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Abstract

Objective: There is crosstalk between the thyroid hormone and the renin-angiotensin-
aldosterone system, but the clinical application is lacking. Our study aimed to verify the
correlation between renin and other thyroid-related biomarkers and their association
with treatment prognosis.

Methods: This retrospective study recruited eighty consecutive patients treated for
hyperthyroidism in a medical center between 2021 and 2023. Among participants, 53
were newly diagnosed, and 27 were recurrent cases. Laboratory measurements, includ-
ing renin, aldosterone, and other thyroid-related biomarkers, were assessed, while the
associations of biomarkers and clinical symptoms were also analyzed. The clinical vari-
ables and biomarkers were entered into the Cox regression model to identify the inde-
pendent risks associated with time to achieve euthyroidism.

Results: The correlation matrix showed that free T4 was positively correlated either
with T3 (r=0.755, P<0.001) or renin (r=0.341, P=0.002) but not with aldosterone
(r=0.055, P=0.631). In ROC analysis for biomarkers and clinical symptoms, either
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free T4 (AUC=0.754, P<0.001) or thyroid-stimulating hormone receptor antibody
(TSHRAb) (AUC =0.645, P=0.026) demonstrated effective prediction of tachycardia;
however, renin was slightly positive for tachycardia without significance (AUC =0.580,
P=0.233). Regarding thyrotoxic periodic paralysis, the renin showed significant prediction
power (AUC=0.727. P=0.021) rather than free T4 (AUC=0.543, P=0.748) or
TSHRAb (AUC=0.688, P=0.063). The median time to achieve euthyroidism was |66
days for newly onset patients and 216 days for recurrence, but the time-to-event curves
showed no difference (log rank P=0.728). Under Cox regression modeling, TSHRAb was
found to independently predict late euthyroidism (Hazard ratio 0.946, 95% confidence
interval 0.901-0.993, P=0.026), and the renin had no impact (HR 0.995, 95% CI
0.987-1.003, P=0.215).

Conclusions: Renin but not aldosterone was positively correlated with free T4.
Certain biomarkers measured at diagnosis were associated with hyperthyroid symp-
toms. Free T4 and TSHRAb might predict tachycardia, while renin might predict thyr-
otoxic periodic paralysis; nevertheless, only higher TSHRAb was associated with delayed
euthyroid state achievement.

Keywords
Hyperthyroidism, renin-angiotensin-aldosterone system (RAAS), plasma renin
concentration, thyrotoxic periodic paralysis, endocrine

Introduction

Hyperthyroidism is a common thyroid disorder with various etiologies, the most preva-
lent being Graves’ disease, which typically affects individuals aged 30-50" with a preva-
lence rate of approximately 2% in females and 0.5% in males.” Autoantibodies are often
present and involved in pathogenesis in patients with Graves’ disease, including the
thyroid-stimulating hormone receptor antibody (TSHRAD) and anti-thyroid peroxidase
antibody (anti-TPO Ab).? Beyond common symptoms like anxiety, hand tremors, tachy-
cardia, and diarrhea, the cardiovascular impact of hyperthyroidism warrants particular
attention, as it can be life-threatening. In hyperthyroidism, elevated thyroid hormones
bind to receptors on cardiac myocytes, leading to increased cardiac contractility and car-
diac output*~’; additionally, thyroid hormones can stimulate the sympathetic nervous sys-
tem. Previous studies have shown an increase in the number of f-adrenergic receptors in
the renal cortex in hyperthyroidism.®® These often result in an elevated heart rate and
increased cardiac output; in cases of poorly controlled hyperthyroidism, it can progress
to arrhythmias, congestive heart failure, or even death.”

The renin-angiotensin-aldosterone system (RAAS) is also essential for regulating car-
diac and vascular physiology and is involved in numerous pathological conditions, such
as hypertension, heart failure, and renal disease.'' The cascade of RAAS primarily func-
tions through renin, angiotensin I, and aldosterone to regulate blood volume, electrolyte
balance, systemic vascular resistance, and blood pressure.'> When the RAAS is activated
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persistently, the heart, kidneys, and other organs will be affected by inappropriate expan-
sion of the intravascular and extravascular volumes, ultimately contributing to the pro-
gression of heart failure.'?

Moreover, researchers have explored the interaction between thyroid hormones and
the RAAS.'* Several studies have reported that thyroid hormones might modulate the
RAAS; however, most evidence has been derived from animal studies'>~'?; furthermore,
due to the limited number of studies, the clinical manifestations and potential applications
of thyroid hormone’s influence on the RAAS remain unclear.

