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Targeted a-therapy is a promising treatment option for various types
of malignant tumors. Radiolabeled cancer-seeking agents, however,
undergo degradation, resulting in a certain percentage of free radio-
nuclide in the body. The radiohalogen 2''At accumulates in various
tissues, with specifically high uptake in the thyroid. When normal thy-
roid function is disturbed because of ionizing radiation (IR) exposure,
deleterious effects can occur in tissues that depend on thyroid hor-
mone (TH) regulation for normal physiologic function. However, knowl-
edge of systemic effects is still rudimentary. We previously reported
similarities in transcriptomic regulation between the thyroid and other
tissues despite large differences in absorbed dose from 2'1At. Here,
we present supportive evidence on systemic effects after 21At ad-
ministration. Methods: Expression microarray data from the kidney
cortex and medulla, liver, lungs, and spleen were used from previous
studies in which mice were intravenously injected with 0.064-42 kBq
of 211At and killed after 24 h or injected with 1.7 kBq of 2'*At and killed
after 1, 6, or 168 h. Controls were mock-treated and killed after 24 h.
Literature-based gene signatures were used to evaluate the relative
impact from IR- or TH-induced regulation. Thyroid- and TH-associated
upstream regulators as well as thyroid-related diseases and func-
tions were generated using functional analysis software. Results:
Responses in IR- or TH-associated gene signatures were tissue-
specific and varied over time, and the relative impact of each gene
signature differed between the investigated tissues. The liver showed
a clear dominance of TH-responding genes. In the kidney cortex,
kidney medulla, and lungs, the TH-associated signature was detected
to at least an extent similar to the IR-associated signature. The spleen
was the single tissue showing regulation of only IR-associated signa-
ture genes. Various thyroid-associated diseases and functions were
inferred from the data: L-triiodothyronine, TH, TH receptor, and tri-
iodothyronine (reverse) were inferred as upstream regulators with dif-
ferences in incidence and strength of regulation depending on tissue
type. Conclusion: These findings indicate that transcriptional regula-
tion in various nonthyroid tissues was—in part—induced by thyroid
(hormone)-dependent signaling. Consideration of the systemic con-
text between tissues could contribute to normal tissue risk assess-
ment and planning of remedial measures.
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An organism is a complex network of interdependent functional
units, which can be studied on the level of interacting molecules,
communicating cells in a tissue, or organs within the body. Al-
though understood in principle, interdependencies between cells,
tissues, and organs can remain elusive in experimental settings in
vivo and pose a challenge for estimation and limitation of long-term
side effects in medical practice. In radionuclide therapy, cancer-
targeting agents are labeled with radionuclides and administered
intravenously or locally to specifically bind to and kill malignant
cells—that is, to cause a strong and localized therapeutic effect in a
systemic setting. In the 1960s and 1970s, several experiments were
conducted studying systemic effects in an organism on (localized)
ionizing radiation (IR) exposure (/-5). This venue, however, be-
came less prominent in the following decades when research fo-
cused on in vitro studies and the molecular mechanisms underlying
cellular responses. In a different fashion, the systemic aspect re-
curred with the description of the bystander phenomenon in the
1990s (6-9), showing that nonhit cells within an exposed population
responded to (molecular) signals from hit cells mimicking
IR-induced damage and response, although the former were not
subjected to ionization events. In 2005, Mothersill et al. discussed
the systemic aspect and multiorgan involvement in vivo, however in
a high-dose exposure setting (/0). Knowledge of systemic effects to
low-dose exposure in vivo is still scarce but essential, in particular
for nuclear medicine. The a-emitter 2! At is proposed for targeted
radiotherapy of various malignancies, in particular metastasized
tumors (//-14). A certain percentage of the labeled compound,
however, usually degrades and accumulates in the thyroid and to
a lesser degree in various other tissues (/5-20), resulting in differ-
ential low-dose IR exposure within the body.

