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The radioactive iodine (13!I) ablation is a well-accepted treatment modality for differentiated
thyroid cancer patients. Unfortunately, the radiation induces the oxidative stress and dam-
ages cells and tissues, simultaneously activating the mechanisms of antioxidative defense.
Since the mechanisms of those processes are not completely known, we wanted to examine the
changes in the most important reactive oxygen species and antioxidative components, as well
as their correlation and significance for lipid peroxidation. Our results showed that the level
of thiobarbituric acid reactive substances was increased during the first 30 days after the ra-
diotherapy. Among antioxidant components, superoxide dismutase was increased in the 3rd
and 30t day; catalase in 7t and reduced glutathione in 34 and 7t day after the radiotherapy.
As regards the prooxidants, the reduction of hydrogen peroxide (H,0O,) was recorded in 7th
and 30 day, and superoxide anion radical (O, ) was unchanged after the exposure to 1311.
These results indicate that differentiated thyroid cancer patients are under constant oxidative
stress despite the observed increase in antioxidative and reduction in prooxidative parame-
ters. The understanding of these early processes is important since their progress determines
the latter effects of 1311 therapy.
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INTRODUCTION

The cancer of the thyroid gland is the most com-
mon malignant tumor of the endocrine system and repre-
sents 1-2 % of all malignancies in the world [ 1]. Based on
the US National Cancer Institute (NCI) 5-year data set
for 2009-2013, the number of new cases of thyroid can-
cer was 13.9 and the number of deaths was 0.5 per
100 000 men and women per year [2]. The surgical re-
section (thyroidectomy), radioactive iodine ablation, and
thyroid stimulating hormone (TSH) suppression therapy
are all well accepted treatment modalities for differenti-
ated thyroid cancers. The exposure to radiation ('3' is
beta and gamma emitter) leads to the formation of the re-
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active oxygen species (ROS) and damages cells and tis-
sues. Since the exact mechanisms of redox processes
induced by the exposure to 3!l are not completely
known, we wanted to examine the changes in the most
important factors (ROS, enzymatic and non-enzymatic
antioxida- tive components), and their correlation and
significance for the formation of thiobarbituric acid re-
active substances (TBARS), as the measure of lipid
hydroperoxidation (LPO).

MATERIALS AND METHODS

Subjects

The study population included 45 differentiated
thyroid cancer (DTC) patients of both genders (33 fe-
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males and 12 males, of average age 42.5 £ 14.3 years)
after the total thyroidectomy. Among them, 39 patients
had papillary carcinoma and 6 patients had follicular
carcinoma. After 10 days of a low-iodine diet, all pa-
tients were treated with a fixed dose of 3.7 GBq (100
mCi) or 5.55 GBq (150 mCi) of sodium-iodide admin-
istered orally, according to the EANM guidelines [3].
At the time of '*'T administration, all patients were hy-
pothyroid (the concentration of thyroid-stimulating
hormone in blood was TSH > 30 mIUL™"). This was
achieved by withdrawing the replacement therapy for
at least three weeks. The patients were discharged
from special premises dedicated to the radionuclide
therapy to home treatment when the measured '3'1 ac-
tivity in the body was under 400 MBq (usually after 3
days, or later). Blood samples from DTC patients were
obtained 4-times: before and 3, 7 and 30 days after the
treatment with '3'I. The patients who were younger
than 18 years, hypersensitive to iodine preparations,
had bone marrow depression, with reduced lung func-
tion, with salivary gland dysfunction and patients with
neurological impairments were excluded from the
study. The following antioxidant parameters and pa-
rameters of oxidative stress were determined:
superoxide dismutase (SOD), catalase (CAT), reduced
glutathione (GSH), index of lipid peroxidation
(TBARS), the concentration of superoxide anion radi-
cal (O} ), hydrogen peroxide (H,0,), and nitric oxide
(NO).

The study was approved by the Ethical Commit-
tee of the Clinical Center Kragujevac. Also, all pa-
tients gave written informed consent to participate in
the study according to the Helsinki Declaration.