Accordingly, our study aimed to verify the association between RAAS parameters,
with a particular focus on renin and thyroid-related markers to explore potential clinical
applications, while a further aim intended to elucidate whether the initial biomarkers
measured at the diagnosis of hyperthyroidism were associated with further treatment
outcomes.

Materials and methods

Participants

This retrospective study included a cohort of 116 consecutive patients treated for hyper-
thyroidism in the Endocrinology Outpatient Department at Chang Gung Memorial
Hospital between January 2021 and December 2023. Inclusion criteria comprised
patients aged over 18 years, presenting with either newly diagnosed or recurrent hyper-
thyroidism, with blood samples collected within one month of disease onset. Patients
with incomplete data were excluded from the study. Ultimately, 80 patients met the study
criteria, of whom 53 were newly diagnosed cases and 27 were recurrent cases. All parti-
cipants received regular follow-up during the enrolled time and were managed with
antithyroid drugs (ATDs). The study endpoint was defined as achieving a euthyroid state.
None of the patients were pregnant, experienced thyroid storm, or had known adrenal dis-
ease. The Institutional Review Board of Chang Gung Memorial Hospital approved this
retrospective study (No. 202500047B0), while the reporting of this study conformed to
STROBE guidelines.?® All data were de-identified, and no personally identifiable infor-
mation was reported. We conducted our study in accordance with the Helsinki
Declaration of 1975 as revised in 2024.

Clinical characteristics and data

Clinical characteristics recorded for each patient included age, gender, body mass index
(BMI), smoking status, and concurrent conditions including chronic kidney disease
(CKD), cerebrovascular accident (CVA), heart failure (HF), or atrial fibrillation (Af).
Concurrent or subsequent symptoms were documented, including goiter, hyperten-
sion (HTN), tachycardia, and thyrotoxic periodic paralysis (TPP). Additionally,
the types of antithyroid drugs (ATDs) administered during the treatment period
(propylthiouracil (PTU), methimazole (MMI), carbimazole (CBZ)) and the use of
B-blockers were recorded.
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Laboratory measurements were collected within one month of disease onset, including
thyroid function tests (TSH, free T4, T3), thyroid autoantibodies (antithyroid peroxidase
antibody (anti-TPO Ab) and thyroid-stimulating hormone receptor antibody (TSHRAD).
RAAS-related measurements included plasma renin concentration and plasma aldoster-
one concentration with additional laboratory parameters including white blood cell count
(WBC), hemoglobin (Hb), platelet count (PLT), alanine aminotransferase (ALT), potas-
sium (K), and total bilirubin (Bil-T) also being measured.

Statistical analysis

Comparisons between first-diagnosed and recurrent hyperthyroid patients were con-
ducted using Pearson’s chi-square test for categorical variables and the Mann—Whiney
U-test for continuous variables, where appropriate. The predictive power of thyroid-
related biomarkers for hyperthyroid symptoms was assessed using ROC curve analysis,
with area under the curve (AUC) values and statistical significance determined, while
Kaplan—Meier curves were used to visualize the time to euthyroid state. The ability of
each variable to predict euthyroid (hazard ratio) was calculated using a multivariate
Cox regression model with adjustments for covariates to identify independent risk fac-
tors. The hazard ratios and 95% confidence interval of variables correlated with time
to euthyroid are presented by forest plot. All statistical analyses were performed using
the Statistical Package for the Social Sciences (IBM SPSS Statistics for Windows,
Version 26.0. Armonk, NY: IBM Corp.) software.

Results

Characteristics of patients with hyperthyroidism

Among the 80 consecutive patients with hyperthyroidism included in the study, 53 were
in the new onset group and 27 in the recurrence group. Patient demographic data is pre-
sented in Table 1. The median age was 38.84 years in the new onset group and 42.61
years in the recurrence group (P=0.094) with females constituting the majority in
both groups, accounting for 62.26% and 74.07% respectively (P=0.291). There were
no significant differences in concurrent diseases and subsequent symptoms between
the two groups, and none of the patients had CKD. For HF, the new onset and recurrence
groups included n=2 (3.77%) and n =1 (3.70%) patients, respectively (P = 1.000). Af or
pAfwas present in n =4 (7.55%) in the new onset group and n =4 (14.81%) in the recur-
rence group (P =0.432); CVA occurred in n =2 (3.77%) in the new onset group and none
in the recurrence group (P = 0.547); while the new onset group had a higher proportion of
patients with HTN (35.85% vs 18.52%, P=0.110) and tachycardia (47.17% vs 33.33%,
P =0.236) compared to the recurrence group, although neither reached statistical signifi-
cance. Additionally, there were n =3 (5.66%) patients with thyrotoxic periodic paralysis
(TPP) in the new onset group and n=2 (7.41%) in the recurrence group (P =1.000).
There were no differences between the two groups in the types of ATDs used (P =0.367)
or in B-blocker usage (P=0.379).
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Table 1. Clinical characteristics and anti-thyroid medications of participants.