In previous work, we studied transcriptomic regulation profiles
and individual gene regulation in response to 2''At, in particular
after 24 h after injection of 0.064-42 kBq of 2!'At in BALB/c nude
mice (27,22). Despite large differences in absorbed dose level be-
tween the thyroid and less accumulating tissues such as the kidneys,
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liver, lungs, and spleen, we observed distinct similarities in genome-
wide transcriptional intensity between the thyroid and these tissues.
We then hypothesized that observed responses were not exclusively
induced by IR exposure in each tissue, but were in part influenced
by, for example, thyroid hormones (TH) or systemic factors origi-
nating from the dominantly 2! At-accumulating thyroid gland (22).
Although the study design did not allow for direct evidence of
thyroid-dependent effects in nonthyroid tissues, the comprehensive
microarray data can be analyzed with dedicated statistical software
that can predict changes in biologic functions indicative of a certain
stimulus or outcome.

The aim of the present study was to determine whether the observed
transcriptomic regulation in nonthyroid tissues indicated systemic
effects originating from the thyroid based on previous microarray data.
We performed functional analysis with regard to TH regulation and
pathway regulation related to thyroid disorders. Furthermore, we used
signature gene analysis to assess the relative impact that IR exposure
or TH-induced regulation may have on transcriptomic responses in
nonthyroid tissues.

MATERIALS AND METHODS

Experimental Design

This follow-up study was performed on microarray data obtained
from 4 experimental studies discussed elsewhere (27-24). Briefly, 2! At
was produced via the 2%Bi(a,2n)?!!At reaction at the Cyclotron and
PET Unit at Rigshospitalet in Copenhagen, Denmark, and express-
delivered to Gothenburg, Sweden. Free 2!'At was prepared via dry-
distillation of the irradiated target on-site with isolation yields of
92% * 3%, with distillation taking between 1 and 2 min as described
by Lindegren et al. (25). Altogether, the procedure was performed
within about 1-1.5 half-lives after irradiation of the target. The radio-
activity purity was checked carefully after distillation, being close to
100% in the solutions used. The solutions used in animal experiments
were prepared and administered quickly afterward, to ensure that 211 At
was in the state of astatide.

Six-month-old female BALB/c nude mice (Charles River) were
intravenously injected with 2!!At prepared in saline solution at various
activity concentrations or mock-treated as controls (n = 3/group). In the
dose-range studies, responses were analyzed after 24 h after administra-
tion of 0.064, 0.64, 1.8, 14, or 42 kBq of 2! At (21,22). In the short-time
studies, an activity of 1.7 kBq was administered and responses studied
after 1 h, 6 h, or 7 d (23,24). The control group was mock-treated with
physiologic saline and killed after 24 h. The administered activities were
chosen to deliver a desired absorbed dose over a certain period to the
thyroid. In the dose-range study, the administered activities were chosen
to cover a wide dose range from very low over moderate to very high
absorbed dose to the thyroid over 1 d. In the time-range study, a low
activity was chosen to result in (very) low absorbed dose even over 1
wk. BALB/c nude mice were chosen because the strain is routinely used
in experimental research on human tumor xenografts. The experiments
were designed in the context of studying normal tissue effects in tumor-
bearing mice treated with radionuclides or radiolabeled agents. Animal
handling and preparation of tissue samples have been described pre-
viously (22). Tissue-specific absorbed dose was adapted from previously
published work (27-24); briefly, the absorbed dose was calculated using
the MIRD formalism (26). All studies were approved by the Ethical
Committee on Animal Experiments in Gothenburg, Sweden.

Transcriptional Analysis

Transcriptional analysis was performed on microarray data deposited
in National Center for Biotechnology Information’s Gene Expression
Omnibus with accessions GEO:GSE32306 (21), GEO:GSE40806 (22),
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GEO:GSE56894 (23), and GEO:GSE66089 (24). Briefly, genome-wide
transcriptional regulation was analyzed using MouseRef-8 Whole-
Genome Expression BeadChips (Illumina) and Nexus Expression 2.0
(BioDiscovery) as described elsewhere (22,27). Significantly regulated
transcripts (hereafter referred to as regulated) were controlled for false-
discovery rate according to the Benjamini-Hochberg method (28) with
an adjusted P value cutoff of 0.01 and a fold-change threshold of at least
1.5. Thyroid-associated upstream regulators and diseases and functions
were generated using Ingenuity Pathway Analysis (IPA; Ingenuity Sys-
tems, www.ingenuity.com) with the Fisher exact test (P < 0.05).