Sample preparation

Plasma and erythrocytes were separated from the
whole blood in a procedure known as the 'washing' of
erythrocytes. In the first step, the blood was centrifuged
(10 min at 3000 rpm) for the extraction of plasma (usual
volume 1-2 ml). The rest of the plasma was aspirated in
order to keep only erythrocytes. In step two, the saline
was added to erythrocytes (ratio 2:1) and vortexed.
The mixture was centrifuged three times (10 min at
3000 rpm). After every centrifugation, the supernatant
was aspirated. Following the last centrifugation, 1 ml of
erythrocytes was taken and mixed with 3 ml of cold dis-
tilled water. In the final step, the solution was placed into
the cold water jacket for 30 min.

Determination of oxidative
stress parameters

Superoxide anion radical concentration

The concentration of 0'2_ was evaluated with the
method of Auclair and Voisin [4]. The method is based

on the reduction of nitroblue-tetrazolium (NBT) to
monoformazan by O, in the alkaline nitrogen satu-
rated medium. The yellow product of this reaction was
measured spectrophotometrically at 550 nm. The con-

centration of O, was expressed in nmolml~! plasma.
Hydrogen peroxide concentration

The determination of H,0O, concentration in
blood plasma was done by the method of Pick and
Keisari [5]. In reaction, the horseradish peroxidase
converts the hydrogen peroxide into the water and the
oxygen. This causes the oxidation of phenol red, thus
forming the adduct with the dextrose, and has the max-
imum absorbance of 610 nm. The concentration of
H,0, was expressed in nmol/ml plasma.

Nitric oxide concentration

The nitrite, a stable NO oxidation product, was
determined using the Griess reaction [6]. The samples
were mixed with an equal volume of Griess reagent
(1 % sulfanilamide, 0.1 % naphthylethylenediamine
dihydrochloride, and 2 % phosphoric acid) and incu-
bated at room temperature for 10 min. With the NaNO,
to generate a standard curve, nitrite production was
measured at 550 nm. The concentration of released ni-
trites was expressed in nmolml™! extract.

Lipid peroxidation concentration

The TBARS was determined according to the
Ohkawa et al. [7]. The TBARS measures the
malondialdehyde, a product of lipoperoxidation caused
mainly by free hydroxyl radicals. Firstly, plasma was
deproteinised with the trichloroacetic acid (TCA) and then
the precipitate was treated with the thiobarbituric acid
(TBA) at 100 °C for 15 min. The TBARS was determined
by the absorbance at 535 nm and calculated as nmol ml™!
plasma.

Determination of antioxidant parameters
SOD activity

The SOD activity was measured by the epineph-
rine method of Misra & Fridovich [8]. This method be-
longs to the ,,negative” type group of methods, since it
monitors a decrease of autooxidation speed in alkaline
medium, which is dependenton O, . The speed of epi-
nephrine autooxidation to adrenohrom was detected
spectrophotometrically as the change of the
absorbance at 480 nm. One unit of SOD activity was
defined as the amount of extract that inhibits the rate of
adrenochrome formation by 50 %. The concentration
of SOD was expressed in units of SOD activity per
gram of hemoglobin (unit per gram Hb).
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CAT activity

The activity of catalase (CAT) was assayed by
the method of Beutler [9]. It was based on the measure-
ment of hydrogen peroxide degradation speed in the
presence of catalase (CAT) at 230 nm. The CAT activ-
ity was expressed in unit of mg~' protein. One unit of
CAT activity is defined as 1 pmol of H,0, decom-
posed per minute under the assay conditions.

GSH level

The reduced glutathione (GSH) was measured at
an absorbance of 412 nm according to the method of
Beutler [9]. In this method, the reduced GSH present
in the sample reacts with the di-thio-nitrobenzoic acid
(DTNB) and the intensity of the color was measured at
412 nm, and calculated as nmol ml™!' plasma.

Statistical analysis

Due to a non-Gaussian distribution of values, to
compare parameters level before and after the !3'I
therapy, the Friedman's test was used, followed by
Nemenyi's multiple pairwise comparisons with
Bonferroni correction. The Spearman's rank coeffi-
cient was applied to investigate the SOD/O and
CAT/ H,0, correlations. The automatic linear model-
ing (ALM) was used to estimate the predictive values
of all examined redox parameters on LPO level. A

2-tailed p < 0.05 was considered statistically signifi-
cant. All data were analyzed using IBM SPSS
Statistics version 23 and GraphPad Prism 4 software.