New onset group

Recurrence group

(n=53) (n=27) P-value

Age, median[Q|; Q3](years) 38.84 [28.61; 49.26] 42.61 [34.97; 53.65] 0.094
Gender 0.291

Male, n(%) 20 (37.74%) 7 (25.93%)

Female, n(%) 33 (62.26%) 20 (74.07%)
BMI, median[Q1; Q3](kg/m2) 22.47 [16.59; 27.87] 23.58[18.33; 31.88] 0.601
Smoker, n(%) 12 (22.64%) 9 (33.33%) 0.304
CKD, n(%) 0 (0.00%) 0 (0.00%)
HF, n(%) 2 (3.77%) I (3.70%) 1.000
Af or pAf, n(%) 4 (7.55%) 4 (14.81%) 0.432
CVA, n(%) 2 (3.77%) 0 (0.00%) 0.547
HTN, n(%) 19 (35.85%) 5 (18.52%) 0.110
Goiter grade, n(%) 0.679

0 8 (15.09%) 4 (14.81%)

I 32 (60.38%) 14 (51.85%)

2 13 (24.53%) 9 (33.33%)
Tachycardia, n(%) 25 (47.17%) 9 (33.33%) 0.236
Periodic paralysis, n(%) 3 (5.66%) 2 (741%) 1.000
Aldosterone, median[Q1; Q3](ng/dL) 8.46 [4.66; 13.55] 10.10 [3.52; 15.50] 0.927
Renin, median[Q1; Q3](ng/L) 36.30 [18.00; 58.75] 23.20 [11.00; 44.40] 0.073
TSH, median[Q1; Q3](ulU/mL) 0.007 [0.007; 0.007] 0.007 [0.007; 0.007] 0.303
Free T4, median[Q1; Q3](ng/dL) 1.82 [1.33; 2.44] 1.68 [1.30; 2.22] 0.436

T3, median[Q1; Q3](ng/dL)

Anti-TPO Ab, median[QI; Q3](IU/mL)
TSHRADb, median[Q1; Q3](IU/L)

K, median[Q1; Q3](mEq/L)

ALT, median[Q1; Q3](U/L)

Bil-T, median[QI; Q3](mg/dL)

WBC, median[Q|; Q3](1000/uL)

Hb, median[Q]1; Q3](g/dL)

PLT, median[Q]1; Q3](1000/uL)

ATD, n(%)
PTU
MMI
CBZ
B-blocker, n(%)

246.90 [138.60; 358.65]

67.10 [4.12; 275.93]
7.50 [3.80; 14.70]
430 [4.10; 4.40]
30.00 [23.00; 42.50]
0.60 [0.50; 0.80]
6.30 [4.80; 8.10]
13.30 [12.00; 14.30]

266.00 [237.00; 321.00]

10 (18.87%)
42 (79.25%)
| (1.89%)

31 (58.49%)

208.20 [140.50; 288.90]
463.05 [26.81; 1001.00]

6.65 [2.53; 14.25]
4.30 [4.05; 4.45]
25.00 [18.75; 38.25]
0.50 [0.40; 0.70]
5.90 [4.75; 7.55]
13.00 [11.55; 13.75]

266.00 [236.00; 320.50]

2 (7.41%)
24 (88.89%)
| (3.70%)
13 (48.15%)

0.371
0.017*
0.666
0.590
0.178
0.139
0.838
0.171
0.761
0.367

0.379

* P<0.05.

Biochemistry

The biochemical profiles of the new onset and recurrence groups are presented in Table 1.
Thyroid hormones showed no significant differences between the two groups, while both
free T4 and T3 were slightly higher in the new onset group. Regarding thyroid autoanti-
bodies, the median level of anti-TPO Ab was significantly higher in the recurrence group
(67.10 IU/mL vs 463.05IU/mL, P=0.017), while the median TSHRAb level was
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Figure |. Correlation matrix between biochemical markers measured at the time of
hyperthyroidism diagnosis. There were significant positive correlations between free T4 and T3
(r=0.755, P<0.001) and between renin and aldosterone (r=0.446, P<0.001). Free T4 also
correlated positively with renin (r=0.341, P=0.002) but not aldosterone (r=0.055, P=0.631).

slightly higher in the new onset group (7.50 IU/L vs 6.65 IU/L, P=0.666). RAAS-
related biomarkers, renin, and aldosterone, did not differ significantly between the
groups, although renin levels were slightly higher in the new onset group compared to
the recurrence group (36.30 ng/L vs 23.20 ng/L, P=0.073). Other blood biochemical
parameters, including WBC, Hb, PLT, K, ALT, and Bil-T showed no differences
between the groups.