Transcript Expression Signatures

To discern between IR- and TH-induced responses, literature-based
signature genes were compiled, and the microarray data (2/-24) were
analyzed with regard to significantly regulated transcripts within respec-
tive signatures. The IR-associated gene signature was composed of 56
genes adapted from Snyder and Morgan (29) and Chaudhry (30) as
presented in Supplemental Table 1 (supplemental materials are available
at http://jnm.snmjournals.org); the list also contains information on
known RNA expression of human homologs according to the Human
Protein Atlas (http://www.proteinatlas.org). For TH-associated responses,
a list of 61 genes and gene groups (encoding multimeric protein) was
based on the literature; Supplemental Table 2 provides a gene list, ref-
erences, and known RNA expression of human homologs. Various stud-
ies on TH-induced responses have been performed on the protein level
without investigating the level of transcriptional regulation. In these
cases, gene regulation was inferred.

RESULTS

Transcriptional Regulation and Absorbed Dose

The dose—response studies (27,22) showed a distinctly similar
pattern in total transcriptional regulation after 24 h for all investi-
gated tissues (Fig. 1). A similar substantial decrease in transcript
regulation was observed in all tissues between 0.64 and 1.8 kBq
of 211 At, although thyroid and nonthyroid tissues were subjected to
distinctly different absorbed dose levels by a factor of approximately
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FIGURE 1. Absorbed dose and total transcript regulation after 24 h over
211At activity range. Tissue-specific absorbed dose (mGy) from intrave-
nously administered 2'1At (0.064-42 kBq) was adapted from previously
presented studies on kidney cortex and medulla, liver, lungs, and spleen
(22) and thyroid (27). Number of significantly regulated transcripts includes
both up- and downregulated transcripts at a given exposure.
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FIGURE 2. Absorbed dose and total transcript regulation over time to
low 2"At activity. Tissue-specific absorbed dose (mGy) from intrave-
nously administered 217At (1.7-1.8 kBq) was adapted from previous stud-
ies on kidney cortex and medulla, liver, lungs, and spleen (23) and thyroid
(24). Number of significantly regulated transcripts includes both up- and
downregulated transcripts at a given exposure and time point.

102. Distinct dissimilarities between absorbed dose and number of
regulated transcripts were observed between tissues. For instance,
the spleen showed between 80% and 94% of the total number of
transcripts regulated in the thyroid on administration of 0.064 and
0.64 kBq of 2!!At, respectively, while receiving only around 1% of
absorbed dose to thyroid. Consecutive studies (23,24) on transcrip-
tional regulation over time in response to medium-activity (1.7-1.8
kBq) 2!'At administration further indicated that the extent of tran-
scriptional regulation was tissue-specific (Fig. 2). The liver and
cortical and medullary kidney tissues received a similar absorbed
dose level but showed pronounced differences in the total number of
significantly regulated transcripts; moreover, the ratio of regulated
transcripts between the tissues varied over time. Interestingly, these
tissues received the lowest absorbed dose levels but showed stronger
overall transcriptional responses (with the exception of the kidney
medulla at 7 d) than the lungs and spleen. Among nonthyroid tissues,
the lungs received the highest absorbed dose levels but showed a re-
sponse intensity similar to the spleen across all time points. Further
dissimilarities between absorbed dose and response intensity were
observed in relation to time of analysis. For instance, both kidney
tissues received similar absorbed dose, but after 7 d, around 100 tran-
scripts were regulated in the kidney cortex whereas regulation in the
kidney medulla was only marginal. In contrast, liver tissue received
only around 1% of absorbed dose to thyroid over 1 h, but the tissue still
showed 71% of thyroid response intensity at this early time point.

