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ABSTRACT

Introduction: Bipolar disorder is a complex psychiatric condition with distinctions between clinical subtypes including Type
1 and 2 disorders. Several studies have proposed that thyroid hormones may be involved in the aetiology of bipolar disorders.
Methods: This study employed a two-sample Mendelian randomization (MR) approach to investigate the causal relationships
between six thyroid hormone metrics (TSH, FT4, FT3, TT3, FT3/FT4 and TT3/FT4) and bipolar disorder and Type 1 and 2
disorders, separately. Genome-wide association (GWAS) data from the ThyroidOmics Consortium (up to 271,040 individuals of
European ancestry) were used for thyroid function metrics. Bipolar disorder GWAS data included 41,917 cases and 371,549 con-
trols (25,060 Type 1 and 6,781 Type 2 cases). We applied inverse variance weighted (IVW) methods for primary MR analysis, with
MR Egger, weighted median and weighted mode for sensitivity. Additional tests assessed horizontal pleiotropy and heterogeneity.
Results: Higher FT4 levels showed a protective causal effect against bipolar disorder (OR: 0.92, 95% CI: 0.86-0.97, p=4.58 X 10~3)
and a suggestive effect on Type 1 disorders (OR: 0.92, 95% CI: 0.86-0.99, p=3.21 X 10~2). Elevated FT3 (OR: 1.18, 95% CI: 1.03-
1.35, p=1.55x1072) and FT3/FT4 ratio (OR: 1.97, 95% CI: 1.02-3.82, p=4.46x 10~2) had suggestive harmful effects on Type 1
disorders. Sensitivity analyses showed consistent effects, with no significant horizontal pleiotropy or heterogeneity.
Conclusions: These findings highlight the protective role of FT4 and the potentially harmful effect of elevated FT3 in Type 1
bipolar disorder, highlighting the need for further research on thyroid hormone levels as a potential treatment strategy for Type

1 bipolar disorder.

1 | Introduction

Bipolar disorder is a complex psychiatric condition character-
ised by mood fluctuations that include episodes of mania or
hypomania and depression [1]. The disorder is classified into
two main subtypes: Type 1 bipolar disorder, which is marked by
severe manic episodes, and Type 2, which involves less intense
hypomanic episodes alongside depressive episodes [1]. Although
the exact etiology of bipolar disorder remains unclear, some ob-
servational studies have identified biomarkers, including levels

of thyroid hormones, that are associated with the disorder [2, 3];
however, because of possible confounding factors, observational
studies cannot establish a definitive causal link between thyroid
function and bipolar disorders.

Mendelian randomization (MR) has emerged as powerful tool
for assessing the causal effects of exposures on outcomes by uti-
lizing genetic variants as instruments [4]. While previous MR
studies have suggested an association between free thyroxine
(FT4) and overall bipolar disorder status [5, 6], the relationship
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between other thyroid hormones and bipolar disorder subtypes
remains unexplored, in part due to limited sample sizes used
in earlier genome-wide association studies (GWAS) for thyroid
functions. Furthermore, the direct causal relationship between
thyroid hormones and specific subtypes of bipolar disorders has
remained largely unexplored.

In this study, we conduct a two-sample MR analysis using recently
published GWAS summary statistics [7, 8] involving individuals
with European ancestry to assess the potential causal link be-
tween thyroid hormones (exposures) and bipolar disorders (out-
comes). We specifically examine six thyroid hormone metrics:
Thyroid-stimulating hormone (TSH), FT4, free triiodothyronine
(FT3), total triiodothyronine (TT3), the ratio of FT3 to FT4 (FT3/
FT4) and the ratio of TT3 to FT4 (TT3/FT4). Furthermore, we ex-
tend our analysis to investigate the causal relationships between
these thyroid hormones and Type 1 and 2 bipolar disorders.