Association and predictive value among renin, thyroid biomarkers, and clinical
outcomes
The correlations between various biochemical markers are presented in Figure 1. As

expected, there was a significant positive correlation between the thyroid hormone free
T4 and T3 (r=0.755, P<0.001), as well as between the RAAS biomarker renin and
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Figure 2. The ROC analyses for biomarkers to predict clinical manifestations. Free T4

(AUC =0.754, P<0.001) and TSHRAb (AUC = 0.645, P=0.026) effectively predicted tachycardia,
while renin showed a weak and non-significant predictive value (AUC =0.58, P=0.233). Renin
significantly predicted TPP (AUC =0.727, P=0.021), whereas free T4 (AUC=0.543, P=0.748)
and TSHRAb (AUC =0.688, P=0.063) did not. None of the biomarkers demonstrated predictive
value for hypertension.

aldosterone (r=0.446, P<0.001). Notably, a statistically significant positive correlation
was also observed between free T4 and renin (r=0.341, P=0.002), but not between free
T4 and aldosterone (»=0.055, P=0.631).

Figure 2 presents the ROC analysis for biomarkers and clinical symptoms. Free T4
(AUC=0.754, P<0.001) and TSHRAb (AUC =0.645, P=0.026) demonstrated effective
predictive ability for tachycardia, and while renin showed a slightly positive predictive
value for tachycardia, it did not reach statistical significance (AUC =0.58, P=0.233).
Additionally, renin exhibited significant predictive power for TPP (AUC=0.727,
P=0.021), while no predictive capability for TPP was observed in free T4 (AUC =0.543,
P=0.748) or TSHRAb (AUC=0.688, P=0.063). Regarding hypertension, no predictive
capability was found in free T4, renin, or TSHRAb.



8 Science Progress 108(2)

0.8

0.6

—I"TNew onset
—IRecurrence
0.2

Cumulative Euthyroid Probability

Log;ank P value = 0.728

0.0

0 200 400 600 800 1000

Time (days)

Figure 3. Kaplan—Meier plots for the cumulative probability curves of the euthyroid state. The
median time to achieve euthyroidism was 166 days for new-onset patients and 216 days for
recurrent cases, with no significant difference observed (log-rank P=0.728).

Factors and impacts on time to euthyroid

Figure 3 displays the Kaplan—Meier plot showing the cumulative probability curves of
the euthyroid state, with a median time to achieve euthyroidism of 166 days for new-onset
patients and 216 days for recurrent cases, and no significant difference was noted (log-
rank P=0.728). Figure 4 shows that Cox regression modeling identified TSHRAD as
an independent predictor of late euthyroidism (Hazard ratio (HR): 0.946, 95%
Confidence Interval (CI): 0.901-0.993, P=0.026), and age was associated with early
euthyroidism (HR: 1.033, 95% CI: 1.007-1.061, P=0.014). However, renin (HR:
0.995, 95% CI: 0.987-1.003, P=0.215), free T4 (HR: 1.168, 95% CI: 0.694-1.968,
P=0.559), anti-TPO Ab (HR: 1.000, 95% CI: 0.999-1.001, P=0.703) and gender
(HR: 1.649, 95% CI: 0.480-5.672, P=0.427) showed no impact on time to achieve
euthyroidism.

Discussion

Our study demonstrated a positive correlation between plasma renin concentration and
free T4, consistent with some prior investigations in vitro or in vivo. Marchant et al. found
that hyperthyroidism activated the plasma RAAS, increasing plasma renin activity (PRA)
by 47% and concentration by 52% after 7 days of thyroid hormone supplement in rats."’
Another animal research study revealed that PRA and renal expression of renin mRNA
were elevated by 152 to 155% in hyperthyroid rats.'® In human studies, one investigation
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Figure 4. Forest plot of hazard ratios for clinical variables and biomarkers associated with time
to achieve euthyroidism, analyzed using the Cox regression model. TSHRAb was an independent
predictor of delayed euthyroidism (HR: 0.946, 95% Cl: 0.901-0.993, P=0.026), while age was
associated with earlier euthyroidism (HR: 1.033, 95% CI: 1.007-1.061, P=0.014). In contrast,
renin (HR: 0.995, 95% CI: 0.987—-1.003, P=0.215), free T4 (HR: 1.168, 95% CI: 0.694—1.968,
P=0.559), and anti-TPO Ab (HR: 1.000, 95% CI: 0.999-1.001, P=0.703) had no significant impact
on the time to achieve euthyroidism.

revealed that individuals with Graves’ disease exhibited significantly elevated PRA com-
pared to control subjects; conversely, following thyrostatic treatment, the PRA levels in
these patients were comparable to those of the control group.?! These studies consistently
support our findings on the correlation between renin and thyroid hormones in patients
with hyperthyroidism.

