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Abstract: Background: The exhalation of radioiodine following radioiodine therapy (RIT)
presents a challenge in radiation protection, though the mechanisms remain incompletely
understood. Previous studies have indicated that radioiodine is predominantly exhaled
in an organically bound form in humans. Methods: This study investigates the chemical
composition and exhaled amounts of radioiodine, as well as the impact of thyroid-targeted
pharmacological interventions, using a controlled mouse model. Female Balb/c mice
(25 g) were administered oral doses of radioiodine (0.1, 1, 2, 10, and 23 MBq per animal)
with and without prior treatment using thyroid-blocking agents (stable iodine, perchlorate)
or antithyroid drugs (carbimazole). Exhaled radioiodine was collected in metabolic cages,
separating chemical forms (aerosolized iodine, elemental iodine, organically bound iodine),
and quantified via scintillation counter. Results: The exhaled radioiodine activity was
proportional to the administered dose (0.2-0.3%). Thyroid-blocking agents increased
exhalation, shifting toward elemental iodine. Antithyroid drugs reduced exhalation but
increased aerosol formation, particularly at higher I-131 doses. Organically bound iodine
remained the predominant exhaled species in all groups. Conclusions: These results
highlight the critical role of the thyroid in radioiodine organification. The blockade of
thyroid uptake disrupted the formation of organically bound iodine, suggesting that iodine
organification requires passage through the thyroid. Additionally, the results support the
hypothesis that iodine metabolism outside the thyroid is less efficient, contributing to the
formation of organic iodine species. Radical formation is likely a key factor in generating
these volatile iodine species, with radiation-induced iodine and methyl radicals playing a
role in their formation.
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1. Introduction

Radioiodine therapy (RIT) is a well-established treatment for various thyroid disor-
ders [1-6]. At the core of RIT is the radionuclide [*3'I]I-iodine, a classic theranostic agent
that integrates both diagnostic and therapeutic capabilities. Iodine-131 emits therapeu-
tic B-radiation, which selectively ablates thyroid tissue, while simultaneously providing
y-radiation for imaging and treatment monitoring [7,8].

A critical concern following RIT is radiation exposure to healthcare personnel, other
patients, and the general public [9-12]. This exposure arises from two distinct sources:
first, gamma radiation emitted directly from the patient’s body [13], leading primarily to
external radiation exposure, and second, radioactive iodine exhaled by the patient [14-18],
potentially causing incorporation via inhalation by healthcare staff and by-standers.

To evaluate the potential risks associated with airborne radioiodine, our research
group previously measured radioactivity levels in ambient air within patient rooms after
radioiodine therapy [17] and analyzed exhaled breath samples collected directly from
treated patients [18].

Three primary chemical species of exhaled iodine were identified: organically bound
iodine, elemental iodine (I;), and aerosol-bound iodine. Notably, organically bound io-
dine was the dominant species shortly after administration, but its proportion decreased
over time in favor of elemental and aerosol-bound iodine. Across both studies, approxi-
mately 0.01% of the administered radioiodine activity was released into the environment
via exhalation.

In ambient air studies, a strong correlation was observed between thyroid iodine up-
take and the proportion of exhaled organically bound iodine. Patients with higher thyroidal
iodine uptake, such as those with Graves’ disease, exhaled significantly more radioiodine
than patients with thyroid carcinoma, whose limited or absent thyroid tissue restricted
iodine storage and subsequent exhalation. This correlation supports the hypothesis that
iodine organification within the thyroid is a key determinant in the formation of exhalable
organic iodine species [17].

However, direct breath measurements from RIT patients revealed a more complex
pattern. Although over 94% of exhaled iodine consistently appeared in organically bound
form, regardless of the underlying thyroid disease, the correlation between thyroid iodine
uptake and the extent of organic iodine exhalation was weaker than expected. Notably,
patients with thyroid carcinoma, despite their reduced thyroid function, exhibited longer
exhalation half-lives than those with hyperfunctioning thyroids. This unexpected finding
suggests that additional factors beyond thyroidal uptake, potentially involving extrathy-
roidal tissues or systemic metabolic processes, contribute to the formation of exhalable
organic iodine species [18].

To resolve these discrepancies and gain deeper insight into the mechanisms underlying
iodine organification and exhalation, the present mouse study was designed using varying
radioiodine activity levels and different premedication regimens, particularly thyreostatic
drugs and thyroid-blocking agents.

2. Materials and Methods
2.1. Animals

Female BALB/c mice (Charles River Laboratories Germany GmbH, Sandhofer Weg
797633 Sulzfeld, Germany, average weight: 25 g) were used in this study. The choice of
female BALB/c mice was based on their consistent thyroid function, which is crucial for
accurately studying radioiodine metabolism and exhalation patterns. Female BALB/c
mice are well established in radiopharmaceutical research due to their stable thyroid
hormone levels and reduced variability in iodine uptake [19]. Their reduced aggression
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and ease of handling further ensure minimal stress, enhancing the reproducibility and
ethical conduct of the study [20-22]. The number of animals was minimized to comply
with ethical standards. Approval for animal experiments was granted by the Cologne
District Government (Approval No. K19, 42/00), and all protocols were coordinated with
the university’s Animal Welfare Officer.

Mice were housed under standardized conditions (18-23 °C, artificial lighting) and
provided with specialized feed and water ad libitum. They were kept in groups of up to
five or ten, depending on cage size, and were regularly supplied with fresh water, food,
and bedding.

2.2. Air Sampling and Measurements

The collection of air samples has been thoroughly detailed in previous publications by
our research group [14,15]. Briefly, a “Portable Constant Flow Airsampler” (Model AVS-28
A, SAIC/RADeCO, RADeCO Inc. 17 West Parkway Plainfield, CT 06374, USA) was used
to draw air from metabolic cages through a series of specialized filters (Figure 1).

(@) (b)

Figure 1. Schemes follow another format. If there are multiple panels, they should be listed as follows:
(a) principle of measuring the percentage of different radioiodine species in the air (MC: metabolic
cage, P: pump, A: glass fiber filter, B + C: cadmium iodide filters, D: silver zeolite filter: organically
bound radioiodine, E: TEDA-impregnated activated charcoal: all radioiodine forms); (b) photograph
of the filter housing and filters.

The efficiency of radioiodine retention by the various filter materials (excluding glass
fiber filters) was independently tested for each batch by Environmental Engineering &
Testing, Inc. (Columbia Energy and Environmental Services 1806 Terminal Drive, Richland,
WA 99354, USA) under contract with the American manufacturer (SAIC).

The activity of each filter was measured using a Nal(Tl) well-type detector ISOMED
100, Nuklear-Medizintechnik Dresden GmbH, Rudolf-Renner-Str. 2, D-01109 Dres-
den, Germany). The total activity was determined as the sum of the activities of the
individual filters.

