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Background: Cardiac re-expression of fetal genes in patients with heart failure (HF)
suggests the presence of low cardiac tissue thyroid hormone (TH) function. However,
serum concentrations of T3 and T4 are often normal or subclinically low, necessitating
an alternative serum biomarker for low cardiac TH function to guide treatment of these
patients. The clinical literature suggests that serum Brain Natriuretic Peptide (BNP) levels
are inversely associated with serum triiodo-L-thyronine (T3) levels. The objective of
this study was to investigate BNP as a potential serum biomarker for TH function in
the heart.

Methods: Two animal models of thyroid hormone deficiency: (1) 8-weeks of propyl
thiouracil-induced hypothyroidism (Hypo) in adult female rats were subsequently treated
with oral T3 (10 µg/kg/d) for 3, 6, or 14 days; (2) HF induced by coronary artery ligation
(myocardial infarction, MI) in adult female rats was treated daily with low dose oral T3
(5 µg/kg/d) for 8 or 16 wks.

Results: Six days of T3 treatment of Hypo rats normalized most cardiac functional
parameters. Serum levels of BNP increased 5-fold in Hypo rats, while T3 treatment
normalized BNP by day 14, showing a significant inverse relationship between serum
BNP and free or total T3 concentrations. Myocardial BNP mRNA was increased 2.5-
fold in Hypo rats and its expression was decreased to normal values by 14 days of
T3 treatment. Measurements of hemodynamic function showed significant dysfunction
in MI rats after 16 weeks, with serum BNP increased by 4.5-fold and serum free
and total T3 decreased significantly. Treatment with T3 decreased serum BNP while
increasing total T3 indicating an inverse correlation between these two biologic factors
(r2 = 0.676, p < 0.001). Myocardial BNP mRNA was increased 5-fold in MI rats which
was significantly decreased by T3 over 8 to 16 week treatment periods.

Conclusions: Results from the two models of TH dysfunction confirmed an inverse
relationship between tissue and serum T3 and BNP, such that the reduction in serum
BNP could potentially be utilized to monitor efficacy and dosing of T3 treatment. Thus,
serum BNP may serve as a reliable biomarker for cardiac TH function.
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INTRODUCTION

In recent years, numerous clinical studies have shown a
significant association between low thyroid hormone (TH)
function and worsening cardiac function, and increased mortality
in heart failure (HF; Tseng et al., 2012; Mitchell et al., 2013;
Chuang et al., 2014; Wang et al., 2015; Brozaitiene et al., 2016;
Gil-Cayuela et al., 2017, 2018; She et al., 2018; Sato et al.,
2019). Increased mortality has been reported in patients with
HF within the lower half of the normal reference range for T3
compared to the upper half (Sato et al., 2019). Nonetheless,
low TH function in patients with heart disease typically goes
untreated largely due to many unanswered questions related
to treatment optimization, fear of inducing arrhythmias, and
identification of the patient cohort that may obtain the greatest
benefit from treatment.

In response to these concerns, a serum biomarker reflecting
cardiac tissue TH function is needed. Ideally, the serum
biomarker should be secreted by the myocardium into the
circulation when cardiac tissue TH function is below normal,
and then be suppressed when TH function is normalized by
treatment. A search of the pre-clinical and clinical literature
suggests that the fetal gene B-type or Brain Natriuretic Peptide
(BNP) may serve this purpose. Two small clinical trials using
T3 treatment of HF patients supports this hypothesis. Amin
et al. (2015) demonstrated improvement of LV function in
T3 treated HF patients who had a significant reduction in
serum BNP levels. Holmager et al. (2015) found that when
BNP levels were unchanged in HF patients treated with T3,
no improvement in cardiac function was recorded, suggesting
inadequate dosing. These examples indicate the potential value
of a serum biomarker that is already in widespread use
and would directly correlate with TH function in the heart
tissue itself. Our extensive experimental studies and those
of other investigators have indicated that serum T3 and T4
do not directly correlate with cardiac tissue hormone levels
and, therefore, another serum biomarker is required to guide
treatment (Escobar del Rey et al., 1989; Escobar-Morreale et al.,
2005; Liu et al., 2008; Weltman et al., 2013). We have published
data that show a correlation of measured cardiac tissue T3
concentration on contractile function that in turn is due to
the effects on expression of T3 responsive genes including
calcium regulatory and myofilament proteins (Weltman et al.,
2013). Those data show that tissue T3 associates directly
with cardiac function as measured by LV rate of pressure
development (+dP/dt and -dP/dt), and that tissue T3 content
determines αMHC expression which in turn correlates with
contractile function.