The previous literature has proposed several mechanisms to explain how thyroid hor-
mone increases renin levels and activates the RAAS in hyperthyroidism. Since most renin
in the blood is synthesized and secreted by the kidneys, thyroid hormone appears to
stimulate renal renin synthesis by enhancing renin mRNA expression with a subsequent
increase of renal renin levels and plasma angiotensin II levels. Through experiments
in vivo and in vitro, Kobori and Ichihara et al. demonstrated that thyroid hormone directly
stimulates the transcription of renin mRNA without involving the sympathetic nervous
system; furthermore, thyroid hormone enhances renin secretion from juxtaglomerular
cells by activating a calcium-dependent signaling mechanism.'®** They also indicated
that thyroid hormones stimulate the renin gene by binding to specific thyroid hormone
receptors, which then interact with the thyroid hormone response element (THRE) in
the promoter region of the renin gene. This interaction enhances the transcriptional activ-
ity of the renin gene, resulting in greater production of renin mRNA and, ultimately,
increased renin synthesis.”* In addition to directly enhancing renin mRNA, other indirect
mechanisms including increased sympathetic stimulation and renal perfusion changes
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might contribute to the elevated renin level. Since renin levels can be elevated through
p-adrenergic stimulation,®* and Haro et al. demonstrated an increase in p-adrenergic
receptor density in the renal cortex during experimental hyperthyroidism,® it is suggested
that thyroid hormones could indirectly promote renin release by enhancing the body’s
sensitivity to catecholamines through interactions with the sympathetic nervous system,
particularly in hyperthyroidism.” The theory of renal perfusion change suggests that thy-
roid hormones, by reducing systemic vascular resistance through smooth muscle relax-
ation or endothelial nitric oxide production, decrease renal perfusion. This reduction
triggers juxtaglomerular cells to secrete more renin, leading to the activation of the
renin-angiotensin-aldosterone system (RAAS).>>~2’ However, it is important to note cer-
tain pharmacological factors in our patient population that could have influenced the
observed correlations. Most patients in our study were undergoing ATD therapy, which
directly reduces thyroid hormone production. Approximately half the patients were also
treated with p-blockers, which were supposed to suppress renin secretion.”® As a result,
the true physiological correlation between thyroid hormone levels and RAAS activation
may have been underestimated in our study population.

The positive correlation between thyroid hormones and the RAAS suggests that mon-
itoring renin levels in hyperthyroid patients might aid in managing associated cardiovas-
cular risks. Thyroid hormone-stimulated renin elevation could serve as a potential marker
for the severity of hyperthyroid-induced cardiovascular alterations, providing valuable
insights for targeted therapeutic strategies. We further investigated the correlation of
these biomarkers with clinical symptoms of hyperthyroidism. The analysis using ROC
curves revealed a positive predictive relationship between free T4 and TSHRAD levels
for tachycardia.

Thyroid hormones increase the sensitivity of the heart to catecholamines, which are
stimulants of heart rate. They achieve this by upregulating B-adrenergic receptors in
the heart, making cardiac cells more responsive to sympathetic nervous stimulation,
which results in a faster heart rate.?*>° Although evidence on the direct effects of
TSHRAD on the heart is limited,?' the positive correlation between TSHRAbD and tachy-
cardia in hyperthyroid patients is unsurprising, as these autoantibodies are the primary
cause of hyperthyroidism.* By contrast, renin has some predictive power in the symptom
of tachycardia but is less effective than Free T4 and lacks statistical significance.
Interestingly, though not strongly associated with tachycardia, our result showed that
renin exhibited significant predictive power for thyrotoxic periodic paralysis (TPP).
TPP is a rare condition observed in hyperthyroid patients, characterized by sudden epi-
sodes of muscle weakness, primarily in the lower limbs, caused by hypokalemia. The pri-
mary mechanism involves hyperthyroidism enhancing the activity of Na+/K + ATPase
pumps in cell membranes, which leads to a substantial intracellular shift of potassium,
resulting in reduced serum potassium levels.*®> Additionally, RAAS activation, particu-
larly through aldosterone, promotes potassium excretion via the kidneys. Together, these
effects may further decrease serum potassium levels, heightening the risk of TPP in
hyperthyroid patients, although currently, very few studies have addressed this relation-
ship.***> Furthermore, activation of tissue renin-angiotensin system (RAS) probably
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contributes to the pathogenesis of hypokalemia in hyperthyroid patients. In addition to
the circulating RAS, the emerging concept of tissue RAS has gained clinical significance,
highlighting its expression across various tissues, where changes in its activity have been
linked to numerous diseases.>®>’ Hyperthyroidism has been documented to promote an
increase in cardiac renin levels and stimulate the generation of angiotensin IT'’; it also
raises the levels of angiotensin type 1 (AT1) and type 2 (AT2) receptors in the heart,'”=8
contributing to structural and functional alterations.'* Researchers have also explored
how thyroid hormones influence the vascular RAS by modulating its components and
affecting vascular tone.'**° Nevertheless, the precision relationship between tissue
RAS and TTP still requires further investigation for validation.