Measurements in the well-type detector, analyzed using UMS software, version 4.40.
on a PC workstation, were recorded in counts per second (cps). A conversion factor (cps to
Bq) for the detector was established by using the known activity of an I-131-Nal solution
(MDS Nordion, Avenue de 1'Espérance 1, 6220 Fleurus, Belgium, 500 pL), which was evenly
distributed over the surface of a filter in the same geometric configuration.

2.3. Animal Experiments: Experimental Setup

We provide a detailed description of the animal experiments conducted in this study,
as this has not been published previously:

The mice were housed in metabolic cages (Stisse & Schmidt KG, Kasseler Strafie 76,
34281 Gudensberg Germany) (Figure 2) during the measurement of I-131 concentration in
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exhaled air. To prevent contamination-related measurement inaccuracies, the metabolic
cages were thoroughly cleaned before each measurement. The cages featured a conically
shaped waste collection system, enabling the separate collection of feces and urine in a
container beneath the cage during the 15 h measurement period. This design effectively
shielded excreta, minimizing its impact on exhaled air measurements.

Figure 2. Metabolic cage for the studies.

The water bottle and two food cylinders were placed in consistent, predefined posi-
tions for each mouse, ensuring a standardized setup and enhancing comparability. Two
metabolic cages were operated in parallel, allowing for simultaneous individual measure-
ments on two separate mice.

Each cage was equipped with a filter cartridge designed to hold an aerosol filter and
four circular filters. The cartridge was loaded in a specific sequence, as demonstrated in
Figure 1. Air from the metabolic cages was continuously drawn through the filtration
system for the entire 15 h period using the “Portable Constant Flow Airsampler”. The
airflow rate was approximately 4.5 m3/h.

2.4. Application of Radioiodine

The administration of various substances was performed orally using a
button-tipped cannula (1.00 x 50 mm Luer, Hero Berlin GmbH, Schlesische Str. 26,
10997 Berlin, Germany).

Prior to administration, the mice received approximately 100 pL of an anesthetic
mixture, consisting of 90 puL Ketanest® (PFIZER PHARMA GmbH, Friedrichstrafe 110,
10117 Berlin, Germany, 4 mg/25 mL) and 10 uL of a 2% Rompun® (Bayer Vital GmbH,
Kaiser-Wilhelm-Allee 1, 51368 Leverkusen, Germany) solution, which was administered
intramuscularly. Subsequently, the button-tipped cannula was orally inserted into the
esophagus of each mouse, reaching just before the gastric entrance. The substances were
then directly administered into the stomach via the cannula.

However, the exact positioning of the cannula could not be verified during the proce-
dure, making it possible that some substances were delivered only to the esophagus rather
than directly into the stomach. Additionally, over-insertion of the cannula, with potential
perforation of the stomach wall, could not be entirely ruled out.

A relatively small volume of approximately 100 uL of the anesthetic mixture was
sufficient to keep the mice adequately sedated for substance administration.
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2.5. Relationship Between Administered Activity and I-131 Exhalation

In the first series of experiments, the dose dependence of radioiodine exhalation was
investigated. Six mice, under the previously described anesthesia, were orally administered
defined amounts of I-131. The administered activities were 0.1 MBq, 1 MBq, 10 MBq, and
23 MBq, corresponding to 5 to 1150 MBq/kg, based on an average body weight of 20 g.

Activities of 0.1 MBq and 1 MBgq fall within the typical dosage range for radioiodine
therapy in humans, whereas 10 MBq and 23 MBq exceed the therapeutic range. To achieve
the desired activity, radioiodine was diluted with water to a final volume of approximately
200 uL per dose.

The exact administered activity was determined by measuring the filled cannula
and syringe in an isotope calibrator before and after administration, with the difference
representing the applied activity.

After dosing, each mouse was individually housed in a metabolic cage for 15 h, with
access to food and water. During this period, cage air was continuously drawn through a
filtration system.

2.6. Pre-Application of Substances Affecting Radioiodine Retention or Iodine Metabolism

Control group mice received ['*'I]I-iodide (0.1 MBq/animal or 10 MBq/animal) with-
out any pre-application treatment.

The experimental procedure varied slightly depending on the type of pre-application
treatment. All pre-application protocols involved anesthetizing the mice with the previously
described mixture of Ketanest S and Rompun. Administration was performed orally using a
button-tipped cannula, ensuring that the substance was delivered directly into the stomach.
For all test series, the administered volume was 200 uL.

For animals with thyroid function blocked by varying amounts of cold iodine (Merck
KGaA, Frankfurter Str. 250, 64293 Darmstadt, Germany) or perchlorate (Bayer Vital GmbH,
Kaiser-Wilhelm-Allee 1, 51368 Leverkusen Germany), administration occurred one hour
before administering 0.1 MBq/animal or 10 MBq/animal of radioiodine.

Carbimazole and L-thyroxine (Henning Berlin GmbH, Komturstr. 58-62, 12099 Berlin,
Germany) were administered daily for ten days. Given the known impact of food intake
on L-thyroxine absorption, these mice were fasted for at least six hours before each daily

1317]I-iodide was administered. The administration followed a

dose. On the eleventh day, [
standardized protocol, as previously described (button-tipped cannula inserted into the
stomach, volume: 200 uL).

For animals with thyroid glands blocked by cold iodine or perchlorate, administration

was performed one hour before the radioiodine dose.

2.7. Statistics

For the statistical analysis, separate two-way ANOVAs were conducted for each
activity level (e.g., 0.1 MBq and 10 MBq) and for each pre-applied substance (e.g., KI,
KClQOy, carbimazole, and L-thyroxine) (GraphPad Prism 10.4.1, GraphPad Software, LLC,
1608 Solana Beach, Suite 100, San Diego, CA 92075, USA).

The dependent variable was the percentage composition of each I-131 species. The
ANOVA allowed for the assessment of the main effects of each factor (dosage and 1-131
species type) and any interaction effects, indicating whether the impact of dosage varied
according to the type of exhaled species. Statistical significance was set at p < 0.05. When
significant main effects or interactions were observed, a Tukey post hoc test was applied to
identify specific significant differences among dosages and I-131 species types.

One-way ANOVA analyses were performed to evaluate whether premedications with
potassium iodide (KI), perchlorate (KClOy), L-thyroxine, and carbimazole influenced the
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total activity of exhaled I-131. For each experimental condition, the total exhaled activity
was calculated as the mean of individual measurements, with standard deviations and
sample sizes recorded for statistical input.

The data were grouped based on premedication type and dose, and an ANOVA
was conducted to determine significant differences among the groups. Post hoc multiple
comparisons tests were used to identify specific group differences when the ANOVA results
indicated statistical significance. This approach provided a robust assessment of the impact
of pharmacological interventions on I-131 exhalation.