2 | Materials and Methods

2.1 | Obtaining GWAS Summary Statistics
for Thyroid Hormones and Subtypes of Bipolar
Disorder

GWAS summary statistics for TSH, FT4, FT3, TT3, FT3/FT4 and
TT3/FT4 were obtained from Sterenborg et al. [7] and were based
on 271,040, 119,120, 59,061, 15,829, 51,095 and 15,510 individuals
with European ancestry, respectively, who were participants in the
ThyroidOmics Consortium; these individuals were above 18years
of age, not using thyroid medications and did not have any history
of thyroid surgeries. In generating these summary statistics, TSH,
FT4, FT3 and TT3 were treated as continuous variables following
an inverse normal transformation, and FT3/FT4 and TT3/FT4
underwent natural logarithm transformation [7]. Summary statis-
tics for bipolar disorder, as well as Type 1 and 2 bipolar disorders,
were obtained from separate studies detailed in Mullins et al. [8]
involving a total of 41,917 bipolar disorder cases and 371,549 con-
trols with European ancestry; of these cases, 25,060 individuals
diagnosed with Type 1 bipolar disorder and 6781 individuals diag-
nosed with Type 2 bipolar disorder were included for generating
subtype-specific summary statistics. Diagnoses of bipolar disorder
in most of these cases were based on the international consensus
criteria for lifetime bipolar disorder (DSM-IV, ICD-9, or ICD-10),
which were determined through structured diagnostic interviews,
clinician-administered checklists or medical record reviews [8].
All original studies contributing to these GWAS obtained ethical
approval, and participants gave informed consent.

2.2 | Study Design of the Two-Sample Mendelian
Randomization (MR)

For the causal estimates derived from a Mendelian randomiza-
tion (MR) study to be considered valid, three key assumptions
must be fulfilled: (1) the genetic variants must be strongly cor-
related with the exposure, (2) the genetic variants should not
be linked to any confounders of the exposure-outcome rela-
tionship and (3) the variants must not influence the outcome
independently of the exposure. In this study, we employed a
two-sample MR approach utilizing GWAS summary statistics

to assess the association between each thyroid hormone (expo-
sures) on each bipolar subtype (outcomes), utilizing genetic vari-
ants as instrumental variables.

2.3 | Selection of Genetic Variants as Instruments

Separately for each thyroid hormone, we identified genetic
variants associated with a p<5x10~% and performed linkage
disequilibrium clumping using PLINK 1.9 [9] with a stringent
threshold of r2<0.001 and a 10,000kb window; European in-
dividuals from the 1000 genomes project [10] were utilized as
the reference panel for clumping. For thyroid hormones for
which we identified very few genetic variants after clumping,
we loosened the p-value threshold for clumping to 5x10~7 and
5x 1076 to obtain at least 10 initial genetic variants per thyroid
hormone. Any genetic variants that were associated with the
outcome (p <0.05) were then excluded from MR analyses. To as-
sess whether pleiotropic pathways confounded the MR results,
we queried all instruments in the NHGRI-EBI Catalogue [11]
to determine if any instruments were associated with potential
confounders between thyroid function and bipolar disorders;
variants which were associated with potential confounders
(including psychiatric and neurological conditions, as well as
properties related to neurobiology such as brain function) were
excluded from our analyses. For the remaining variants, we cal-
culated the F-statistics using the formula $2/SE? to assess the
strength of the selected genetic instruments, ensuring that all
instruments used in our MR analyses had sufficient strength
(F>10). We determined the variance explained by a specific
SNP using the formula 232X fx(1- f), where (3 represents the SNP
effect on a given thyroid hormone metric and f represents the ef-
fect allele frequency. We aligned the GWAS summary statistics
for both exposure and outcome by matching them based on the
effect alleles and excluded palindromic variants with ambiguous
allele frequencies from the MR analyses [12, 13].

2.4 | Performing Two-Sample MR Between
Thyroid Hormone Metrics and Subtypes of Bipolar
Disorder

The inverse-variance weighted (IVW) method with multipli-
cative random effects [14] was then applied to combine SNP-
specific causal estimates for each bipolar disorder using the
TwoSampleMR v0.6.7 [15] package in R; the IVW method is com-
parable to a two-stage least squares or allele score analysis when
using individual-level data, and is, therefore, regarded as a con-
ventional approach for MR. Given the interrelatedness of thyroid
hormone metrics, we utilized a threshold of p <8.33x 1073 from
the IVW method to identify causal associations after accounting
for multiple testing, corresponding to an alpha of 0.05 divided by
six tests for the six thyroid hormone metrics. We reported sug-
gestive causal associations using a threshold of p <0.05.