Regarding treatment outcomes and associated risk factors, we observed that the
time to euthyroid was not significantly different between patients with new-onset
and recurrent disease. The initial level of TSHRAb was the only factor influencing
the time to reach a euthyroid state, with higher values predicting delayed remission.
The finding suggested high TSHRAD levels are associated with a more difficult course
to sustained euthyroid in hyperthyroid patients, consistent with prior investigations
disclosing that high TSHRADb levels are predictive of disease relapse after ther-
apy.**™ In contrast, although associated with initial clinical presentation, neither
free T4 nor renin levels were associated with the time to achieve euthyroidism.
Since plasma renin levels would fluctuate due to factors like dietary sodium loading,
posture, activity, and sex steroids, clinical use of renin measurement for predicting
euthyroidism will be difficult.

The present study had limitations because of its retrospective design, which inherently
relied on existing data and might therefore introduce biases. In our study, no comparison
of continuous change of biomarkers was made post-treatment, requiring further prospect-
ive studies for verification. Moreover, only a limited number of patients have TPP; there-
fore, the predictive power of renin might be overestimated. Another limitation of our
study is related to the measurement of renin levels according to plasma renin concentra-
tions rather than plasma renin activity; thus, caution should be exercised when interpret-
ing or applying these results. The absence of plasma angiotensin II data precluded a more
comprehensive analysis of the RAAS. Notwithstanding, we still consider accession to
and analysis of these biomarkers in hyperthyroid patients to be valuable for clinical appli-
cation and research inspiration.

Conclusions

In conclusion, our study demonstrates a positive correlation between renin and free T4,
with potential clinical relevance for symptom prediction in hyperthyroidism including the
association of free T4 with tachycardia and renin with TPP. A significant association was
found between TSHRAD and time to achieve euthyroidism, whereas renin and free T4
showed no such relationship. These findings suggest that measuring plasma renin level,
in addition to standard thyroid biomarkers, may provide complementary insight into dis-
ease severity and symptom risk stratification, though it does not appear to be associated
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with disease progression. We hope this study serves as a reference for the potential clin-
ical application of thyroid-related biomarkers in guiding personalized therapeutic strat-
egies for hyperthyroid patients.

List of abbreviations

Af: atrial fibrillation; ALT: alanine aminotransferase; Anti-TPO Ab: anti-thyroid peroxidase anti-
body; AT1: angiotensin type 1; AT2: angiotensin type 2; ATDs: antithyroid drugs; ATPase: adeno-
sine triphosphatases; AUC: area under curve; Bil-T: total bilirubin; BMI: body mass index; CBZ:
carbimazole; Cl: confidence interval; CKD: chronic kidney disease; CVA: cerebrovascular acci-
dent; Hb: hemoglobin; HF: heart failure; HR: hazard ratio; HTN: hypertension; K: potassium;
MMI: methimazole; mRNA: messenger ribonucleic acid; PRA: plasma renin activity; PLT: plate-
let; PTU: propylthiouracil; RAAS: renin-angiotensin-aldosterone system; RAS: renin-angiotensin
system; ROC: receiver operating characteristic; STROBE: strengthening the reporting of observa-
tional studies in epidemiology; THRE: thyroid hormone response element; TPP: thyrotoxic peri-
odic paralysis; TSH: thyroid-stimulating hormone; TSHRAb: thyroid-stimulating hormone
receptor antibody; WBC: white blood cell; pAf: paroxysmal atrial fibrillation.

Acknowledgements
The authors thank the staff and participants of these studies for their important contributions.

ORCID iDs

Han-Yun Wang https:/orcid.org/0009-0009-4560-2869
I-Wen Chen https://orcid.org/0000-0002-8928-6417
Cheng-Wei Lin (2 https:/orcid.org/0000-0001-8922-7030

Ethical considerations

The studies involving human participants were reviewed and approved by the Institutional Review
Board of Chang Gung Memorial Hospital, Taiwan (No. 202500047B0). The IRB allowed for the
exemption of the informed consent of subjects since the study was retrospectively analyzed on
anonymized data (National Department of Health Medical Affairs No.1010265083).