The objective in the present study was to use expression
of the T3-responsive α-MHC gene as a surrogate of
tissue T3 action and correlate this with tissue BNP
expression and with serum BNP and T3 levels. The
goal is to provide evidence of the utility of serum BNP
as a biomarker of TH action in the heart. These data
are timely in light of an on-going recently funded NIH
clinical study aimed to develop oral L-T3 therapy for
HF (NCT04111536).

MATERIALS AND METHODS

Animal Models and Treatment Protocols
All animals were treated in accordance with the United States
Public Health Service “Guide for the Care and Use of Laboratory
Animals” (Guidelines for the Care and Use of Laboratory
Animals, 2011, 8th edition), and study protocols were approved
by the Institutional Animal Care and Use Committee of the
New York Institute of Technology.

Hypothyroid Model
Adult female Sprague Dawley rats (220–240g; Envigo,
Indianapolis, IN, United States) were randomly assigned to
either hypothyroid or euthyroid groups. Hypothyroidism
was established by 8 weeks of treatment with 0.025% 6-n-
propyl-2-thiouracil (PTU; Sigma, St Louis, MO, United States)
dissolved in drinking water as previously described (Tang
et al., 2005). After 8 weeks of PTU treatment, rats were
randomly assigned to continued PTU treatment or to receive
PTU plus T3 (SigmaAldrich) that was added to the PTU-
containing drinking water for an additional 3, 6, or 14 days.
Assuming no impairment in T3 intestinal absorption, this
oral T3 concentration corresponds to 10 µg/kg/d. Untreated
age-matched rats served as euthyroid controls (EU). Rats were
divided into the following groups (n = number of animals): EU
(n = 8); PTU (n = 9); PTU + 3d T3 (n = 6); PTU + 6d T3 (n = 6),
and PTU + 14d T3 (n = 10). Number of animals/group for some
reported parameters vary as indicated in Figure legends. PTU
was administered for the entire duration of the experiment to
avoid endogenous TH production. Water consumption was
measured twice per week to adjust T3 concentration based on
body weight and water consumed. All animals were kept on a
12-h light, 12-h dark cycle, and food and water were provided
ad libitum.

Heart Failure Model
Adult female Sprague-Dawley rats approximately 3 months of
age (220–250g; Envigo, Indianapolis, IN, United States) were
subjected to left anterior descending coronary artery ligation to
produce myocardial infarction (MI) or underwent sham surgery
without occlusion of the coronary vessel as previously published
(Rajagopalan et al., 2016). The day after surgery, surviving MI
animals were randomized to receive T3 or vehicle in drinking
water for 8 or 16 wks in separate studies, each with appropriate 8
or 16 week sham and vehicle treated groups. T3 was provided in
drinking water at 5 µg/kg/d as reported previously (Rajagopalan
et al., 2016). MI + Veh (vehicle) rats received ethanol/glycerol
formulation in drinking water equivalent to that in the treatment
groups. The rats had access to food and water ad libitum.
The number of animals per group are indicated in the figure
legends, with some differences in numbers depending on the
parameter measured.