Signature Gene Regulation

The microarray datasets were analyzed with regard to transcript
up- or downregulation of genes associated with IR or responding to
TH regulation (Fig. 3). The transcriptional response for either gene
signature showed tissue specificity, varied over time, and supported
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the dissimilarity between response intensity and absorbed dose
level. Detailed information on regulated gene, probe ID, and fold
change for respective signatures is shown in Supplemental Tables 3
and 4. The number of regulated genes for either signature ranged
between 0 and 6. In the kidney cortex (Fig. 3A), transcriptional
responses to TH were observed at all time points, whereas responses
to IR-associated genes were seen only after 1 and 6 h. The number
of regulated TH-responding genes was higher than IR-associated
genes across all time points except at 1 h, where both signatures
showed regulation of 2 genes. The kidney medulla (Fig. 3B) showed
a slightly increased number of regulated genes in both signatures
compared with cortical tissue, however, no responses were detected
for either signature after 7 d. The liver (Fig. 3C) showed a distinctly
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FIGURE 3. Comparison of signature gene regulation in kidney cortex
and medulla, liver, lungs, and spleen. Number (no.) of significantly reg-
ulated genes at various time points after low-activity 2'7At administra-
tion is shown for genes associated with regulation induced by IR
(hashed) and TH (black). Responses are shown for kidney cortex (A),
kidney medulla (B), liver (C), lungs (D), and spleen (E). Analyses were
performed on microarray data GEO:GSE40806 and GEO:GSE56894
first reported in Langen et al. (22), and Langen et al. (23), respectively.
Supplemental Tables 3 and 4 show regulated genes, transcript identifi-
cation number, and fold change values of IR-associated and TH-
responding signature genes, respectively.
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TABLE 1
TH-Associated Upstream Regulators in Nonthyroid Tissues

Activation
Tissue Time point Upstream regulator z score P of overlap Target molecule in dataset
Kidney cortex 1h TH NA 5.5E-05 AK4,G6PC,ME1,PCK1,PER1,UCP1
L-triiodothyronine 1.7 1.5E-04 G6PC,IGFBP4,Mup1 (includes others),
COA4,PCK1,UCP1
TH receptor NA 4.1E-02 UCP1
6 h TH NA 5.0E-04 ACSL5,G6PC,PCK1,PER1
L-triiodothyronine 1.2 9.7E-04 G6PC,HBA1/HBA2,PCK1,PDK4
24 h L-trilodothyronine 1.4 2.7E-05 ACTB,ADIPOQ,ATP2A2,C4A/C4B,FGA,Kap,
LYZ,SCD
TH -0.15 3.4E-03 Apoc1,APOE,ATP2A2,Cdkn1c,Tmsb4x
(includes others)
Triiodothyronine, reverse NA 2.1E-02 EGR1
7d L-triiodothyronine -0.48 1.2E-09 ADIPOQ,C4A/C4B,G6PC,HP,Kap,Mup1
(includes others), PYGL,SCD,TF,THRSP,
UCP1
Kidney medulla 1h ND
6 h ND
24 h ND
7d TH NA 9.0E-03 Apoci
Liver 1h L-triiodothyronine 1.1 1.0E-09 ABCD2,ACTB,ALB,APOA5,ATP2A2,C1S,
CYP17A1,CYP7A1,G6PC,IGFBP1,LYZ,Mup1
(includes others), PCK1,POR,RGN,THRSP
TH 1.1 3.2E-06 ATP2A2,Cyp4al14,CYP7A1,DDC,G6PC,HSP9,
AB1,LPL, PCK1,PER1,PML,THRSP
TH receptor NA 5.9E-03 ABCD2,POR
Triiodothyronine, reverse NA 3.9E-02 EGR1
6h L-trilodothyronine 1.3 1.4E-06 ADIPOQ,CYP17A1,CYP7A1,G6PC,IGFBP1,
Mup1 (includes others), PCK1,POR,THRSP
TH NA 3.6E-06 ALDOB,Cyp4a14,CYP7A1,DDC,G6PC,PCK1,
PER1,THRSP
Triiodothyronine, reverse NA 1.9E-02 EGR1
24 h L-triiodothyronine -0.56 3.3E-05 DIO1,ENPP2,FGF21,HP,IGFBP1,Mup1
(includes others), SREBF1,THRSP
TH NA 3.8E-03 IGFBP2,LPL,NTRK2,NUDT7,THRSP
Triiodothyronine, reverse NA 2.1E-02 EGR1
7d L-triiodothyronine -1.0 2.7E-08 ACTB,ALB,CYP17A1,CYP4A11,CYP7A1,DIO1,
G6PC,LYZ,Mup1 (includes others)
TH NA 2.7E-03 Cyp4ai14,CYP7A1,G6PC,PER1
Triiodothyronine, reverse NA 1.2E-02 EGR1
Lungs 1h Triiodothyronine, reverse NA 9.8E-03 EGR1
6 h ND
24 h TH NA 7.7E-03 LPL,ME1,MYH6,THRSP
L-triiodothyronine 0.042 1.4E-02 ACTB,ADIPOQ,MYH6,THRSP
Triiodothyronine, reverse NA 1.6E-02 EGR1
7d ND
Spleen 1h L-triiodothyronine NA 2.7E-02 HP,PDK4,PYGL
6 h ND
24 h ND
7d ND