3. Results
3.1. Separation Efficiency of the Filter Combination

The separation efficiency analysis of the filter combination, as described above, is
summarized in Table 1. The filtration system demonstrated high efficacy in differentiating
between aerosolized, molecular, and organically bound iodine. The I-131 radioactivity
collected in the final filter (TEDA-impregnated activated charcoal) represents a mixture of
molecular and organically bound iodine that was not retained by the preceding filtration
stages. The filtration setup effectively retained aerosolized and molecular iodine, while
organically bound iodine was partially captured in intermediate filtration stages. The
final TEDA-impregnated activated charcoal filter collected residual molecular and organ-
ically bound iodine, indicating that a fraction of these species was not retained by the
preceding filters.

Table 1. Separation efficiency analysis for the filter combination.

Vapor Phase * Fraction of Total I-131 Radioactivity in Filters in %
Glass Fiber . . Silver TEDA-Activated Glass Fiber
Filter Cdl, Filter I CdI, Filter II Zeolite Filter Charcoal Filter Filter
I, 0.2 95.4 0.8 1.3 1.6 0.2
Ethyl iodide 0.6 1.0 1.0 96.9 0.9 0.6
Combined
Vapor Phases . 1.0 14.8 1.0 77.3 2.6 1.0

* Radioactivity measurements of the ethanolic and aqueous phases showed an I, /ethyl iodide ratio of 1:4.5.

3.2. Investigation of the Extent of I-131 Exhalation and Its Chemical Composition in the Breath of
Mice Following Administration of Increasing I-131 Radioactivities

Figure 3 depicts the linear regression analysis between orally administered 1-131
activity and exhaled I-131, demonstrating a positive correlation, where higher administered
activity corresponds to increased exhaled radioiodine levels.

Table 2 presents the percentage of exhaled 1I-131 relative to the administered 1-131
activity in the breath of mice, along with the corresponding standard deviations and sample
sizes for each activity level.

Table 2. Exhaled I-131 relative to applied I-131 in the breath of mice in %.

Administered Standard .
Activity [MBq] Exhaled I-131 Deviation (SD) N (Sample Size)
0.1 MBq 0.9 0.6 6
1 MBq 0.3 0.2 6
10 MBq 0.2 0.1 6
23 MBq 0.3 0.1 6
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Linear regression: Exhaled vs applied 1-131
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Figure 3. Linear relationship between orally administered I-131 activity and exhaled I-131 in mice.
The regression analysis shows a strong positive correlation (R? = 0.9819) between the administered
1-131 dose (MBq) and the amount of I-131 exhaled (Bq). Error bars represent the standard error of the
mean for each data point.

The results in Figure 3 demonstrate a linear relationship between administered 1-131
activity and exhaled I-131 in mice (R? = 0.9819), indicating that 98.2% of the variability
in exhaled I-131 can be attributed to the administered dose. The statistically significant
slope (p < 0.0001) highlights a consistent dose-response effect, where each increase in
administered I-131 leads to a proportional rise in exhaled activity. This relationship spans a
broad range of administered activities, reinforcing the predictive strength of the model.

Furthermore, as shown in Table 2, the percentage of exhaled I-131 relative to the
administered dose remains constant across different activity levels. Despite substantial
variations in administered activity, the exhaled I-131 consistently falls within the range of
0.2% to 0.3%.

Figure 4 depicts the percentage composition of exhaled I-131 species (aerosol, elemen-
tal I, and organically bound I-131) as a function of administered I-131 activity, illustrating
the changes in species distribution with increasing 1-131 doses.

The data indicate that organically bound I-131 consistently constitutes the largest
fraction of exhaled I-131, while aerosolized and molecular iodine (I;) remain lower and
relatively stable across all activity levels. No significant dose-dependent increase in the
proportion of organically bound I-131 was observed.

The two-way ANOVA revealed that, at 0.1 MBq, there was no significant difference
between the aerosol and I, fractions (p = 0.8780). However, when comparing either of these
fractions with the organically bound I-131 fraction, highly significant differences emerged
(p < 0.0001 for both aerosol vs. organically bound I-131 and I, vs. organically bound I-131).
This pattern remained consistent as the administered activity increased, underscoring the
strong influence of treatment on the composition of exhaled I-131.

As the activity increased to 10 MBq, the difference between the aerosol and I, fractions
remained statistically insignificant (p = 0.7324), indicating that these two fractions exhibit
relative stability across different activity levels. In contrast, the comparisons involving
the organically bound I-131 fraction continued to demonstrate statistically significant
differences. This trend persisted at 23 MBq, where significant differences were observed
between aerosol, I, and organically bound I-131 fractions.
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% composition of exhaled I-131 vs. administered 1-131 activity

% of exhaled I-131 species

100
2 Aerosol [%]
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Administered 1-131

Figure 4. Percentage composition of exhaled I-131 species (aerosol, elemental I-131 (I), and organi-
cally bound 1-131) across different administered I-131 activities. The breath sample collection from
the mice was conducted over a period of 15 h. Error bars represent the standard error of the mean for
each data point.

These findings indicate that the proportion of organically bound I-131 does not depend
on the administered I-131 activity level. Despite significant variations in the administered
activity, the organically bound fraction remains virtually unchanged.

3.3. Impact of Pre-Application of Stable Potassium lodide (0.01-1 mg per Animal) on Chemical
Composition of Exhaled Iodine in the Breath of Mice

Figure 5 illustrates the percentage composition of exhaled I-131 species (aerosol,
elemental I, and organically bound I-131) in mice as a function of co-administered potas-
sium iodide (KI) doses, comparing the effects of 0.1 MBq and 10 MBq of administered
I-131 activity.

This figure reveals a clear trend following the oral administration of 0.1 MBq and
10 MBq of I-131: as potassium iodide (KI) doses increase, the proportion of organically
bound I-131 decreases, while the proportion of elemental iodine (I;) increases. The aerosol
fraction remains unchanged, exhibiting no significant variation in response to either the
pre-applied KI dose or the administered 1-131 activity level.

The two-way ANOVA confirms that the composition of exhaled 1-131 species is sig-
nificantly influenced by KI dose (p < 0.0001). The Tukey multiple comparisons test was
applied to assess the statistical significance of differences between species types within
each KI dose group at both 0.1 MBq and 10 MBq of orally administered 1-131.

In the 0.1 MBq activity group, a significant increase in the proportion of elemental I-131
was observed compared to the control group at all pre-applied KI doses, particularly at
1 mg and 5 mg of KI (0.01 mg: p = 0.0188, 0.1 mg: p = 0.0118, 1 mg: p < 0.0001). Additionally,
significant differences were detected between 0.01 mg and 1 mg (p < 0.0001) and between
0.1 mg and 1 mg (p < 0.0001) of pre-applied KI within the 0.1 MBq group. Conversely, the
proportion of organically bound iodine exhibited a significant decrease with increasing
doses of pre-applied potassium iodide, compared to the control group (0.01 mg: p = 0.0078,
0.1 mg: p =0.0006, 1 mg: p < 0.0001).
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Ki (0.1 - 1 mg) 0.1 MBq/10 MBq
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Figure 5. Effect of pre-administered potassium iodide (0.1-1 mg, given 1 h prior to radioiodine admin-
istration) on the composition of exhaled I-131 species (aerosol, elemental I-131 (I,), and organically
bound I-131) at two I-131 activity levels (0.1 MBq and 10 MBq). Error bars represent the standard
error of the mean for each data point.