Echocardiographic Measurements
At the end of the treatment period, echocardiography was
performed using a GE Vivid 7 Dimension System (GE Vingmed
Ultrasound, Horten, Norway) coupled with a M12L linear
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(Matrix) array ultrasound transducer probe (5–13 MHz). Rats
were lightly anesthetized with isoflurane (1.5%), and a parasternal
short-axis view was obtained in B-Mode and recorded in
M-mode. Body temperature was maintained with a heating
pad for all echocardiographic and hemodynamic measurements.
Myocardial wall movement was traced over three to five cardiac
cycles to measure left ventricular (LV) anterior and posterior
wall thickness in end-diastole and -systole, and LV diastolic and
systolic internal diameters, LV fractional shortening as described
previously (Zhang et al., 2018).

Cardiac Hemodynamic Measurements
Immediately following echocardiographic recordings,
under continued isoflurane anesthesia, right carotid artery
catheterization was performed using a 1.9F pressure catheter
(Transonic SciSense, Canada), and the tip of the catheter was
advanced into the LV as previously published (Zhang et al.,
2018). The following data were recorded over 15–20 min: heart
rate (HR), LV systolic pressure (LVSP), LV end-diastolic pressure
(LVEDP), positive and negative change in LV pressure over time
(±dP/dt), and Tau (time constant for isovolumic relaxation).

Serum Thyroid Hormone and BNP
Assays
Following functional measurements in closed chest animals, a
left thoracotomy exposed the heart, and blood was obtained
from the right ventricular cavity. Blood was left to clot at room
temperature for 30 min and then centrifuged at 1800 rpm for
15 min at 4◦C. Serum was collected, aliquoted, and stored at
−20◦C until it was analyzed. Concentration of the bioactive 45
amino acid BNP molecule was determined by a quantitative
assay based on the competitive enzyme immunoassay principle
(RayBiotech Life, Peachtree Corners, GA, United States). Note:
after testing several commercially available kits for serum BNP
types in rats, this was the most reliable and consistent in
our hands. Analysis of free T3, total T3, and total T4 used
enzyme-linked immunosorbent assay kits according to the
manufacturers’ protocols (Monobind Inc., Lake Forest, CA,
United States). In the 8-wks MI study, we assayed serum
THs and refroze for subsequent BNP assays. Unfortunately, we
discovered that refreezing sera caused significant degradation of
BNP in this assay.

Real-Time Quantitative PCR
Frozen left ventricular tissues were pulverized and ∼50 mg
samples were homogenized in QIAzol lysis reagent. Total
RNA was extracted using RNeasy Mini spin columns (Qiagen,
Germantown, MD, United States) and RNA concentration was
measured by absorbance at 260 nm using a spectrophotometer
(QuickDrop, Molecular Devices). Using anchored-oligo(dT)18
and random hexamer primers (Transcriptor First Strand
cDNA Synthesis Kit, Roche Diagnostics Corp, Indianapolis,
IN, United States), cDNA was reverse transcribed from 0.5–
1 µg RNA. Real-time PCR (StepOnePlus, Applied Biosystems
ThermoFisher) using SYBR Green technology (RT2 SYBR Green
ROX qPCR, Qiagen) was used to amplify Myh6 (α-MHC), Myh7

(β-MHC), and Nppb (BNP) expressed genes with specific primers
designed and verified by Qiagen. GAPDH was used as the house-
keeping gene for normalization of amplified PCR products. Data
analysis used the 11Ct method and results for each gene are
expressed as fold changes relative to the mean value of the
sham or EU groups.

Statistical Analysis
Data are presented as mean ± SD and group means were
compared using one-way ANOVA with Tukey’s post hoc
multiple-group comparisons. Spearman’s correlation analysis
was used to determine the correlation between values. All
data analyses passed tests for normality distribution and
equal variance using GraphPad Prism v7.0 statistical software
(GraphPad Software, Inc., San Diego, CA, United States).
Statistical significance was accepted at p < 0.05.