NA = not available; ND = not detected.
Upstream regulators were generated with IPA software; analysis was performed using NEXUS Expression output files of significantly
regulated transcripts in response to 1.7-1.8 kBq of 2'1At at respective time points.
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stronger response in genes associated with TH-induced regulation,
which dominated over IR-associated regulation consistently across
all time points. For both signatures, the regulatory incidences de-
creased with time and no regulation was detected in IR-associated
genes after 7 d. In lung tissue (Fig. 3D), TH-responding genes were
regulated after 1 h (1 gene) and after 24 h (2 genes), whereas IR-
associated genes were regulated only after 1 h (2 genes). The spleen
(Fig. 3E) showed no response in TH-responding genes at any in-
vestigated time point and exhibited regulatory responses only to IR-
associated genes—that is, after 1 h (1 gene), 24 h (2 genes), and 7 d
(1 gene). Interestingly, lung tissue showed the lowest incidence in IR-
associated genes, although it received highest absorbed dose among
nonthyroid tissues.

Thyroid- and TH-Associated Pathways and Regulators

Pathway analysis predicted regulation of several TH-associated
upstream regulators in all tissues, but the incidence varied between
tissues and time points (Table 1). The liver and kidney cortex showed
the highest incidence with 34 and 1-3 significantly detected up-
stream regulators per time point, respectively. In the kidney medulla,
lungs, and spleen, upstream regulators were identified only at in-
termittent time points. L-triiodothyronine exhibited the highest over-
all response in the cohort, showing a trend toward activation at early
time points and a trend toward inhibition after 7 d in the kidney
cortex and liver. L-triiodothyronine was further detected in the lungs
after 24 h and in spleen after 1 h, but not in the kidney medulla.
Further identified upstream regulators were TH, TH receptor, and
triiodothyronine (reverse). Most predicted TH-associated biologic
functions and diseases were related to endocrine system disorders
and thyroid cancer (carcinoma) (Tables 2 and 3). The incidence of
TH-associated diseases and functions generally showed different
trends in time response compared with upstream regulators. In the
kidney cortex and liver, upstream regulators were continuously de-
tected, whereas responses in disorders and functions were identified
only after 6 h, or after 24 h and 7 d, respectively. The liver showed
by far the highest incidence with 15 detected disorders or functions
(Table 3), which was in agreement with showing the highest inci-
dence of upstream regulators. Interestingly, detection incidence was
distinctly higher in the kidney medulla and spleen compared with
upstream regulators, whereas the lungs did not show any responses
regarding diseases and functions.

DISCUSSION

Regulation of gene expression in response to a stressor is a
multistage process. Aside from epigenetic factors and transcriptional
regulation, transcript expression levels represent the first stage of
gene expression, which in turn regulates cellular responses. High-
throughput technologies such as expression microarrays allow anal-
ysis of genome-wide transcriptional regulation without restricting the
analytic frame to a limited set of genes or pathways. This approach is
particularly beneficial for an in vivo setting with differential dose
exposure, in which the analytic frame must cover a multifactorial and
tissue-specific context. In the case of free 2!'At, the regulatory
thyroid gland is dominantly affected by IR exposure due to spe-
cifically high uptake. Gene regulation in the thyroid gland in
response to 2'!'At has been analyzed in detail in related studies
(21,24). Other tissues that underlie thyroid-dependent metabolic
regulation also exhibit 2!'At uptake, but at a much lower level.
Additional information on 2!''At characterization and consider-
ations for biodistribution and absorbed dose are provided in the
supplemental materials.
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Interorgan signaling from the thyroid gland to target tissues
introduces systemically induced gene regulation in addition to IR-
induced gene regulation in each tissue. In theory, systemic effects
originating from the thyroid gland could be caused by changes in
synthesis or secretion of physiologic signaling factors, that is, TH or
calcitonin, or by IR-induced long-range nontargeted signaling that
would be mediated by other factors. Because knowledge of specific
target genes for bystander effects is still scarce, especially in the in
vivo context, the type or mechanism of long-range bystander
signaling could not be discerned in this setup. Instead, the aim of
the study was to demonstrate the regulation of TH-responding genes
and thyroid-related pathway regulation in nonthyroid tissues. The
systemic physiologic context, however, does not exclude the possible
contribution of strictly IR-associated long-range nontargeted effects
in this setting. The analysis of signature gene responses in non-
thyroid tissues supported the hypothesis (22) that transcriptional reg-
ulation in these tissues was not solely due to IR exposure, but in part
due to thyroid-dependent signaling. TH-related responses in nonthy-
roid tissues were also demonstrated using pathway analysis. The
relative contribution to the overall transcriptional regulation, how-
ever, could not be inferred from this type of data. It should further be
noted that in the literature, Ccndl, Cdknla, Fos, Mapkl, and Mdm?2
are associated with both IR- and TH-induced gene regulation and
were used for both signatures, accordingly. It is difficult to discern if
these genes were regulated in response to one or both inducers in this
setting.