In the 10 MBq group, a significant increase in elemental iodine in exhaled breath was
observed across all doses of pre-applied potassium iodide (KI) compared to the control
group (p < 0.0001). A similar effect was noted when the pre-applied KI dose increased from
0.01 mg to 0.1 mg (p < 0.0001) and from 0.01 mg to 1 mg (p = 0.0127). However, increasing
KI from 0.1 mg to 1 mg resulted in a slight but non-significant reversal of this trend.

The impact of pre-applied KI on the percentage of organically bound iodine showed
a consistent and significant decrease across all KI doses, compared to the control group
(p < 0.0001). Increasing the pre-applied KI dose from 0.01 mg to 0.1 mg also resulted in a
significant reduction in the organic radioiodine fraction (p = 0.0017). Increasing KI from
0.01 mg to 1 mg or from 0.1 mg to 1 mg showed a non-significant trend toward a KI-
dependent reduction in the percentage of organically bound radioiodine.

When comparing the same pre-applied KI doses between the 0.1 MBq and 10 MBq
groups, no significant differences were observed in the aerosol fraction between the two
activity groups. However, following the pre-application of 0.01 mg and 0.1 mg of KI, the
10 MBq group exhibited a significant increase in the proportion of radioiodine exhaled
in elemental form compared to the 0.1 MBq group (0.01 mg KI: p = 0.0194; 0.1 mg KI:
p <0.0001).

In contrast, the proportion of organically bound iodine showed a significant decrease
with 0.1 mg KI (0.01 mg KI: p = 0.079, not significant; 0.1 mg KI: p < 0.0001). The results
with 1 mg KI pre-application were less conclusive, with no significant differences detected.

3.4. Impact of Pre-Application of Sodium Perchlorate (0.5-5 mg per Animal) on the Chemical
Composition of Exhaled Iodine in the Breath of Mice

Figure 6 illustrates the percentage composition of exhaled I-131 species (aerosol,
elemental I, and organically bound I-131) in mice as a function of co-administered potas-
sium iodide (KI) doses, comparing the effects of 0.1 MBq and 10 MBq of administered
[-131 activity.

With increasing potassium perchlorate (KClO,) doses from 0.05 mg to 5 mg, a clear
trend is particularly evident in the 10 MBq group: the proportion of organically bound 1-131
decreases, while the proportion of elemental iodine (I;) increases (Figure 6). In contrast,
this trend is less consistent in the 0.1 MBq group. The aerosol fraction remains unchanged
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across different KClO, doses, showing no significant variation in either the 0.1 MBq or
10 MBq activity group.

KCIO, (0.05 - 5 mg) 0.1/10 MBq

0.1 MBq 10 MBq

I I | I | ‘ | Org. lodine (%]
0 - lodine [%]
Aerosol [%]
o 0 0.05 1 5 0 0.05 1 5

Co-administered amount of potassium perchlorate per animal [mg]

% of 131
& &8 8 8 3 8

N
S

Figure 6. Effect of pre-administered potassium perchlorate (0.05-5 mg, given 1 h prior to radioiodine
administration) on the composition of exhaled I-131 species (aerosol, elemental I-131 (I), and organi-
cally bound I-131) at two administered I-131 activity levels (0.1 MBq and 10 MBq). Breath samples
were collected from the mice over a 15 h period. The graph illustrates the percentage composition of
each exhaled species across control and potassium perchlorate-treated groups. Error bars represent
the standard error of the mean for each data point.

The two-way ANOVA confirms that the KClO4 dose has a highly significant effect on
the composition of exhaled I-131 species (p < 0.0001). The Tukey multiple comparisons test
was applied to assess the statistical significance of differences between species types within
each KClOy dose group for both 0.1 MBq and 10 MBq of orally administered I-131.

In the 0.1 MBq group, a significant increase in the proportion of elemental 1-131
was observed compared to the control group at 1 mg and 5 mg of pre-applied KCIO4
(p < 0.0001). Similarly, the proportion of organically bound 1-131 showed a significant
decrease (p < 0.0001). Statistically significant differences were also detected between
0.05 mg and 1 mg (p = 0.0002) and between 0.05 mg and 5 mg (p = 0.0004) of pre-applied
perchlorate. Increasing KClO, from 1 mg to 5 mg resulted in a slight decrease in the
proportion of exhaled organically bound 1-131, deviating from the expected trend, but this
difference was not statistically significant.

In the 10 MBq group, a clear dose-dependent trend was observed: with increasing
pre-applied KCIO4 doses, the proportion of elemental I-131 increased, while the proportion
of organically bound I-131 decreased. However, Tukey’s multiple comparisons test revealed
that differences in exhaled radioiodine composition due to pre-applied KClO4 doses were
not statistically significant, even compared to the control group, except for elemental I-131,
where a significant difference was observed between the control and 5 mg KClO, group
(p <0.0001).

No significant influence of increasing orally administered I-131 activity on the chemical
composition of exhaled radioiodine was detected for the same pre-applied KCIO, dose.

3.5. Impact of Pre-Application of Carbimazole (0.2 mg over 10 Days) and L-Thyroxine (0.3 mg over
10 Days) on the Chemical Composition of Exhaled lodine in the Breath of Mice

Figure 7 illustrates the percentage composition of exhaled I-131 species (aerosol,
elemental I, and organically bound I-131) in mice as influenced by the co-administration
of carbimazole or L-thyroxine.
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Figure 7. Effect of co-administered carbimazole (0.3 pg) and L-thyroxine (0.2 pg), administered
daily over 10 days, on the composition of exhaled I-131 species (aerosol, elemental I-131 (I,), and
organically bound I-131) at two administered I-131 activity levels (0.1 MBq and 10 MBq). The graph
illustrates the percentage composition of each exhaled species. Error bars represent the standard
error of the mean for each data point.

In the 0.1 MBq group, premedication with carbimazole or L-thyroxine had no signifi-
cant effect on the percentage composition of exhaled radioiodine species in mice.

In the 10 MBq group, however, a clear trend emerged, distinguishing this premedi-
cation from previous pre-applications with KI or KCIOj. Specifically, there was a notable
increase in the percentage of I-131 exhaled as an aerosol. The effect of carbimazole was
borderline significant compared to the control group (p = 0.052), whereas the effect of
L-thyroxine was highly significant (p < 0.0001).

This increase in aerosol formation appears to occur at the expense of the organically
bound iodine fraction. Both carbimazole (p = 0.0021) and L-thyroxine (p = 0.001) induced a
significant decrease in the percentage of organically bound iodine in exhaled breath.