RESULTS

Hypothyroid Model
Morphometric Changes
As previously reported with Hypo induced by either PTU or
surgical thyroidectomy, weight gain is depressed (Liu et al.,
2008; Weltman et al., 2013). Consequently, body weight was
significantly less in PTU treated rats compared with the EU group
which continued to gain weight (209 ± 16 g vs 256 ± 26 g,
respectively; Supplementary Table). Differences in LV weight
between PTU and EU reflected the combined effects of these
changes in body weight and thyroid status (461 ± 22 mg vs
616 ± 66 mg). After 14 days of T3 treatment, heart weight was
normalized but body weight was not yet fully restored.

Echocardiography Data
Cardiac function declined after PTU treatment with ejection
fraction (EF) values significantly decreased compared to EU
(EF, 70 ± 5 vs 82 ± 1%; Supplementary Table). These
changes were normalized within the 3–14 day period of T3
treatment. Echocardiography showed significant changes in
measures of wall thickness and LV chamber diameters in
both diastole and systole (Supplementary Table). All these
parameters were significantly improved by the third day of
T3 treatment, demonstrating restoration of normal cardiac
dimensions and function. LV internal diameter in systole (LVIDs)
was increased in PTU hearts (4.6 ± 0.4 mm vs 3.5 ± 0.3 mm,
PTU vs EU, respectively, p < 0.05) and by 3 days of T3
treatment, LVIDs decreased significantly to 3.6 ± 0.6 mm.
Posterior wall thickness in systole (PWTs) was significantly
decreased to 1.7 ± 0.0 mm in PTU hearts vs 2.1 ± 0.1 mm
in EU, and normalized to 2.0 ± 0.1 mm after 3 days
of T3 treatment.

Hemodynamic Assessment
Significant bradycardia was apparent in the PTU rats and HR
was increased significantly by day 3 of T3 treatment, and further
normalized by day 6 (Figure 1A). At this T3 dose, HR at 14 days
of T3 treatment was not different than EU controls. LV pressure
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FIGURE 1 | LV hemodynamics in the hypothyroid model. Scatter dot plots show horizontal lines representing group mean SD; each dot represents a measured
value from an individual animal. (A) heart rate (HR); (B) LV maximum systolic pressure (SP); (C) LV end diastolic pressure (EDP); (D) positive (+) and (E) negative (-)
change in pressure over time (±dP/dt); and (F) time constant for isovolumic relaxation (Tau). Animals/group: EU, n = 6; PTU, n = 6; 3d T3, n = 6; 6d T3, n = 6; 14d
T3, and n = 6. Statistical analysis used one-way ANOVA with Tukey’s post hoc multiple-group comparisons. *p < 0.01 vs EU, **p < 0.001 vs EU, †p < 0.05 vs PTU,
#p < 0.01 vs PTU, and ‡p < 0.001 vs PTU.

measurements recorded in lightly anesthetized animals showed
a significant decrease in systolic pressure (SP) and a significant
increase in end diastolic pressure (EDP) in the PTU group
compared with EU and these parameters were normalized with
T3 treatment within 6–14 days (Figures 1B,C). T3 treatment
significantly improved rate of pressure development (+dP/dt)
by 3 days and normalized this parameter within 6 days of
treatment (Figure 1D). During diastole, –dP/dt and the Tau
constant showed significant impairment in the PTU group and
these measurements were improved with T3 treatment within
3–14 days (Figures 1E,F).

Serum TH and BNP Levels
Serum total T3 concentrations were significantly lower in
the PTU group compared with the EU, with serum free T3
trending lower (Figures 2A,B). Serum total T4 was significantly
decreased in PTU rats compared to EU and remained depressed
in the PTU rats treated with T3 as would be expected due
to the inhibitory effects of PTU on thyroperoxidase and on
peripheral tissue conversion of T4 to T3 by inhibiting 5’-
deiodinase (Figure 2C).

