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Predictive factors of cytotoxic damage in radioactive iodine
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Abstract. Radioactive iodine (**'T) therapy in patients suffering
from differentiated thyroid cancer (DTC) is a targeted treat-
ment commonly used for thyroid ablation and locoregional
and distant metastatic spread management. Despite a signifi-
cant proportion of the ®'T dose entering the circulation, there
is currently no detailed information regarding its effect on
the blood cell system. In order to assess the cytotoxic effects
of T therapy on the circulatory system, blood cell levels,
thyroid-related hormones and CD45* cell cytotoxicity were
estimated in blood collected from patients with DTC. The
micronuclei (MN) frequency of the peripheral blood CD45*
cell fraction was significantly increased after 30 days of
BIT therapy compared to that prior to treatment, although
a strong individual variation was observed. A significantly
negative correlation between MN frequency and the level of
platelets and plateletcrit was observed; however, there was no
such correlation with thyroid-related hormones. These results
suggest that the correlation between MN frequency and the
platelet system may serve as a biomarker of exposure and,
possibly, of sensitivity in DTC patients undergoing *'T therapy
following thyroid and lymph node surgery.

Introduction

Differentiated thyroid cancer (DTC) patients are at increased
risk of distant metastases and locoregional recurrence. The
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standard therapy for DTC is radioactive iodine (*'T) admin-
istration into the bloodstream in order to induce thyroid
ablation and manage locoregional and metastatic spread (1,2).
Although "'T accumulates in the thyroid gland, the patient's
entire body is exposed to highly energetic - and y-radiation
as a consequence of its decay in the gland, during its transport
to the thyroid gland and its excretion through the kidneys. The
known adverse effects of "*'T therapy are inflammation, such
as sialadenitis and the subsequent reduction of normal tissue
function, such as xerostomia (3.4).

Peripheral blood (PB) comprises plasma and circulating
cells; leukocytes are a particularly radiosensitive blood
component (5,6). The cytogenetic effects of '*'T on PB lympho-
cytes have been analyzed (7-12). Generally, an increased
frequency of chromosomal aberrations and micronuclei
(MN) was observed following treatment, although often only
at the overall patient group and not at the individual patient
level. However, how P'T treatment affects the functionality of
the whole blood cell system, as well as the intercorrelation
between the various changes, has not been fully elucidated.

Thyroglobulin (Tg), thyroid-stimulating hormone (TSH),
free triiodothyronine (fT3) and free thyroxine (fT4) levels in
PB serum are generally monitored during iodine treatment and
allow a crude estimate of the condition of each DTC patient.
The cellular components of the human hematopoietic system
exhibit different sensitivities to radiation (13,14); therefore,
an analysis of the effect of iodine treatment on their levels
is of particular interest. The aim of the present study was to
investigate the effect of iodine treatment on the extent of cyto-
genetic damage in lymphocytes and on the composition of the
hematopoietic system, thyroid-related hormones and CD45*
cell cytotoxicity.

Materials and methods
Study population. A total of 15 DTC patients (mean

age + standard deviation, 56+11 years) who were treated at
the Hirosaki University Hospital between December, 2012
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and August, 2014, were enrolled in the present study. The
clinical characteristics of the study population are summa-
rized in Table I. All the patients underwent thyroid and lymph
node surgery followed by treatment with *'T. Depending on
the stage of the disease, an activity of 3.7 GBq (stage T1-T3,
10 patients) or 5.5 GBq (stage T4, 5 patients) was administered
after 2 weeks of thyroid hormone replacement and iodine
restriction (Fig. 1).

This study was approved by the Committee of Medical
Ethics of the Hirosaki University School of Medicine, Hirosaki,
Japan (no. 2013-025) to ensure the welfare and privacy of the
donors. Following a detailed verbal explanation regarding the
content of this study, written informed consent was obtained
from each of the patients.