Author contributions

C.-W.L. derived the concept. H.-Y.W. did the data curation. I.-W.C. did the formal analysis.
H.-Y.W. wrote the original draft. All authors assisted with reviewing the manuscript, as well as
approving the final manuscript.

Funding

The authors received no financial support for the research, authorship, and/or publication of this
article.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect to the research, authorship, and/
or publication of this article.


https://orcid.org/0009-0009-4560-2869
https://orcid.org/0009-0009-4560-2869
https://orcid.org/0000-0002-8928-6417
https://orcid.org/0000-0002-8928-6417
https://orcid.org/0000-0001-8922-7030
https://orcid.org/0000-0001-8922-7030

Wang et al. 13

Data availability statement

The datasets generated and analyzed during the current study are not publicly available due to IRB
regulation but are available from the corresponding author upon reasonable request.

References

1. Franklyn JA. The management of hyperthyroidism. N Engl J Med 1994; 330: 1731-1738.

2. Lee SY and Pearce EN. Hyperthyroidism: a review. Jama 2023; 330: 1472-1483.

3. Frohlich E and Wahl R. Thyroid autoimmunity: role of anti-thyroid antibodies in thyroid and
extra-thyroidal diseases. Front Immunol 2017; 8: 521.

4. Klein I and Danzi S. Thyroid disease and the heart. Circulation 2007; 116: 1725-1735.

5. Brent GA. The molecular basis of thyroid hormone action. N Engl J Med 1994; 331: 847-853.

6. Everts ME, Verhoeven FA, Bezstarosti K, et al. Uptake of thyroid hormones in neonatal rat
cardiac myocytes. Endocrinology 1996; 137: 4235-4242.

7. Danzi S and Klein I. Thyroid hormone and the cardiovascular system. Minerva Endocrinol
2004; 29: 139-150.

8. Haro JM, Sabio JM and Vargas F. Renal beta-adrenoceptors in thyroxine-treated rats.
J Endocrinol Invest 1992; 15: 605-608.

9. Spaulding SW and Noth RH. Thyroid-catecholamine interactions. Med Clin North Am 1975;
59: 1123-1131.

10. Ross DS, Burch HB, Cooper DS, et al. 2016 American Thyroid Association guidelines for
diagnosis and management of hyperthyroidism and other causes of thyrotoxicosis. Thyroid
2016; 26: 1343-1421.

11. Wu CH, Mohammadmoradi S, Chen JZ, et al. Renin-angiotensin system and cardiovascular
functions. Arterioscler Thromb Vasc Biol 2018; 38: e108—116.

12. Atlas SA. The renin-angiotensin aldosterone system: pathophysiological role and pharmaco-
logic inhibition. J Manag Care Pharm 2007; 13: 9-20.

13. Weber KT. Aldosterone in congestive heart failure. N Engl J Med 2001; 345: 1689-1697.

14. Barreto-Chaves ML, Carrillo-Sepulveda MA, Carneiro-Ramos MS, et al. The crosstalk between
thyroid hormones and the Renin-Angiotensin System. Vascul Pharmacol 2010; 52: 166-170.

15. Hauger-Klevene JH, De Vito E and Fasciolo JC. The effect of thyroid hormone on renin pro-
duction and release by rat kidney slices. Acta Physiol Lat Am 1977; 27: 37-41.

16. Jimenez E, Montiel M, Narvaez JA, et al. Effects of hyper- and hypothyroidism on the basal
levels of angiotensin I and kinetic parameters of renin-angiotensin system in male rats. Rev
Esp Fisiol 1982; 38: 149-154.

17. Marchant C, Brown L and Sernia C. Renin-angiotensin system in thyroid dysfunction in rats.
J Cardiovasc Pharmacol 1993; 22: 449-455.

18. Kobori H, Ichihara A, Suzuki H, et al. Thyroid hormone stimulates renin synthesis in rats with-
out involving the sympathetic nervous system. Am J Physiol 1997; 272: E227-E232.

19. Kobori H, Ichihara A, Suzuki H, et al. Role of the renin-angiotensin system in cardiac hyper-
trophy induced in rats by hyperthyroidism. Am J Physiol 1997; 273: H593-H599.

20. von Elm E, Altman DG, Egger M, et al. The strengthening the reporting of observational stud-

ies in epidemiology (STROBE) statement: guidelines for reporting observational studies. Ann
Intern Med 2007, 147: 573-577.



