHJATMBHUX €H3MMa KaTaja3e M TIyTaTHOH
MePOKCHAa3e U KOHICHTPAIUj! MaJOHANAJ/IEXn/la HAaKOH M3jlarama TepaleyTCKUM fjo3aMa rama 3paka.
llecnaect namosa je Mo MPUHIUIY CIy4dajHOCTH nofesbeHo Ha Kontponny m Mep rpyny. Mep rpymna je
no6ujana mep (1,5 mLkg™! nHeBHO) OpaiHO y TOKY YeTHPH HEIETbE, 10K je KonTponana rpyna ymecTo Tora
nobujana gecTunoBany Boiy. HakoH ueTnpn Hefielbe y3eTH Cy Y30pIY KPBH Of] CBUX KUBOTHEbA. Y 30PIH CY
MPETOJIOBIbEHN U jefiHa cepHja je Omia o3padeHa rama 3paucibeM (2 Gy). Pagujanuja je u3a3Bajia cMambeHy
AKTHBHOCT TIIyTaTHOH NepOKCHAa3e 1 moBehaH HIBO MaJIOHUANEXU/A, AOK je TPETMaH MEfIOM yOIaskno
OBe NTpOMeHe, OfipkaBajyhn TIyTaTHOH NepoKCcHa3y U MaJOHUANIEXu/] Ha (PU3NOJIOMIKOM HIBOY. OBH
pe3yaTaTé HoTBphyjy pagfnonpoTeKTHBHA CBOjCTBA JIMIOBOT Mefa.

Kwyune peuu: paouoitiepaiiuja, 3auiiiuitia 00 3paierbd, AHIUOKCUOAMMUBHU eH3UM, MAAOHOUANOEXUO,
AUHOE MeO