3.6. Influence of Exogenous Modulations on the Total Amounts of Exhaled I-131

The results are summarized in Table 3.

Table 3. Influence of exogenous modulations on the total amounts of exhaled I-131.

0.1 MBq I-131 10 MBq 1-131
Mean![Bq] Std. Dev. N Mean![Bq] Std.Dev. N
Controls 214.0 102.8 4 21,150 2690 6
0.01 mg KI 351.3 243.8 6 22,882 7989 4
0.1 mg KI 297.6 234.0 5 45,490 21,167 5
1 mg KI 450.0 253.8 6 45,322 13,884 4
0.5 mg perchl. 2545 187.0 8 22,665 5979 6
1 mg perchl. 406.3 131.8 8 26,802 10,938 6
5 mg perchl. 542.5 662.6 7 23,415 7291 6
L-thyroxine 161.0 147.6 6 11,277 10,698 6
Carbimazole 214.6 194.2 7 4954 2927 6

1 Mean I-131 activity measured across all filters over a 15 h period.

In a few cases, a statistically significant influence of premedications on the total amount
of exhaled I-131 was observed. For an administered activity of 0.1 MBgq, the effects were
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less pronounced compared to 10 MBq (Table 3), and in most cases, the standard deviation
was too high to draw definitive conclusions.

A substantial effect was observed with potassium iodide (KI), where the total amount
of exhaled radioiodine increased with higher pre-administration doses of “cold” iodine.
Tukey’s multiple comparisons test revealed a significant difference compared to the control
group at a premedication dose of 0.1 mg or higher (p = 0.0361). The 1 mg KI premedication
showed a near-significant trend (p = 0.0536).

Additionally, carbimazole premedication significantly reduced the total amount of
exhaled I-131 following oral administration of 10 MBq compared to controls (p = 0.0019).
L-thyroxine also exhibited a tendency toward reducing exhaled radioiodine activity, though
this effect did not reach statistical significance.

At the lower dose of 0.1 MBq of orally administered I-131, no significant influence
of premedications on the total amount of exhaled 1-131 was detected. Similarly, pre-
administration of perchlorate (KClO,) did not result in a statistically significant effect on
the total amount of exhaled iodine.

This study provides insights into the mechanisms of radioiodine exhalation in mice
following oral administration of I-131 and the effects of various pharmacological interventions.

4. Discussion
4.1. Alignment with Existing Clinical Investigations on Radioiodine Exhalation

The exhalation of radioiodine following radioiodine therapy (RIT) has been well docu-
mented in various studies, both in the ambient air of patient rooms within nuclear medicine
therapy units and in the exhaled breath of patients after RIT [16-18]. These investigations
have demonstrated that radioiodine is predominantly exhaled in an organically bound
form, while a smaller fraction is present as elemental iodine (I;) and aerosolized iodine
species. Breath analysis studies in patients undergoing RIT have indicated that exhaled
radioiodine typically constitutes 0.01-0.1% of the administered activity, with significant
interindividual variability [18]. The predominance of organically bound iodine in exhaled
breath is a key finding that underscores the metabolic complexity of iodine handling
in vivo.

Our study in mice aligns with these human findings by confirming that organically
bound iodine is the major fraction of exhaled radioiodine across all tested conditions. No-
tably, we observed that the exhaled fraction in mice (~0.2-0.3%) was an order of magnitude
higher than in humans, consistent with the significantly higher metabolic rate of rodents.
Female mice were specifically selected for this study due to their established reliability in
thyroid-related investigations and their generally more docile nature [19-22]. Furthermore,
the proportion of exhaled organic iodine remained stable across different administered
activities (0.1-23 MBq). This finding merely indicates that the administered radioiodine
activity has no impact on the chemical composition of exhaled radioiodine. The resulting
increase in the absolute amount of substance (theoretically, 23 MBq I-131 equals 5 ng iodine)
remains entirely negligible, as the quantity of iodine introduced solely through radioactivity
is far too small to exert any influence on the chemical composition of exhaled iodine.

4.2. Mechanisms of lodine Oxidation to I, and Exhalation

Iodide oxidation to molecular iodine (I) occurs primarily in the thyroid gland, where
thyroid peroxidase (TPO) catalyzes the reaction in the presence of hydrogen peroxide
(H203) [23,24]. Elemental iodine in small amounts will be dissolved in water (aqueous
iodine solution, “iodine water”) [25,26]. We assume that the transfer of [1*'I]-iodine water
into exhaled air likely occurs via passive diffusion across the alveolar—capillary membrane,
driven by its partial pressure gradient between blood and the pulmonary airspace.
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However, comparable oxidation processes are also present in several extrathyroidal
tissues, including the gastric mucosa and lungs, where lactoperoxidase (LPO) facilitates
iodine oxidation in secretions [27,28]. This suggests multiple systemic pathways for io-
dine oxidation, supporting the observed presence of I, and organic iodine species in
exhaled breath.

Our findings may further be explained by assuming that iodine exhalation is influ-
enced not only by enzymatic oxidation but also by radiation-induced radical formation.
Beta and gamma radiation from I-131 generates reactive iodine radicals (I-), which can
undergo secondary recombination to form I, [29-33]. These reactions are facilitated by
reactive oxygen species (ROSs), which contribute to the oxidation of iodide into I, [34,35]
suitable for pulmonary elimination.

4.3. Formation and Pulmonary Elimination of Organically Bound lodine

A key observation in both human and murine studies is the persistence of exhaled
organic iodine despite complete thyroid blockade. This suggests the presence of alternative
iodine metabolism pathways beyond classical thyroidal organification. Our data strongly
support the hypothesis that methyl iodide (CH3I) is the dominant exhaled species, formed
through the following potential mechanisms:

1. Enzymatic Methylation:

The methylation of iodide (I™) via S-adenosylmethionine (SAM)-dependent methyl-
transferases is well known in microbial and hepatic metabolism. The involvement of gut
microbiota or hepatic processing could explain systemic CH3I formation and subsequent
pulmonary elimination [36,37].

2. Methylation Following Radiolysis by Reactive Radicals:

Beta decay from I-131 induces methyl radical (-CHj3) formation, which promptly reacts
with iodine radicals (I-) to form CHjsl. This radiation-induced methylation process explains
why organically bound iodine appears in exhaled breath even in the absence of thyroid
function [38—41].

3.  Microbial Contribution:

The gut microbiome actively metabolizes halides, including iodine, into methylated
derivatives. Given the enterohepatic circulation of iodine, microbial methylation could
contribute to CH3l formation, which enters systemic circulation and reaches the lungs for
exhalation [42,43].

4.  Hepatic and Pulmonary Metabolism of Iodine:

The liver, a known site for iodine metabolism, may facilitate the conjugation and
demethylation of iodine-containing metabolites, allowing CHj3I to enter circulation and be
exhaled. The pulmonary system also plays a role in metabolizing and eliminating volatile
iodine species, akin to other halogenated compounds.