2.5 | Sensitivity Analyses and Assessment
of Pleiotropy

In addition to IVW, we utilized the TwoSampleMR package to
implement MR-Egger [16], weighted median [17] and weighted
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mode [18] MR methods to assess directional consistency of
MR-IVW estimates. To confirm the robustness of significant
findings, we conducted the Cochran's Q-statistic test for het-
erogeneity, as well as tests for nonzero MR-Egger intercepts
[12] and the MR-Pleiotropy RESidual Sum and Outlier (MR-
PRESSO) global test to assess pleiotropy [19]. For both causal
(p<8.33%x1073) and suggestive causal (p <0.05) relationships
we identified, we evaluated the influence of individual or
pleiotropic variants by both computing MR estimates sepa-
rately for each instrument, as well as conducting a leave-one-
out analysis, where each SNP was systematically removed
one at a time [16] as a sensitivity analysis. We also evaluated
whether our study had sufficient power to detect the associa-
tions we observed between thyroid hormone metrics and bipo-
lar disease by performing power calculations using the mRnd
webtool [20]. Lastly, we assessed whether there was publica-
tion bias in the summary statistics utilized for determining
MR instruments by creating funnel plots for the causal associ-
ations we identified.

3 | Results

3.1 | Genetic Variants Selected as Instruments
for Each Thyroid Hormone Metric

We identified genetic variants for each thyroid hormone met-
ric (FT3, FT4, TSH, TT3, FT3/FT4 and TT3/FT4) that met the
assumptions to serve as instruments in MR analyses includ-
ing a total of 52 variants for FT4, 152 for TSH, 12 for FT3/FT4
and less than 10 variants for either FT3, TT3 or TT3/FT4 atap
value threshold of 5x 1078 (Table S1). When relaxing the p value
threshold to 5x 1077, we identified 13 suitable instruments for
FT3 and 11 for TT3/FT4, and further relaxing the threshold to
5%107% provided 11 variants that qualified as instruments for
TT3 (Table S1). In total, we identified eight genetic variants
among all instruments across the six thyroid hormone metrics
that were associated with pleiotropic pathways in the NHGRI-
EBI GWAS Catalogue [11] that may confound the MR results,
including psychiatric and neurological conditions, as well as
traits related to brain function/anatomy (Table S2); these eight
variants are not included in the aforementioned numbers of in-
struments nor in any subsequent MR analyses. F-statistics for all
valid instrumental variables were greater than 10, ranging from
20.84 to 2183.15, confirming the strength and reliability of these
instruments for MR analyses (Table S1). Additional character-
istics for the instruments utilized in MR analyses are presented
in Table S1.

3.2 | Two-Sample Mendelian Randomization
Demonstrates That Thyroid Hormones Causally
Impact the Risk of Bipolar Disorder Subtypes

Utilizing genetic instruments for thyroid hormone metrics, we
separately performed two-sample MR for overall bipolar disorder,
aswell as Type 1 and Type 2 bipolar disorders (Table S4). We iden-
tified a causal negative relationship between FT4 hormone levels
and the odds of bipolar disorder, overall, using the IVW method
(OR: 0.92, 95% CI: 0.86, 0.97, p value = 4.58x1073) even after
adjusting for multiple testing (Table 1). The directionality of this

relationship between FT4 hormones and bipolar disorder identi-
fied by IVW was highly consistent across MR-Egger, weighted
median and weighted mode MR approaches (Figure 1). We also
identified that FT4 hormone levels had a suggestive causal nega-
tive relationship with Type 1 bipolar disorder (OR: 0.92, 95% CI:
0.86, 0.99, p value = 3.21x1072), which was also directionally
consistent across other MR approaches (Table 1 and Figure 1).
However, the MR association between FT4 and Type 2 bipolar
disorder was not statistically significant (IVW p value = 0.29),
and directionality of this relationship differed between MR ap-
proaches (Table S4). Furthermore, we identified two other thy-
roid hormone metrics, FT3 and FT3/FT4, that had suggestive
causal associations with Type 1 bipolar disorder yielding IVW
ORs of 1.18 (95% CI: 1.03, 1.35, p value = 1.55x1072) and 1.97
(95% CI: 1.02, 3.82, p value = 4.46 x 10~2) respectively (Table 1);
these associations were directionally consistent across MR meth-
ods (Table 1 and Figure 1). While the associations between FT3/
FT4 and Type 2 bipolar disorder were not statistically significant
(p>0.05), the directionality of the associations seemed to be op-
posite to that of the association between FT3/FT4 and Type 1
bipolar disorder (Table S4). MR associations between FT3 and
Type 2 bipolar disorder also appeared to be opposite in direction-
ality compared to the association with Type 1 bipolar disorder,
but these models showed evidence of directional pleiotropy (MR-
Egger intercept p value = 0.048).