Collection of PB and isolation of cells and serum. PB was
collected from the patients using heparin lithium tubes and
serum separation tubes (BD Biosciences, Franklin Lakes,
NJ, USA). The serum and buffy coat were separated and
light-density mononuclear PB cells were further separated
from the buffy coat by centrifugation for 30 min at 200 x g on
a cushion of Lymphosepar I (1.077 g/ml; Immuno-Biological
Laboratories Co., Ltd., Fujioka, Japan) and washed thrice in
magnesium/calcium-free phosphate buffered saline.

Calculation of PB cells. The total number of light-density
mononuclear viable cells and the expression of CD45" cell
surface antigen were analyzed by direct immunofluorescence
flow cytometry (Aria SORP; BD Biosciences).

Cytokinesis-block micronucleus (CBMN) assay. The CBMN
assay was conducted on the basis of the recommendations of the
International Atomic Energy Agency (15).Inbrief, 1x10° mono-
nuclear cells were placed in a 60-mm cell culture dish (Corning
Life Sciences, Falcon, New York, NY, USA) containing
RPMI-1640 medium (Life technologies, Tokyo, Japan) with
10% fetal bovine serum (Japan Bioserum, Fukuyama, Japan)
and 2% phytohemagglutinin (PHA; GE Healthcare, Fairfield,
CT, USA). The cultures were incubated for 70 h at 37°C in a
humidified atmosphere of 95% air/5% CO,. At 24 h post-PHA
stimulation, cytochalasin-B (6 ug/ml; Sigma-Aldrich, Tokyo,
Japan) was added to the culture and the cells were harvested
after a further 46 h. Harvesting was performed by washing the
cells with methanol and staining with a Hoechst 33342 solution
(1 ug/ml; Sigma-Aldrich). The evaluation was conducted using
a fluorescence/bright-field microscope at x400 magnification
(IX71; Olympus, Tokyo, Japan).

Quantitative analysis of PB cell components and
thyroid-related hormones. The different PB cells [white blood
cells (WBCs), red blood cells (RBCs), platelets (PLT), neutro-
phils and lymphocytes], hemoglobin (Hb) and hematocrit value
(Ht), were analyzed using the automated hematology system
XE-5000 (Sysmex, Kobe, Japan). The thyroid-related hormones
(TSH, fT3, fT4) and Tg were analyzed using the Cobas 6000
(e 601) analyzer (Roche Diagnostics, Tokyo, Japan).

Radiation dosimetry. The radiation dose rate at the skin adjacent
to the thyroid gland was measured by RadEye calibrated pocket
survey meter (Thermo Scientific Inc., Waltham, MA, USA).
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Table I. Clinical characteristics of the study population.
Patient no.

Characteristics (n=15)
Gender (female/male) 10/5
Age, years

Range 39-76

Mean =+ standard deviation 56+11
TNM classification

T, /T, 10/5

Ny/N, 10/5

M,/M, 1372
Radioactivity (3.7/5.5 GBq) 10/5

Race (ethnicity) Asian (Japanese)

Statistical analysis. Statistical analysis was performed using
the Origin software package (Pro version 9.0; OriginLab
Corporation, Northampton, MA, USA) and SPSS version 17.0
(IBM, Chicago, IL, USA) for Windows. Data were compared
using the Spearman's rank correlation test, Wilcoxon
signed-rank test, analysis of variance and Mann-Whitney
U test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Variation of thyroid-related hormones. Thyroid-related
hormones in PB serum of DTC patients were quanti-
fied prior to (day 0) and after (day 30) treatment with "*'T.
Prior to treatment, the median values of fT3 and fT4 were
0.75 and 1.9 pg/ml, respectively, and increased by 3.7-fold
(P=1.2x10"*) and 8.1-fold (P=1.2x10"*), respectively, by day 30
post-treatment (Fig. 2A and B). By contrast, the levels of TSH
(median, 94.4 uIU/ml) and Tg (median, 26.4 ng/ml) decreased
by 0.084-fold (P=6.10x10") and 0.15-fold (P=1.22x10"%),
respectively, by day 30 (Fig. 2C and D). A strong individual
variability in response was observed, whereas no clear asso-
ciation was observed between the extent of the effect and the
applied iodine activity.