RESULTS

When compared to the value before the '3'1 ther-
apy, the SOD activity after the therapy was increased
in all three examined time points, but only the increase
in days 3 (p = 0.000) and 30 (» = 0.000) was found to
be statistically significant. The activity of CAT was
unchanged in days 3 and 7 and increased in day 30 af-
ter the therapy with '3'I (p = 0.003). The level of
GSH was found to be significantly increased in days 3
(»=0.000) and 7 (p = 0.003), after which it returned to
the base level on the day 30.

The level of H,0, was significantly decreased
on the 3™ (»p = 0.000) and 7" (p = 0.003) day after the
1311 therapy. The post therapy level of O} reached its
maximum in day 30, but this increase was significant
only when compared with the O levels on the 3rd
(p =0.009) and 7" (p = 0.007) day after I therapy.
The level of ‘NO was not significantly changed in any
of the three tested time points.

After the therapy with '3'I, the concentration of
TBARS was increased in all three examined time
points, but significantly only in day 7" (p = 0.001),
(fig. 1 and tab. 1).

The correlation analysis showed that SOD ac-
tivity was positively correlated to O, level at days 3
(»p =0.01) and 30 (p = 0.01) (fig. 2).
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Table 1. Exact p-values for all pairwise comparisons (Nemenyi's multiple pairwise comparisons test with Bonferroni
correction); Freidman's test p-values are also reported for all examined parameters

SOD Freidman's test: p < 0.0001 CAT Freidman's test: p = 0.006
0 days 3 days 7 days 0 days 3 days 7 days
3 days 0.000 1 0.066 3 days 0.447 1 0.960
7 days 0.330 0.066 1 7 days 0.198 0.960 1
30 days 0.000 1.000 0.060 30 days 0.003 0.198 0.447
GSH Freidman's test: p < 0.0001 H,0, Freidman's test: p = 0.001
0 days 3 days 7 days 0 days 3 days 7 days
3 days 0.000 1 0.896 3 days 0.000 1 0.896
7 days 0.003 0.896 1 7 days 0.003 0.896 1
30 days 1.000 0.000 0.003 30 days 1.000 0.000 0.003
0.27 Freidman's test: p = 0.003 NO Freidman's test: p = 0.017
0 days 3 days 7 days 0 days 3 days 7 days
3 days 0.731 1 1.000 3 days 0.995 1 0.098
7 days 0.681 1.000 1 7 days 0.054 0.098 1
30 days 0.141 0.009 0.007 30 days 0.141 0.231 0.976
TBARS Freidman's test: p = 0.003
0 days 3 days 7 days
3 days 0.268 1 0.231
7 days 0.001 0.231 1
30 days 0.308 1.000 0.198
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Figure 2. Scatter plot of SOD activity against O; level after 0 (a), 3 (b), 7 (¢), and 30 (d) days following the By therapy

The activity of CAT was positively correlated to The results of multiple linear regression analysis
H,0, level on the 0 (p < 0.001), 3™ (p <0.001) and indicated that among all five tested parameters, only
7% (p < 0.001) day, butn egatively correlated on day SOD activity, H,0, and O, levels had the statistically

30 (p <0.001) (fig. 3). significant importance on TBARS level (tab. 2).
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Figure. 3 Scatter plot of CAT activity against H,0, level 0 (a), 3 (b), 7 (c), and 30 (d) days after "*'I therapy

Table 2. Multiple linear regression analysis using automatic
linear modeling with TBARS as the dependent variable
and activities of SOD and CAT; the levels of GSH, 0'27,
H;0,, and'NO as independent variables; only variables
with significant predictive values are shown

Predictor |Coefficient| Std. error t p
SOD 0.000 0.000 3.134 0.002
H,0, -0.148 0.055 -2.715 0.007

o, 0.107 0.052 2.057 0.041
DISCUSSION

Despite the proven efficacy of '3'I administra-
tion in the treatment of differentiated thyroid cancer,
there are several serious side effects associated with its
use. They include salivary gland dysfunction, impair-
ment of the lachrymal glands, reproductive distur-
bances and hematologic abnormalities [10-12]. The
oxidative stress induced by the !3'I therapy of the thy-
roid gland is also not restricted to the area of adminis-
tration but is detectable even in plasma, serum, and
urine [13].

The radioactive iodine is considered to be re-
lated with the hematologic changes which persist for at
least 1 year [14]. The results obtained in the current
study indicated that a significant oxidative misbalance
was present in the blood of DTC patients in the first 30
days after the 13'I therapy.