Science Progress 108(2)

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zdrojewicz Z. Plasma renin activity in women with hyperthyroidism. Pol Arch Med Wewn
1991; 86: 101-106.

Ichihara A, Kobori H, Miyashita Y, et al. Differential effects of thyroid hormone on
renin secretion, content, and mRNA in juxtaglomerular cells. 4m J Physiol 1998; 274:
E224-E231.

Kobori H, Hayashi M and Saruta T. Thyroid hormone stimulates renin gene expression
through the thyroid hormone response element. Hypertension 2001; 37: 99-104.

Churchill PC, Churchill MC and McDonald FD. Evidence that beta 1-adrenoceptor activa-
tion mediates isoproterenol-stimulated renin secretion in the rat. Endocrinology 1983; 113:
687-692.

Dillmann WH. Cellular action of thyroid hormone on the heart. Thyroid 2002; 12: 447-452.
Napoli R, Biondi B, Guardasole V, et al. Impact of hyperthyroidism and its correction on vas-
cular reactivity in humans. Circulation 2001; 104: 3076-3080.

Laragh JH and Sealey JE. Relevance of the plasma renin hormonal control system that regu-
lates blood pressure and sodium balance for correctly treating hypertension and for evaluating
ALLHAT. Am J Hypertens 2003; 16: 407-415.

Holmer SR, Hengstenberg C, Mayer B, et al. Marked suppression of renin levels by
beta-receptor blocker in patients treated with standard heart failure therapy: a potential mech-
anism of benefit from beta-blockade. J Intern Med 2001; 249: 167-172.

Kahaly GJ and Dillmann WH. Thyroid hormone action in the heart. Endocr Rev 2005; 26:
704-728.

Hoit BD, Khoury SF, Shao Y, et al. Effects of thyroid hormone on cardiac beta-adrenergic
responsiveness in conscious baboons. Circulation 1997; 96: 592-598.

Zhang X, Chen L, Sheng J, et al. The association of autoantibodies in hyperthyroid heart dis-
ease combined with pulmonary hypertension. Int J Endocrinol 2019; 2019: 9325289.
Barbesino G and Tomer Y. Clinical review: clinical utility of TSH receptor antibodies. J Clin
Endocrinol Metab 2013; 98: 2247-2255.

Phuyal P, Bhutta BS and Nagalli S. Hypokalemic periodic paralysis. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing, 2024, pp.1-29.

Takeda R, Morimoto S, Uchida K, et al. Changes in plasma renin activity and plasma aldos-
terone in the induced paralytic attack of thyrotroxic periodic paralysis. Acta Endocrinol
(Copenh) 1976; 82: 715-727.

Balhana S, Pina H, Machete M, et al. Conn’s syndrome: an unusual cause of periodic paraly-
sis. Cureus 2022; 14: €24880.

Bader M and Ganten D. Update on tissue renin-angiotensin systems. J Mol Med (Berl) 2008;
86: 615-621.

Nehme A, Zouein FA, Zayeri ZD, et al. An update on the tissue renin angiotensin system and
its role in physiology and pathology. J Cardiovasc Dev Dis 2019; 6: 14.

Sernia C, Marchant C, Brown L, et al. Cardiac angiotensin receptors in experimental hyper-
thyroidism in dogs. Cardiovasc Res 1993; 27: 423-428.

Fukuyama K, Ichiki T, Takeda K, et al. Downregulation of vascular angiotensin II type 1
receptor by thyroid hormone. Hypertension 2003; 41: 598-603.



Wang et al. 15

40. Quadbeck B, Hoermann R, Hahn S, et al. Binding, stimulating and blocking TSH receptor
antibodies to the thyrotropin receptor as predictors of relapse of Graves’ disease after with-
drawal of antithyroid treatment. Horm Metab Res 2005; 37: 745-750.

41. Schott M, Minich WB, Willenberg HS, et al. Relevance of TSH receptor stimulating and
blocking autoantibody measurement for the prediction of relapse in Graves’ disease. Horm
Metab Res 2005; 37: 741-744.

42. Eckstein A, Esser J, Mann K, et al. Clinical value of TSH receptor antibodies measurement in
patients with Graves’ orbitopathy. Pediatr Endocrinol Rev 2010; 7: 198-203.



	 Introduction
	 Materials and methods
	 Participants
	 Clinical characteristics and data
	 Statistical analysis

	 Results
	 Characteristics of patients with hyperthyroidism
	 Biochemistry
	 Association and predictive value among renin, thyroid biomarkers, and clinical outcomes
	 Factors and impacts on time to euthyroid

	 Discussion
	 Conclusions
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