Irrespective of the underlying mechanisms, systemic effects
appear to have a strong impact on normal tissue gene regulation,
which ultimately can influence tissue health status. The available
data suggest that the quality and extent of systemic effects is
dependent on various physical and biologic factors concerning not
only the type of exposure, but also what tissue is irradiated. Clinical
practice, however, does not consider systemic effects in normal
tissue risk assessment. There is a need for basic research and
clinical investigations to elucidate the molecular mechanisms
that mediate these effects and to understand the parameters that
lead to detrimental, beneficial, or insignificant systemic effects.
Once these mechanisms are understood on the physical and
biologic levels, clinicians will be able to estimate the extent and
quality of systemic effects in diagnostic and treatment planning
and can give tissue-specific prophylactic countermeasures, if
needed.

In general, tissue specificity was seen regarding continuous
versus intermittent regulation, strength of regulation, and number
of incidence. Although trends in activation or inhibition were
observed, respective z scores did not exceed the threshold of *+2.0
for statistical significance. The liver showed the highest incidence of
response regarding both upstream regulators and identified diseases
and functions, which—taken together with its strong response in
signature gene analysis—indicated that it may be a major target
tissue of thyroid-dependent regulation among the investigated tis-
sues. In the kidney cortex and liver, a general time-dependent trend
was observed for L-triiodothyronine (T3) with activation at early
time points after 2!'At administration and inhibition after 1 wk. In
contrast, the TH receptor as an upstream regulator was inferred only
at 1 h in either tissue. TH receptors are nuclear receptors that func-
tion as transcription factors after binding to TH; hence, the functional
outcome regarding transcript expression is dependent on up- or
downregulation of both hormone and receptor. Interestingly, several
diseases and functions were identified in all tissues (except
lungs) that were not only related to TH, but also to thyroid
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TABLE 2
Thyroid-Associated Diseases and Functions in Kidneys, Lungs, and Spleen

Tissue Time point Disease and function Annotation P Molecule
Kidney cortex 1h ND
6 h Endocrine system disorders Familial primary 1.1E-02 CYP24A1
hyperparathyroidism
Cancer, endocrine system Parathyroid cancer 1.9E-02 CYP24A1
disorders
Endocrine system disorders Secondary 2.7E-02 CYP24A1
hyperparathyroidism
24 h ND
7d ND
Kidney medulla 1h ND
6 h ND
24 h Cancer, endocrine system Thyroid cancer 3.5E-04 ABCCS3,LGALS3,NCOA4,
disorders PRLR,RB1,SLPI,SOCSS3,
SPHK1,SPP1,STATS,
TIMP1,TIMP3
Cancer, endocrine system Papillary thyroid cancer 5.0E-04 ABCC3,LGALSS,
disorders NCOA4,SPHK1,
SPP1,TIMP1,TIMP3
Cancer, endocrine system Epithelial thyroid cancer 6.5E-04 ABCC3,LGALSS,
disorders NCOA4,PRLR,RB1,
SPHK1,SPP1,STATS,
TIMP1,TIMP3
Endocrine system Activation of thyroid gland  9.3E-04 GHR,HPN,PRF1
development and
function, organ
development
7d ND
Lungs 1h ND
6 h ND
24 h ND
7d ND
Spleen 1h Cancer, endocrine system Incidence of medullary 3.8E-03 PRLR
disorders thyroid carcinoma
6 h Endocrine system disorders, Hashimoto thyroiditis 5.8E-05 CD83,CTLA4
immunologic disease,
inflammatory disease
Endocrine system disorders, Susceptibility to 3.0E-03 CTLA4
immunologic disease, Hashimoto thyroiditis
inflammatory disease
24 h Cell morphology, Abnormal morphology 2.5E-02 CTSK
endocrine system of thyroid follicle cells
development and function,
organ morphology,
organismal development
7d ND

ND = not detected.