Leukocyte analysis. The concentrations of different PB cells
were estimated. The WBC count (median on day 0, 7.4x10%/ul)
and RBC count (median on day 0, 5.0x10%ul) decreased by
0.74-fold (P=1.22x10"*) and 0.90-fold (P=2.32x107), respec-
tively, by day 30 (Fig. 3A and B). The number of neutrophils
(median on day 0, 4.3x10%/ul) and lymphocytes (median
on day 0, 2.3x10%/ul), which constituted the major bulk of
WBCs, significantly decreased by 0.79-fold (P=2.14x10") and
0.62-fold (P=6.10x10%), respectively, by day 30 compared to
day 0 (4.3x10%/ul and 2.3x10°/ul, respectively) (Fig. 3C and D).
Furthermore, the PLT level decreased 0.70-fold (P=1.22x10"%)
by day 30 compared to that on day 0 (median, 2.45x10°/ml)
(Fig. 3E).

The corpuscular components and/or indices in PB were
also analyzed. The median levels of Hb and Ht decreased
by 0.92-fold (P=2.81x107) and 0.93-fold (P=1.53x10"),
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Figure 1. Schematic representation of the therapeutic design in this study. Following thyroidectomy, the patients were administered thyroid hormone replace-
ment therapy, namely free triiodothyronine (T3) and free thyroxine (T4). Iodine-131 (*'T) treatment was initiated after a pause period of administrating thyroid
hormones and iodine restriction for 2 weeks. Peripheral blood samples were collected immediately prior to and 30 days after "*'I treatment (a).
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Figure 2. Evaluation of thyroid-related hormones. The (A) free triiodothyronine (fT3), (B) free thyroxine (fT4), (C) thyroid-stimulating hormone (TSH) and
(D) thyroglobulin (Tg) of individual patients were quantified on days 0 and 30. Dotted line, normal range. White and black circles, patients administered
3.7 and 5.5 GBq, respectively. ‘P=1.22x10"* and “P=6.10x10" by Wilcoxon single-rank test.
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Figure 3. Evaluation of peripheral blood cell levels. The subpopulations of (A) white blood cells (WBC), (B) red blood cells (RBC), (C) neutrophils, (D) lym-
phocytes and (E) platelets (PLT) were calculated on days 0 and 30. Dotted line, normal range. White and black circles, patients administered 3.7 and 5.5 GBq,
respectively. "P=1.22x10"*, “P=2.32x10", ""P=2.14x10" and """P=6.10x10"° by Wilcoxon single-rank test.
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Figure 4. Functional analysis of peripheral blood cells. (A) Hemoglobin (Hb), (B) hematocrit (Ht), (C) mean corpuscular hemoglobin (MCH), (D) mean
corpuscular volume (MCV), (E) platelet distribution width (PDW), (F) plateletcrit (PCT) and (G) mean platelet volume (MPV) were quantified on days 0
and 30. Dotted line, normal range. White and black circles, patients administered 3.7 and 5.5 GBq, respectively. "P=2.81x10~, “P=1.53x10~, "*P=1.10x10"* and

“P=6.10x10" by Wilcoxon single-rank test.

respectively, by day 30 compared to that on day 0 (Hb, 14.3 g/dl
and Ht, 42.8%) (Fig. 4A and B). As the levels of RBC, Ht and
Hb were all significantly decreased, the mean corpuscular
hemoglobin (MCH) and the mean corpuscular volume
(MCYV) were estimated (Fig. 4C and D). These values were
not significantly different between days O and 30. As regards
PLT-related indices, the platelet distribution width (PDW) and
the plateletcrit (PCT) were decreased by 0.91-fold (P=1.10x107)
and 0.65-fold (P=6.10x10"), respectively, on day 30, compared
to day 0 (PDW, 13.1 fl and PCT, 0.26%) (Fig. 4E and F). The
mean platelet volume value, an index of platelet maturation,
was similar on days 0 and 30 (Fig. 4G). As noted for the other
parameters, a strong individual variability in the response was
observed, whereas there was no clear association between the
extent of the effect and the applied iodine activity.