For the one causal and three suggestive causal relationships, we
identified between thyroid hormone metrics and bipolar disor-
der subtypes (Table 1), we rigorously assessed potential biases by
conducting several sensitivity analyses. The instruments utilized
in these relationships did not show evidence of being in any con-
founding or pleiotropic pathways when examining genome-wide
significant associations between these instruments and diseases/
traits catalogued in NHGRI-EBI GWAS Catalogue (Table S4).
We did not find evidence for pleiotropy across instrument effects
(Cochran's Q test p>0.05) (Table 1). Next, there was no evidence
of directional pleiotropy among these causal associations (MR-
Egger intercept p>0.05) (Table 1). In addition, we computed the
MR associations for each instrument separately and observed
that they were generally consistent with the estimates inferred by
each MR method collectively across all instruments (Figure 2).
Moreover, MR-PRESSO did not detect any outlier genetic vari-
ants that needed to be removed (MR-PRESSO global test p>0.05)
(Table 1). To further corroborate the absence of outlier instru-
ments, we performed a leave-one-out analysis where we com-
puted MR estimates but left each instrument one by one; we
observed that our findings were generally reliable and stable as
none of the instruments heavily influenced the causal relation-
ships we observed when excluded (Figure 3).

Additionally, we conducted power calculations for sample
sizes of 413,466 (41,917 cases and 371,549 controls) for bipo-
lar disorder overall and 396,609 (25,060 cases and 371,549
controls) for Type 1 bipolar disorder, with an alpha of 0.05.
The sum of variance in FT4 explained by instruments in the
MR with bipolar disorder overall was 3.84%, yielding a power
of 0.87 to detect the MR association we observed. For Type 1
bipolar disorder, the sum of variance in FT4, FT3 and FT3/
FT4 explained by instruments was 3.20%, 0.96% and 0.07%,
respectively, yielding power values of 0.60, 0.76 and 0.97, re-
spectively, for detecting the MR associations we observed.
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FIGURE 1 | Scatterplots for the effects of instruments on each thyroid hormone metric and bipolar disorder subtype for causal and suggestive
associations identified in Mendelian randomization (MR) analyses. (A) Relationship between FT4 and bipolar disorder (overall). (B) Relationship
between FT4 and Type 1 bipolar disorder. (C) Relationship between FT3 and Type 1 bipolar disorder. (D) Relationship between FT3/FT4 and Type

1 bipolar disorder.

Funnel plots for each of the causal relationships we identified
also suggested that there were no indications of publication
bias in this study (Figure S1).

4 | Discussion

In this study, we conducted a two-sample MR of six thyroid hor-
mone metrics and bipolar disorder overall, as well as Type 1 and
2 bipolar disorders. This study suggests that FT4 hormone levels
may have a protective causal effect on bipolar disorder overall,
with a suggestive causal effect on Type 1 bipolar disorder. We
also identified suggestive harmful causal effects of elevated

FT3 levels and a higher FT3/FT4 ratio on Type 1 bipolar dis-
order. These findings remained consistent across various MR
methods, each with different assumptions about horizontal and
directional pleiotropy, suggesting that pleiotropy is unlikely to
account for our results.