Given the high volatility of CH3I and lipophilicity, it diffuses efficiently from blood
into alveolar air, following concentration gradients similar to those observed with other
volatile organic compounds (volatile radioactive iodine species, VOIs).

4.4. Impact of Thyroid-Blocking Agents on Radioiodine Exhalation

Pharmacological thyroid blockade with potassium iodide (KI) or perchlorate (KCIOy)
significantly altered radioiodine exhalation profiles. While these agents effectively reduced
thyroidal iodine uptake, they increased the proportion of exhaled elemental iodine (I,)
and organic iodine species, suggesting that iodine, when not sequestered by the thyroid,
follows alternative metabolic routes.
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These results further reinforce the idea that iodine metabolism extends beyond the
thyroid, with exhalation driven by redistribution to extrathyroidal tissues and radical-
mediated transformations in systemic circulation.

4.5. Effects of Antithyroid Drugs on lodine Exhalation

The administration of carbimazole and L-thyroxine influenced iodine metabolism dif-
ferently than thyroid-blocking agents. At higher administered activities (10 MBq/mouse),
both drugs increased the formation of I-131-containing aerosols, likely due to the following:

1. Enhanced radiation-induced radical formation in extrathyroidal tissues.

2. Reduced thyroidal sequestration of iodine, allowing for greater systemic availability
and alternative metabolism.

3. Increased oxidative stress, leading to iodine-containing vesicle formation and pul-
monary excretion.

This observation supports the idea that volatile iodine formation is not solely dic-
tated by thyroidal hormone synthesis but is strongly influenced by extrathyroidal radical-
driven reactions.

4.6. Future Research Directions

e  Quantitative analysis of VOI formation in exhaled breath using advanced spectromet-
ric methods.

e Investigation of the gut microbiota’s role in iodine methylation and their contribution
to systemic iodine metabolism.

e Radiation-driven iodine radical chemistry in extrathyroidal tissues, focusing on oxida-
tive stress pathways and their implications for radioiodine therapy.

5. Conclusions

This study provides mechanistic perspectives on radioiodine exhalation and metaboli-
sm, demonstrating the following:

1. Iodine exhalation is predominantly driven by extrathyroidal pathways, particularly
when thyroidal uptake is blocked.

2. Methyl iodide (CH3l) is the most likely exhaled organic iodine species, formed via
enzymatic, microbial, and radiolytic pathways.

3. Beta radiation-induced radical chemistry plays a significant role in volatile iodine
formation, independent of thyroidal enzyme activity.

4. The pharmacological modulation of thyroid function significantly alters exhalation
patterns, emphasizing the systemic impact of iodine metabolism beyond traditional
thyroidal pathways.

The insights presented here appear to be helpful concerning our understanding of
radioiodine metabolism both in the thyroid and beyond the thyroid’s processes, which
have been largely unknown up until now. Implications for radiation safety, dosimetry,
and environmental iodine dynamics have to be considered. Future studies should aim to
unravel biochemical pathways in more detail in order to better understand biochemical
iodine species, especially iodine organification (e.g., methylation), and their relevance in
clinical and environmental contexts.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biomedicines13040897 /s1: Table S1: Pre-application of KI, oral
administration of 0.1 MBq and 10 MBq I-131 (Figure 3). Table S2: Pre-application of KCIOy, oral
administration of 0.1 MBq and 10 MBq I-131 (Figure 6). Table S3: Pre-application of carbimazole and
L-thyroxine, 0.1 MBq and 10 MBq I-131 (Figure 7).


https://www.mdpi.com/article/10.3390/biomedicines13040897/s1
https://www.mdpi.com/article/10.3390/biomedicines13040897/s1

Biomedicines 2025, 13, 897 15 of 17

Author Contributions: Conceptualization, K.S. and H.S.; methodology, T.E, D.S., SSW. and B.Z,;
validation, T.F, ES. and K.S; investigation, D.S., S.W., T.F. and B.Z.; resources, A.D.; data curation, ES.
and F.D.; writing—original draft preparation, K.S.; writing—review and editing, ED., ES., PK. and
M.D,; supervision, H.S., A.D. and K.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All animal experiments were conducted in compliance with
the German Animal Protection Law under the supervision of the local Animal Welfare Officer. The
use of radioactivity, including radioiodine and its application in animal experiments, was conducted
with the appropriate permissions. Specifically, approval was granted by the Regional Government of
Cologne (approval number: 50.203.2-K 19, 42/00, date: 20 November 2000).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors Philipp Krapf and Alexander Drzezga were employed by the
Forschungszentrum Jiilich, with Alexander Drzezga additionally affiliated with the German Center
for Neurodegenerative Diseases (DZNE). The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as
potential conflicts of interest.

References

1.  Giovanella, L.; Tuncel, M.; Aghaee, A.; Campenni, A.; De Virgilio, A.; Petranovi¢ Ov¢ari¢ek, P. Theranostics of Thyroid Cancer.
Semin. Nucl. Med. 2024, 54, 470-487. [CrossRef] [PubMed]

2. Schicha, H.; Dietlein, M. Radioiodine therapy in differentiated thyroid gland carcinoma. Zentralbl. Chir. 1997, 122, 266-273.
[PubMed]

3. Wyszomirska, A. Iodine-131 for therapy of thyroid diseases. Physical and biological basis. Nucl. Med. Rev. Cent. East Eur. 2012,
15,120-123.

4.  Dietlein, M.; Geckle, L.; Overbeck, T.; Moka, D.; Bausch, V.; Troche, C.J.; Lauterbach, K.; Schicha, H. Cost minimization analysis
for the definitive therapy of hyperthyroidism: Comparison of goiter resection with radioiodine therapy. Nuklearmedizin 1997, 36,
150-156.

5. do Prado Padovani, R.; Duarte, EB.; Nascimento, C. Current practice in intermediate risk differentiated thyroid cancer—A review.
Rev. Endocr. Metab. Disord. 2024, 25, 95-108. [CrossRef]

6.  Salvatori, M.; Luster, M. Radioiodine therapy dosimetry in benign thyroid disease and differentiated thyroid carcinoma. Eur. J.
Nucl. Med. Mol. Imaging 2010, 37, 821-828. [CrossRef]

7.  Silberstein, E.B. Radioiodine: The classic theranostic agent. Semin. Nucl. Med. 2012, 42, 164-170. [CrossRef]

8.  Ahn, B.C. Personalized Medicine Based on Theranostic Radioiodine Molecular Imaging for Differentiated Thyroid Cancer. Biomed
Res. Int. 2016, 2016, 1680464. [CrossRef] [PubMed]

9.  Venencia, C.D.; Germanier, A.G.; Bustos, S.R.; Giovannini, A.A.; Wyse, E.P. Hospital discharge of patients with thyroid carcinoma
treated with 1311. . Nucl. Med. 2002, 43, 61-65.