MN frequency. In order to determine the genotoxic response
in hematopoietic cells, the CBMN assay was performed using
CD45" cells. The purity of the CD45* cell fraction was ~70%
(Fig. 5A and B). The radioiodine treatment generally led to
an increase in MN frequency, although the effect was not
evident in all the patients. Overall, a more significant increase
in MN frequency was observed following the administration
of 5.5 GBq compared to that following the administration
of 3.7 GBq of iodine (P<0.05). However, this difference was
mainly due to the results from two patients who received
5.5 GBq of iodine.

Significantly negative correlations were observed between
the induced frequency of MN and PLT, as well as PCT, but
no such correlation was evident for thyroid-related hormones
(PLT, R=-0.62637 and PCT, R=-0.70879, Table II).

The iodine retention time in patients who received
3.7 and 5.5 GBq of the isotope was, on average, 39.7+3.9 and
42.0+5.7%/day, respectively (Fig. 6).

Discussion

The aim of the present study was to analyze the effect of "*'T
treatment of DTC patients on the hematopoietic system and
determine the correlation with the treatmentefficacy,as assessed
by thyroid-related hormone levels. After a 2-week thyroid
hormone replacement period prior to "*'T treatment (day 0),
the fT3 and fT4 levels were found to be lower than normal
(fT3, 2.30 pg/ml and T4, 0.90 ng/ml). However, resuming
thyroid hormone replacement treatment following administra-
tion of "*'T resulted in an increase of these hormone levels to
near-normal values (day 30; Fig. 2A and B). By contrast, the
concentrations of TSH and Tg on day O were ~20-fold higher
than normal (TSH, 5 xIU/ml and Tg, 32.7 ng/ml), followed by
a subsequent decrease to near-normal levels (Fig. 2C and D).
In a specific system of thyroid-related hormones, it is known
that TSH and thyrotropin-releasing hormone are affected
by the negative feedback function of fT4/fT3 (16). In the
present study, we confirmed the negative correlation between
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Figure 5. Micronuclei (MN) frequency in patient peripheral blood (PB) mononuclear cells. CD45* PB mononuclear cells were analyzed by cytokinesis-block
micronucleus assay on days 0 and 30. The cell fraction was determined by (A) flow cytometry and (B) CD45* cells (white blood cell and progenitor cell frac-
tions) were quantified. Subsequently, CD45* mononuclear cells were assayed and (C) the MN frequency in the binuclear cell (BNC) fraction was calculated.

“P=3.42x10 by the Wilcoxon single-rank test.

Table II. Correlation coefficient ratio of MN frequency vs.
each peripheral blood change.

Days 30/0 P-value  Correlation coefficient
Thyroid-related hormone
MN vs. fT3 0.19083 -
MN vs. fT4 0.24526 -
MN vs. TSH 0.08582 -
MN vs. Tg 0.15730 -
Leukocytes
MN vs. WBC 0.52907 -
MN vs. RBC 0.2387 -
MN vs. Neu 0.68079 -
MN vs. Lym 0.62861 -
MN vs. PLT 0.02199 -0.62637*
Leukocyte function
MN vs. PLT 0.10761 -
MN vs. MCH 0.20073 -
MN vs. Hb 0.36367 -
MN vs. Ht 0.41541 -
MN vs. PDW 0.5533 -
MN vs. MPV 04757 -
MN vs. PCT 0.00668 -0.70879*

“Statistical analysis was performed by Spearman's rank correlation
test. MN, micronuclei; fT3, free triiodothyronine; fT4, free thy-
roxine; TSH, thyroid-stimulating hormone; Tg, thyroglobulin; WBC,
white blood cells; RBC, red blood cells; Neu, neutrophils; Lym,
lymphocytes; PLT, platelets; MCH, mean corpuscular hemoglobin;
Hb, hemoglobin; Ht, hematocrit; PDW, platelet distribution width;
MPV, mean platelet volume; PCT, plateletcrit.

therapy-related changes in the levels of TSH and fT4/fT3. In
addition, the levels of all PB cell fractions declined due to the
toxicity of *'T (Fig. 3).
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Figure 6. Retention rate of radioactive iodine in differentiated thyroid cancer
patients. The absorbed dose rate in the air on the neck surface was measured
using a y-radiation survey meter in patients administered 3.7 (white circles)
and 5.5 GBq (black circles) for 4 days following administration.