The early effects of radiation occur during the
several hours to a few weeks after the exposure and
typically include manifestations like cell death, in-
flammation, and oxidative stress [15]. The results of
our study confirmed the existence of early redox im-
balance on 3™ day after the treatment with '3'1. At this
time point we observed an increase in TBARS (whose
level was increased by 52 % although not statistically
significant) and induction of AO system perceived as
an increase in SOD activity and GSH level. The ab-
sence of increase in concentrations of H,0,, O, and
"NO indicated that AO defense system is sufficient to
maintain the redox balance at the baseline level. Other
authors also reported that SOD [16], CAT [17], GSH
[18], and GSH synthesis-related proteins [19] are in-
duced by irradiation.

In blood of DTC patients examined in this study,
the SOD activity was statistically increased on the 30"
day, but also more than doubled on the 3 day after the
1317 treatment. These changes are significant for over-
all AO protection, since the SOD activity and the level
of O, were among the three most important parame-
ters for prediction of TBARS as an indicator of oxida-
tive stress. Based on the positive SOD/O, correlation
in the same time points, it seems that the SOD was, at
least partially, inducted by its own substrate. It is most
likely that this regulation is performed through the re-
dox-sensitive transcriptional factors such as NF-kB,
AP-1, and Nrf2 [20].
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The SOD activity protects against the free radi-
cal injury by converting O} to H,0O,, thus disabling
0O, to combine with .NO and form peroxynitrite anion
(ONOOe), which initiates the lipid peroxidation. Our
results showed that in the blood of DTC patients 'NO
and O levels were unchanged in all examined time
points compared to the basal levels obtained before the
therapy, so it seems that this path of formation of
ONOOe is not responsible for the observed increase of
LPO.

The activity of CAT was increased in all three
post therapy time points, although the increase was
statistically significant only on the 30" day after the
exposure. Such CAT activity was apparently sufficient
to prevent the peroxide-induced oxidative stress, as
the H,0, level during the entire post radiation period
was decreased in comparison to the value before the
treatment. Our results also showed that on days 0, 3
and 7, the CAT activity was positively correlated with
the level of H,0,, while on the 30" day this interrela-
tion was negative. It seems that the expressional regu-
lation of CAT activity observed in the first 7 days,
shifted to a non-expressional mechanism in the 30™
day after the exposure to the '3'I. This indicates that
not only the mechanisms of AO protection after the
1311 therapy vary in patients with hyperthyroidism and
cancer [21], but that in the DTC patients these pro-
cesses change in the course of time.

The GSH level in blood of DTC patients was in-
creased on the 3™ and 7 day after the exposure to 13'1,
indicating that the non-enzymatic AO protection was
also elevated in the first days after the radiotherapy.
Similarly, Sadani and Nadkarni showed that in rats, the
subablation doses of 13'I elevated GSH level for 16 %
after 24 hours, but by the day 18" its concentration was
declined by 15 % [22]. The GSH has multiple roles in
the regulation of cellular homeostasis. In addition to
its importance in enzymatic and nonenzymatic
antioxidative processes, the GSH is required for cell
proliferation and apoptosis, signal transduction,
cytokine production and immune response [23]. Also,
as the GSH can directly neutralize O, and OH, lead-
ing to the formation of oxidized glutathione [24], its
increased amount in blood of DTC patients can help
SOD in maintaining the basal level of O after the ex-
posure to 3'1.

Increased amounts of LPO end products can be
detected in many diseases, from multiple sclerosis [25]
to cancer [26, 27], as damaged cells and tissues may
peroxidase more rapidly than the normal ones [28]. In
our experiment, the TBARS level in DTC patients was
increased in all three time points after the irradiation.
The increase was significant on the 7, and enlarged by
52 % and 33 % on the 3" and 30" day after the '3'I ther-
apy. Similar results were reported by Konukoglu et al.,
who observed that the thyroidectomised patients had
higher MDA levels in the erythrocyte membranes 2
days after the treatment with 3.7-5.55 GBq '3'1[29]. Gil
et al. examined the later changes and found that a small

initial increase in MDA level 1 month after the radio-
therapy was followed by a significant decrease in MDA
6 months afterwards [30]. The excess of LPO in serum
may result from the radiation induced apoptotic and mi-
totic cell death in the remaining thyroid tissue. Contrary
to the radicals that attack biomolecules in their immedi-
ate surroundings, the lipid peroxidation products can
easily diffuse across membranes and covalently modify
biomolecules far from their site of origin [31]. Thus it
seems that the elevated serum LPO level indicate in-
creased free radicals production in tissues, as has al-
ready been observed by Arguelles ef al. [32]. It should
be noted that in DTC patients the extent of oxidative
stress was probably wider than it could be concluded
from our results, as serum LPO level before the!3'I ther-
apy, which we used for comparison, is several times
higher in cancer patients than in healthy subjects [33].