Pathways were generated with IPA software; analysis was performed using NEXUS Expression output files of significantly regulated
transcripts in response to 1.7-1.8 kBq of 2'"At at respective time points.

tissue—specific disorders and processes. These identified pathways
could comprise target genes of normal TH-dependent regulation that
are associated with thyroid-specific diseases in the database but are
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not biologically related to disorders in nonthyroid tissues. It is also
possible that these responses indicate nontargeted effects that are
reminiscent of IR-induced effects in thyroid tissue.
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TABLE 3

Thyroid-Associated Diseases and Functions in Liver

Tissue Time point Diseases and functions Annotation P Molecule
Liver 1h ND
6 h ND
24 h Cancer, endocrine Asymptomatic stage medullary 2.9E-03 EGFR,NTRK2
system disorders thyroid carcinoma
Cancer, endocrine Locoregional medullary thyroid 2.9E-03 EGFR,NTRK2
system disorders carcinoma
Cancer, endocrine Metastatic medullary thyroid 2.9E-03 EGFR,NTRK2
system disorders carcinoma
Cancer, endocrine Progressive medullary thyroid 2.9E-03 EGFR,NTRK2
system disorders cancer
7d Endocrine system Benign thyroid disease 3.0E-03 ALB,DIO1,GC
disorders
Developmental disorder, Dysalbuminemic 4.0E-03 ALB
endocrine system hyperthyroxinemia
disorders, hereditary
disorder, metabolic
disease
Endocrine system Hyperthyroidism 6.1E-03 DIO1,GC
disorders, metabolic
disease
Amino acid metabolism, Transport of L-triiodothyronine 8.1E-03 Slco1a4
molecular transport,
small-molecule
biochemistry
Amino acid metabolism, Transport of levothyroxine 1.2E-02 Sicola4
drug metabolism, molecular
transport, small-
molecule biochemistry
Amino acid metabolism, Efflux of L-triiodothyronine 1.6E-02 ALB
molecular transport,
small-molecule
biochemistry
Amino acid metabolism, Efflux of levothyroxine 1.6E-02 ALB
drug metabolism,
molecular transport,
small-molecule
biochemistry
Small-molecule Inactivation of TH 1.6E-02 DIOA
biochemistry
Endocrine system Activation of parathyroid gland 2.0E-02 GC
development and
function, organ development
Endocrine system Metabolism of TH 2.8E-02 DIO1
development and
function, small-molecule
biochemistry
Organ development Function of thyroid gland 3.2E-02 DIO1

ND = not detected.

Pathways related to TH-associated diseases and functions were generated with IPA software; analysis was performed using NEXUS
Expression output files of significantly regulated transcripts in response to 1.7-1.8 kBq of 2''At at respective time points.

Another unknown factor is tissue-specific response over time,
because tissues are categorized as early or late responding with
regard to IR-induced responses (3/). As such, responses in a

tissue may be best related to the tissue-specific time of onset
and not to a certain time point after administration. This might
also be valid for TH-induced responses, but to the best of our
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knowledge, the temporal context of this systemic regulation has
not been established on the transcriptional level in the target
tissues of interest.

CONCLUSION

This consecutive study on transcriptomic regulation after in-
travenous 2!!' At administration supported the previously postulated
hypothesis that transcriptional responses in the liver, lungs, spleen,
and kidney tissues are influenced—in part—by thyroid-dependent
effects. Although it was not possible to demonstrate direct causality
in the given setup, TH-associated signature genes were regulated
more frequently than IR-associated signature genes. The strength of
response for either signature appeared to be tissue-specific. Further-
more, upstream regulators related to TH and diseases and functions
related to thyroid (hormones) were detected in nonthyroid tissues
using Ingenuity Pathway Analysis; moreover, tissue-specific varia-
tion in response intensity as well as time of response were also
observed. These findings demonstrate the complexity of in vivo
responses and the need to consider organs in a systemic context
when studying normal tissue responses to systemically administered
radionuclides.
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