BT emits energetic B- (606 keV, 89.5%) and
y-radiation (365 keV, 81.7%). It was demonstrated that
granulocytes/monocytes are more radiosensitive compared
to cells of the erythroid lineage, although an individual
variability exists (17,18). Vrndic et al (19) reported that DTC
patients treated with 'T exhibited a significant increase in
the early apoptosis of PB lymphocytes on day 7 after therapy.
In addition to cell death, ionizing radiation activates cell
cycle checkpoints (20,21). Therefore, the reduction of cell
counts in PB may be due to the apoptosis and/or suppression
of hematopoietic clonogenicity. We have reported that
megakaryocytic progenitors,also referred to as megakaryocytic
colony-forming units (CFU-Meg), and mature megakaryocytes
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are radiosensitive; however, the sensitivity was observed to
decrease at the terminal stages of megakaryocytic maturation,
particularly as the megakaryocytes entered the proplatelet
formation stage (22). Thus, it is suggested that the reduction of
PLT on day 30 observed in the present study is attributed to the
effect of radiation on the megakaryocytic maturation system.

The reduced levels of RBC, Hb and Ht that were not accom-
panied by changes in the levels of MCH and MCV (Fig. 4A-D)
suggest that the hematopoietic function, such as that of
progenitor cells, was also modified. Maia et al (23) reported
that reactive oxygen species induced by y-radiation cause a
physical modification in RBC viscosity and other membrane
parameters. Dorgalaleh et al (24) reported that MCH and
MCYV in patients with hyperthyroidism and hypothyroidism
were significantly lower compared to control values in healthy
volunteers. Schindhelm et al (25) reported that T4 (but not
TSH) was associated with erythrocyte indices (MCV and
MCH) in healthy controls, indicating that T4 is involved in
the regulation of erythropoiesis. The reduction of erythropoi-
esis in DTC patients may thus be specifically due to the effect
of T rather than temporal hypothyroidism; however, further
investigations on this phenomenon are required.

Alcelik et al (26) reported that PLT functions associated
with thyroid function are mainly mediated by T4 and T3 and
not by TSH or other factors secreted by the thyroid gland.
Thus, it is possible that the decreased levels of PCT and PLT
observed in the present study are associated with the effects
of CFU-Meg, stimulated by thyroid hormones and ionizing
radiation.

Similar retention rates of the two doses of "'T activity
administered were observed (Fig. 6). Thus, it may be hypoth-
esized that the complete body dose received following the
administration of 5.5 GBq "*'T was higher compared to that
of 3.7 GBq "*'I. However, the only difference in the biological
effect between the two activities was observed at the MN level,
albeit not in all the patients (Fig. 5). This result correlates
with that reported by previous studies, in that the adminis-
tration of "'T does not exert a strong effect on the extent of
cytogenetic damage in PB lymphocytes (7-11). A possible
explanation may be that iodine is specifically absorbed
by the thyroid gland, leading to an exposure scenario that
has partial body characteristics. It is known that the level
of cytogenetic damage may serve as a biological dosimeter
following whole-body exposure (27). An interesting observa-
tion is that MN levels correlate with PLT and PCT (Table II).
Therefore, it is possible that a combination of these param-
eters may be used as a biomarker of exposure and, possibly,
of sensitivity to radiation in DTC patients undergoing "'
treatment following thyroid and lymph node surgery. Further
analyses on a larger group of patients are required to confirm
this hypothesis.
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