CONCLUSIONS

The increased TBARS level observed in this
study indicated that the DTC patients are under the
constant oxidative stress during the first 30 days after
the radiotherapy. Also, the recorded changes of redox
components and their dynamic indicated the most pos-
sible mechanisms that govern these processes. Under-
standing of these phenomena is important since there
is no latent period for radiation exposure and the early
oxidative stress can promote a cascade of downstream
events that lead to late effects of '3'I therapy.
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Bepa 1. CTACOJEBU'h-TUIIMA, Munosan [I. MATOBWHh, Oarnna b. MUXAJBbEBUh,
Cuexana T. XUBAHYEBUh-CUMOHOBWH, Mapuja K. JEPEMUW,
Baagumup Jb. JAKOB/BEBU'R, Bepa H. TOJOPOBWH, UBan /b. IABJIOBUR,
Cuexana A. [IEJUh, Ana Y. TOOOPOBUh

PEJOKC IMAPAMETPU Y KPBU NNAIIMJEHATA CA TUPOUJHUM
KAHINEPOM HAKOH ABJAIINJE PAIMOAKTUBHUM JOIOM

Ao6nanuja pagnoakTusauM jogoMm (13'1) je TpeTMan u36opa 3a nanujenTe ca gudepeHTOBAHUM
KapLMHOMOM ILITUTHE Xie3ae. MebyTum, 3pademe HHAyKyje OKCUaTUBHU cTpec U owtehewme 3qpaBux
henuja u TKUBa, NICTOBpEMEHO aKTUBUpajyhu mpouece aHTUOKCHaTUBHE onOpane. Kako MexaHuzmu
THX Ipolieca HICY Y NTOTIYHOCTH TO3HATH, SKEJIeJIH CMO Jla UCIIUTaMO TPOMEHE HajBaXKHUjUX PEaKTUBHUX
BpPCTa KUCEOHMKA W aHTHOKCHAATHBHUX KOMIIOHEHATa, Ka0 M HUXOBY MOBE3aHOCT ca MEPOKCUJIAI]OM
Junuga Kao MokasaTe/beM OKCUaTUBHOI cTpeca. Hamm pesynraTé cy ykas3anu Ha nosehame HHUBOA
nepokcupauyje nunuga TokoM npBux 30 fgaHa HakKoH paguoTepanuje Meby aHTHOKcuaTHBHUM
KOMIIOHEHTaMa CylepoKcHj fucMyTasa je noBehana y 3. u 30. gany; katanaszay 7. ariayTaTHoH y 3. u 7. JlaHy
HakOH u3jarama 1. IlITo ce THYE MPOOKCUIATUBHAX KOMIIOHEHATA, CMAH-E€Hhe HUBOA BOJJOHHK IIEPOKCUIA
3abenexeHo je 3,7.u30. maHa, a cynepokcup aHjoH pagukana y 30. many HakoH paguorepanuje. [I[pukazann
pe3ysTaTh yKasyjy fia cy alujeHTH ca AuePEHTOBAHMM KaPIMHOMOM IITUTHE XJIe3/ie TpeTupanu > nop
KOHCTAaHTHMM OKCHIATUBHUM CTPECOM YIMPKOC YOUEHOM NoBehawy HMBOA aHTHOKCHJAHCA M CMAahEHY
HIBOA NIPOOKCHUIAaTUBHUX KOMIOHEHTH. PazyMeBarme OBUX paHUX MOCTPafjalluoOHUX Mpoleca je BaxXHO,
jep muxoB pa3Boj ofapebyje kacuuje epexre 11 Tepanuje.

Kmwyune peuu: oxcuoaitiuHu citipec, AHIUOKCUOATUUBHU eH3UM, AUTUOHA TlepoKcuoauuja,
paduoitiepaiiuja, IUPOUOHU KAHUED