Our study aligns with previous Mendelian randomization re-
search showing that FT4 has a protective impact on the risk of
bipolar disorder [5, 6] and supports observational studies that
found lower FT4 levels in bipolar disorder patients compared to
controls [21]; however, our research specifically suggests that
this relationship may be with Type 1 bipolar disorder. Although
we cannot entirely dismiss the possibility that FT4 influences

RIGHTSE LI MN iy

50f9

85U80|7 SUOWW0D 3AeaID 8|qeo! dde ay3 Aq pauseAob afe S9joie YO ‘88N JO S9N 10} A%eiq1 8uljuO 8|1 UO (SUOTIPUOD-pUe-SWBI W0 A8 1M ARe.q Ul |uo//:Sdny) SUORIPUOD pue stue 1 8y &8s *[720z/0T/62] uo AreigiTauliuo Ae|im ‘0Beaiyd JO A1seAIUN AQ 60002 ZWPS/Z00T OT/I0p/W0D A8 | IM Areiq 1 Buluo//Sdny WOl papeoumod ‘9 ‘202 ‘8EZ686E2


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fedm2.70009&mode=

10:69956912:g:a —_———
7:75147801:t:.c T T e e T
12:20989669:t:c —_———
10:101587931:t:c —_——
14:80622737:t:c —_—
11:47663049:g:a —— =T
18:57914644:g:a —— ——"
6:25777481.g:a e o]
3:77643616:t:.c T T
14:101822155:g:a o T
18:29232293:t:c —
16:56373962:t:g = o
17:16127206:c:a ———
6:43806609:g:a I S
16:12685000:g:a ————
12:48746675:t:c e, S
15:49711185:t:c ——r T
6:87813843:t:.c —_——
2:1407815:t:c T e e
9:4221298:c:a ———l—————
12:21340207:t:c e
1:54375570:c:a ——
12:4384844:t:g —_—
8:110105146:t:c 11 511
9:100556109:g:a R
5:76518442:g:a e e T
13:74193514:c:a _——
4:170986579:t:g —
6:100620931:t:c T
8:61217375:c:a —
9:139092679:t:c T
16:16173516:t:c —_———
16:28617128:t:c —_—
7:14941720:c:a TR e
9:127026282:t:9 T
15:60894965:t:c T T
14:36574069:g:a 1
13:27328993:t:c RS
3:129709352:t:c e A
2:172412907:c:a e DB e s o
14:93584095:g:a —_——————

6:100868460:g:a
16:16039950.tg ————

All - Weighted mode -

All - Weighted median -

All - MR Egger ——

All - Inverse variance weighted (multiplicative random effects) -

' ! '
MR effect size for

'FT4' on 'Bipolar Disorder (overall)'

C 12:121416650:c:a .—.—
2:26893664:t:c —-—.—
3:129683667:t:c —0—
4:171009009:g:a g—Q;
1:54375570:c:a —-—0—
9:100537802:c:a —0—
6:100610044:c:a —-0—
7:14941720:c:a —0.—
5:62270218:t:c —.—
1:54352197:t:c —o—

14:80464293.ga —————O———

All - Weighted mode —_—
All - Weighted median —o—
All - MR Egger —_—

All - Inverse variance weighted (multiplicative random effects) —o—
. . i ) . .
-1.0 -0.5 0.0 0.5 1.0 15
MR effect size for
'FT3' on Type 1 Bipolar Disorder'

45 10 05 00 05 10 15

10:69956912:g:a O S Y P
B 11:47663049:g:a R
14:101822155:g:a —_——-————
18:57914644:g:a —=C
14:80622737:t:c —_——————
6:25777481:g:a —
8:110105146:t:c —_——
12:48746675:t:c —_—————
18:29232293:t:c —.—
17:16127206:c:a —————
16:12685000:g:a TR D o sl R |
16:56373962:t:g —_——
6:100620931:t:c —
9:4221298:c:a _—
12:4384844:t:g R R
7:14941720:c:a ——————
3:77643616:t:c —_——————
6:87813843:t:c e
1:54375570:c:a —
9:100556109:g:a e
6:43806609:g:a —_———————
5:76518442:g:a PR ™ VSIS,
13:74193514:c:a —_——
4:170986579:t.g =
2:1407815:t.c T
15:49711185:t:c —_——
13:27328993:t:c _——
9:127026282:t:g —.—
14:36574069:g:a _—
6:100868460::a SIS PO S
14:93584095:g:a —
3:129709352:t:c —.——
16:28617128:t:c ——

12:21340207:t:c
15:60894965:t:c D
16:16039950:t:g —0—

All - Weighted mode -
All - Weighted median -
All - MR Egger ——
All - Inverse variance weighted (multiplicative random effects) "
0