10. Jeong, K.H.; Jung, JW.; Kim, C.B.; Ahn, B.C.; Lee, HK.; Yoo, S.J.; Day, O.; Lee, ].K. Estimation of external radiation dose to
caregivers of patients treated with radioiodine after thyroidectomy. Health Phys. 2014, 106, 466-474. [CrossRef]

11. Matheoud, R.; Reschini, E.; Canzi, C.; Voltini, F.; Gerundini, P. Potential third-party radiation exposure from outpatients treated
with 1311 for hyperthyroidism. Med. Phys. 2004, 31, 3194-3200. [CrossRef] [PubMed]

12.  Sudbrock, E; Fischer, T.; Zimmermanns, B.; Drzezga, A.; Schomécker, K. Exhalation of (131)I after radioiodine therapy: Dosimetric
considerations based on measurements in exhaled air. . Environ. Radioact. 2017, 166, 162-165. [CrossRef] [PubMed]

13.  Wellner, U.; Eschner, W.; Hillger, H-W.; Schicha, H. Exposure of relatives of patients after stationary radioiodine therapy by
inhalation of 1311 in their homes. Nuklearmedizin 1998, 37, 113-119.

14. Heinemann, K.; Vogt, K.]J.; Friedrich, W.; Feinendegen, L.E. Monitoring of radioiodine in nuclear medical therapy. Strahlentherapie
1983, 159, 490-494.

15.  Griindel, M.; Kopka, B.; Schulz, R. 1311 exhalation by patients undergoing therapy of thyroid diseases. Radiat. Prot. Dosim. 2008,

129, 435-438. [CrossRef] [PubMed]


https://doi.org/10.1053/j.semnuclmed.2024.01.011
https://www.ncbi.nlm.nih.gov/pubmed/38503602
https://www.ncbi.nlm.nih.gov/pubmed/9221637
https://doi.org/10.1007/s11154-023-09852-y
https://doi.org/10.1007/s00259-010-1398-0
https://doi.org/10.1053/j.semnuclmed.2011.12.002
https://doi.org/10.1155/2016/1680464
https://www.ncbi.nlm.nih.gov/pubmed/27239470
https://doi.org/10.1097/HP.0b013e3182a415eb
https://doi.org/10.1118/1.1809781
https://www.ncbi.nlm.nih.gov/pubmed/15651602
https://doi.org/10.1016/j.jenvrad.2016.06.024
https://www.ncbi.nlm.nih.gov/pubmed/27405239
https://doi.org/10.1093/rpd/ncm459
https://www.ncbi.nlm.nih.gov/pubmed/17993652

Biomedicines 2025, 13, 897 16 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Krzesniak, ].W.; Fill, H.; Oberladstatter, M. Radioactivity levels of the air inhaled by personnel of a radioiodine therapy unit.
Nuklearmedizin 1987, 26, 143-146.

Schomacker, K.; Fischer, T.; Eschner, W.; Gaidouk, M.I; Schicha, H. Exhalation of I-131 after radioiodine therapy (RIT): Time
dependence and chemical form. Nuklearmedizin 2001, 40, 15-22.

Schomicker, K.; Sudbrock, F.; Fischer, T.; Dietlein, M.; Kobe, C.; Gaidouk, M.; Schicha, H. Exhalation of 13'] after radioiodine
therapy: Measurements in exhaled air. Eur. J. Nucl. Med. Mol. Imaging 2011, 38, 2165-2172. [CrossRef]

Neumann, S.; Nir, E.A.; Eliseeva, E.; Huang, W.; Marugan, J.; Xiao, J.; Dulcey, A.E.; Gershengorn, M.C. A selective TSH receptor
antagonist inhibits stimulation of thyroid function in female mice. Endocrinology 2014, 155, 310-314. [CrossRef]

Kopachev, N.; Netser, S.; Wagner, S. Sex-dependent features of social behavior differ between distinct laboratory mouse strains
and their mixed offspring. iScience 2022, 25, 103735. [CrossRef]

Miczek, K.A.; Maxson, S.C.; Fish, EW.; Faccidomo, S. Aggressive behavioral phenotypes in mice. Behav. Brain Res. 2001, 125,
167-181. [CrossRef] [PubMed]

Kaithamana, S.; Fan, J.; Osuga, Y.; Liang, S.-G.; Prabhakar, B.S. Induction of Experimental Autoimmune Graves’ Disease in
BALB/c Mice. J. Immunol. 1999, 163, 5157-5164. [CrossRef] [PubMed]

Rasoulizadeh, Z.; Ordooei, M.; Akbarian, E. Diagnostic options, physiopathology, risk factors and genetic causes of permanent
congenital hypothyroidism: A narrative review. Casp. J. Intern. Med. 2024, 15, 570-578. [CrossRef]

Peters, C.; Schoenmakers, N. MECHANISMS IN ENDOCRINOLOGY: The pathophysiology of transient congenital hypothy-
roidism. Eur. J. Endocrinol. 2022, 187, R1-R16. [CrossRef] [PubMed]

Kracek, F. Solubilities in the system water-iodine to 200. J. Phys. Chem. 2002, 35, 417-422. [CrossRef]

Backer, H.; Hollowell, J. Use of iodine for water disinfection: Iodine toxicity and maximum recommended dose. Environ. Health
Perspect. 2000, 108, 679-684. [CrossRef]

Singh, PK.; Ahmad, N.; Yamini, S.; Singh, R.P; Singh, A K.; Sharma, P.; Smith, M.L.; Sharma, S.; Singh, T.P. Structural evidence
of the oxidation of iodide ion into hyper-reactive hypoiodite ion by mammalian heme lactoperoxidase. Protein. Sci. 2022, 31,
384-395. [CrossRef]

Kohler, H.; Jenzer, H. Interaction of lactoperoxidase with hydrogen peroxide: Formation of enzyme intermediates and generation
of free radicals. Free. Radic. Biol. Med. 1989, 6, 323-339. [CrossRef]

Baston, G.; Dickinson, S.; Roebuck, H.; Sims, H.E. Radiation chemistry of aqueous iodine at low concentrations. Radiat. Phys.
Chem. 2021, 180, 109099. [CrossRef]

Buxton, G.V,; Sellers, R.M. Radiation-induced redox reactions of iodine species in aqueous solution. Formation and characteri-
sation of III, IV, IVI and IVIII, the stability of hypoiodous acid and the chemistry of the interconversion of iodide and iodate.
J. Chem. Soc. Faraday Trans. 1 Phys. Chem. Condens. Phases 1985, 81, 449-471. [CrossRef]

Gardner, L.L.; Thompson, S.J.; O'Connor, ]J.D.; McMahon, S.J. Modelling radiobiology. Phys. Med. Biol. 2024, 69, 18TRO1.
[CrossRef]

Lerner, A.; Kornweitz, H.; Zilbermann, I.; Yardeni, G.; Saphier, M.; Bar Ziv, R.; Meyerstein, D. Radicals in ‘biologically relevant’
concentrations behave differently: Uncovering new radical reactions following the reaction of hydroxyl radicals with DMSO. Free.
Radic. Biol. Med. 2021, 162, 555-560. [CrossRef] [PubMed]

Bergendi, L.; Benes, L.; Durackovd, Z.; Ferencik, M. Chemistry, physiology and pathology of free radicals. Life Sci. 1999, 65,
1865-1874. [CrossRef]

Kipper, F.C.; Carpenter, L.J.; McFiggans, G.B.; Palmer, C.J.; Waite, T.J.; Boneberg, E.M.; Woitsch, S.; Weiller, M.; Abela, R,;
Grolimund, D.; et al. Iodide accumulation provides kelp with an inorganic antioxidant impacting atmospheric chemistry. Proc.
Natl. Acad. Sci. USA 2008, 105, 6954-6958. [CrossRef]

Lagorce, J.-F.; Thomes, J.-C.; Catanzano, G.; Buxeraud, J.; Raby, M.; Raby, C. Formation of molecular iodine during oxidation of
iodide by the peroxidase/H202 system: Implications for antithyroid therapy. Biochem. Pharmacol. 1991, 42, S89-592. [CrossRef]
Itoh, N.; Toda, H.; Matsuda, M.; Negishi, T.; Taniguchi, T.; Ohsawa, N. Involvement of S-adenosylmethionine-dependent
halide/thiol methyltransferase (HTMT) in methyl halide emissions from agricultural plants: Isolation and characterization of an
HTMT-coding gene from Raphanus sativus (daikon radish). BMC Plant Biol. 2009, 9, 116. [CrossRef]

Duborskd, E.; Balikova, K.; Matulovéd, M.; Zvétina, O.; Farkas, B.; Littera, P.; Urik, M. Production of Methyl-lodide in the
Environment. Front. Microbiol. 2021, 12. [CrossRef]

Saiz-Lopez, A.; Plane, ].; McFiggans, G.; Williams, P.; Ball, S.; Bitter, M.; Jones, R.; Hongwei, C.; Hoffmann, T. Modelling molecular
iodine emissions in a coastal marine environment: The link to new particle formation. Atmos. Chem. Phys. 2006, 6, 883-895.
[CrossRef]

Liu, C; Qian, B,; Xiao, T.; Lv, C.; Luo, J.; Bao, ]J.; Pan, Y. Illustrating the Fate of Methyl Radical in Photocatalytic Methane
Oxidation over Ag-ZnO by in situ Synchrotron Radiation Photoionization Mass Spectrometry. Angew. Chem. Int. Ed. Engl. 2023,
62, €202304352. [CrossRef]


https://doi.org/10.1007/s00259-011-1888-8
https://doi.org/10.1210/en.2013-1835
https://doi.org/10.1016/j.isci.2022.103735
https://doi.org/10.1016/s0166-4328(01)00298-4
https://www.ncbi.nlm.nih.gov/pubmed/11682108
https://doi.org/10.4049/jimmunol.163.9.5157
https://www.ncbi.nlm.nih.gov/pubmed/10528222
https://doi.org/10.22088/cjim.15.4.570
https://doi.org/10.1530/EJE-21-1278
https://www.ncbi.nlm.nih.gov/pubmed/35588090
https://doi.org/10.1021/j150320a001
https://doi.org/10.1289/ehp.00108679
https://doi.org/10.1002/pro.4230
https://doi.org/10.1016/0891-5849(89)90059-2
https://doi.org/10.1016/j.radphyschem.2020.109099
https://doi.org/10.1039/f19858100449
https://doi.org/10.1088/1361-6560/ad70f0
https://doi.org/10.1016/j.freeradbiomed.2020.11.012
https://www.ncbi.nlm.nih.gov/pubmed/33217506
https://doi.org/10.1016/s0024-3205(99)00439-7
https://doi.org/10.1073/pnas.0709959105
https://doi.org/10.1016/0006-2952(91)90396-M
https://doi.org/10.1186/1471-2229-9-116
https://doi.org/10.3389/fmicb.2021.804081
https://doi.org/10.5194/acp-6-883-2006
https://doi.org/10.1002/anie.202304352

Biomedicines 2025, 13, 897 17 of 17

40. Schnepel, G.H.; Neubacher, H. The Formation and Reaction of Methyl Radicals Produced by Direct Photolysis of Aqueous
Solutions of N-acetyl Substituted Aliphatic Amino Acids at 77 K. Int. . Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1979, 35,
313-321. [CrossRef]

41. Turkevich, J.; Fujita, Y. Methyl Radicals: Preparation and Stabilization. Science 1966, 152, 1619-1621. [PubMed]

42. Smythe-Wright, D.; Boswell, S.; Breithaupt, P.; Davidson, R.; Dimmer, C.; Diaz, L. Methyl iodide production in the ocean:
Implications for climate change. Glob. Biogeochem. Cy. 2006, 20, Gb3003.

43. Amachi, S.; Kasahara, M.; Fyjii, T.; Shinoyama, H.; Hanada, S.; Kamagata, Y.; Ban-Nai, T.; Muramatsu, Y. Radiotracer experiments
on biological volatilization of organic iodine from coastal seawaters. Geomicrobiol. J. 2004, 21, 481-488.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/09553007914550381
https://www.ncbi.nlm.nih.gov/pubmed/17755399

	Introduction 
	Materials and Methods 
	Animals 
	Air Sampling and Measurements 
	Animal Experiments: Experimental Setup 
	Application of Radioiodine 
	Relationship Between Administered Activity and I-131 Exhalation 
	Pre-Application of Substances Affecting Radioiodine Retention or Iodine Metabolism 
	Statistics 

	Results 
	Separation Efficiency of the Filter Combination 
	Investigation of the Extent of I-131 Exhalation and Its Chemical Composition in the Breath of Mice Following Administration of Increasing I-131 Radioactivities 
	Impact of Pre-Application of Stable Potassium Iodide (0.01–1 mg per Animal) on Chemical Composition of Exhaled Iodine in the Breath of Mice 
	Impact of Pre-Application of Sodium Perchlorate (0.5–5 mg per Animal) on the Chemical Composition of Exhaled Iodine in the Breath of Mice 
	Impact of Pre-Application of Carbimazole (0.2 mg over 10 Days) and L-Thyroxine (0.3 mg over 10 Days) on the Chemical Composition of Exhaled Iodine in the Breath of Mice 
	Influence of Exogenous Modulations on the Total Amounts of Exhaled I-131 

	Discussion 
	Alignment with Existing Clinical Investigations on Radioiodine Exhalation 
	Mechanisms of Iodine Oxidation to I2 and Exhalation 
	Formation and Pulmonary Elimination of Organically Bound Iodine 
	Impact of Thyroid-Blocking Agents on Radioiodine Exhalation 
	Effects of Antithyroid Drugs on Iodine Exhalation 
	Future Research Directions 

	Conclusions 
	References