MR effect size for
'FT4' on 'Type 1 Bipolar Disorder'

D 14:81001025:t:c

16:28607532:g:a :
2:172326903:t:c —0—
2:1407628:t:c —-—O—
1:54375570:c:a -‘-.—
9:100546600:t:c —0—

1:54352197:tc ————————

All - Weighted mode

All - Weighted median

All - MR Egger —o—

All - Inverse variance weighted (multiplicative random effects) ——
| \
0 5

MR effect size for
'FT3/FT4' on Type 1 Bipolar Disorder'

FIGURE2 | Forest plots of the Mendelian randomization (MR) estimates for each instrument individually compared to MR approaches using all
instruments collectively. (A) Relationship between FT4 and bipolar disorder (overall). (B) Relationship between FT4 and Type 1 bipolar disorder. (C)
Relationship between FT3 and Type 1 bipolar disorder. (D) Relationship between FT3/FT4 and Type 1 bipolar disorder.

Type 2 bipolar disorder, this uncertainty is largely due to the
limited sample size of the Type 2 bipolar disorder GWAS sum-
mary statistics [8] used in our MR analysis. Additionally, our
study reveals novel suggestive causal associations, showing a
negative relationship between Type 1 bipolar disorder and both
FT3 and the FT3/FT4 ratio. Notably, the opposing directional-
ities of the association between FT4 and Type 1 bipolar disor-
der and that between FT3, FT3/FT4 and Type 1 bipolar disorder
are consistent with the conversion process of FT3 to FT4 in the
body. This finding suggests that the conversion of FT3 to FT4
may, in part, have a protective effect against bipolar disorder;
however, further research is needed to determine whether this

protective effect is solely due to increased FT4 production or if it
is also influenced independently by decreased FT3 levels.

Furthermore, by validating previously reported MR associations
between FT4 and bipolar disorder using much larger GWAS
summary statistics for FT4 [7], with an approximately 65% in-
crease in the number of participants compared to the latest prior
study [5], our study provides more confidence that FT4 supple-
mentation should be considered in the treatment of patients with
Type 1 bipolar disorder. Interestingly, a recent clinical trial that
administered levothyroxine and triiodothyronine as adjunctive
treatments for patients who did not respond to lithium therapy
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FIGURE3 | Forest plots of the inverse-variance weighted Mendelian randomization (MR) method estimates utilizing the leave-one-out approach
where instruments were excluded one by one. (A) Relationship between FT4 and bipolar disorder (overall). (B) Relationship between FT4 and Type 1
bipolar disorder. (C) Relationship between FT3 and Type 1 bipolar disorder. (D) Relationship between FT3/FT4 and Type 1 bipolar disorder.

demonstrated that levothyroxine had a positive effect on reduc-
ing mixed states [22]. Given that our results suggest that a re-
duction in FT3 levels may decrease the odds of Type 1 bipolar
disorder, follow-up studies designed to explicitly evaluate the
role of lowering FT3 while increasing FT4 levels are warranted.

Though this study managed to identify causal and suggestive
causal relationships between thyroid functioning and bipolar
disorders, there are several limitations. First, the sample size of
individuals used to generate GWAS summary statistics for Type
2 bipolar disorder was quite underpowered [8] and may have po-
tentially contributed to the lack of associations between thyroid
hormone metrics and this subtype. Additionally, thyroid hor-
mone measurements are quite variable even when taken from
the same individual at different time points, including during

the daytime compared to in the evening [23]. Restricting par-
ticipants included in the generation of thyroid function GWAS
summary statistics to only those in a subset of studies with
identical sample collection protocols (such as standardized time
points for measurements) may help increase the precision of MR
estimates. Furthermore, this study was constrained to individu-
als with European ancestry since GWAS summary statistics for
both thyroid function metrics and bipolar disorder are quite lim-
ited in non-European populations; validation studies in other
non-European populations are warranted.

Overall, these results contribute to a deeper understanding
of the endocrine factors involved in bipolar disorders and un-
derscore how both FT4 and FT3 may impact the risk of Type
1 bipolar disorder. These findings further suggest that thyroid
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hormone metrics could potentially serve as biomarkers or thera-
peutic targets in the management of bipolar disorders.
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