Compared to EU rats, serum BNP was significantly increased
by 5-fold in the PTU group (Figure 2D). T3 treatment
significantly lowered serum BNP by day 3, and by day
14 of treatment BNP was not different from EU values.
There were significant inverse correlations between serum
BNP and serum total and free T3 in rats of both PTU and
PTU + 14 days T3 treated groups (Figures 2E,F), with Spearman
correlation coefficients of r2 = 0.296, p = 0.02 and r2 = 0.342,
p = 0.01, respectively.

T3 Regulated Cardiac Genes
The expression of the T3-responsive cardiac myosin heavy
chain genes, α-MHC, and β-MHC, which are involved in active
force generation, were significantly altered in the PTU group
(Figures 3A,B). Within 3 days of T3 treatment, expression
of these two genes was completely normalized. BNP mRNA
content in the PTU rat hearts was significantly increased 2.5-
fold (Figure 3C), consistent with the increase in serum BNP
concentrations (Figure 2D). In contrast to the MHC genes,
expression of BNP was decreased more slowly by T3 treatment,
showing reduced expression by day 6, and reaching EU values
by day 14 of treatment. A significant inverse correlation
(r2 = 0.476, p < 0.001) exists between gene expression of
BNP and α-MHC suggesting negative T3-responsiveness of
the BNP gene (Figure 3D) and a potential association with
tissue T3 content.

MI Model With 16 Weeks T3 Treatment
LV Hemodynamics
Significant LV dysfunction was observed in most hemodynamic
measurements recorded at 16 weeks post-MI including
maximum LV systolic pressure developed (SP) and ±dP/dt
(Figures 4B–F) suggesting HF. The low-dose T3 treatment
for the 16 week period improved these outcomes significantly
without an increase in HR response (Figure 4A).

Serum BNP and THs
Both free and total T3 were significantly lower in the MI
rats after 16 weeks with normal serum T4 indicating low
T3 syndrome (Figures 5A–C). The dose of T3 administered
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FIGURE 2 | Serum thyroid hormone and BNP concentrations in the hypothyroid model. Scatter dot plots show horizontal lines representing group mean ± SD; each
dot represents the value from an individual animal. (A) free triiodo-L-thyronine (T3); (B) total T3; (C) total L-thyroxine (T4); and (D) serum BNP. Animals/group: EU,
n = 7; PTU, n = 8; 3d T3, n = 6; 14d T3, and n = 10. Statistical analysis used one-way ANOVA with Tukey’s post hoc multiple-group comparisons. *p < 0.01 vs EU,
**p < 0.001 vs EU, #p < 0.01 vs PTU, ##p < 0.001 vs PTU, †p < 0.001 vs PTU and 3d T3, and ‡p < 0.0001 vs all groups. (E) correlation between serum BNP and
total T3 in 14d T3 treated rats; Spearman correlation coefficient R2 = 0.296, p = 0.020; and (F) correlation between serum BNP and free T3 in 14d T3 treated rats;
Spearman correlation coefficient R2 = 0.342, p = 0.011. Best fit linear regression line is indicated.

normalized serum T3 concentrations, while total T4 was
significantly reduced as would be expected from negative
feedback regulation of the hypothalamic-pituitary-thyroid axis
(Figures 5A–C). Serum BNP in these rats was significantly
elevated by 4.5-fold compared to sham animals supporting
incidence of HF (Figure 5D). T3 treatment reduced serum BNP
levels significantly compared to vehicle-treated MI rats, while
BNP was still higher than that in sham rats. Importantly, serum
BNP showed significant inverse correlations with both total T3
and free T3 concentrations (r2 = 0.676, p < 0.001 and r2 = 0.412,
p < 0.01, respectively; Figures 5E,F).

MI Model With 8 Weeks T3 Treatment
Morphometric Changes and LV Function
Eight weeks after MI, heart weight and heart to body weight ratios
were significantly (p < 0.0001) increased compared to the sham
animals (ratios: 3.36 ± 0.14, 4.49 ± 0.88, and 4.72 ± 0.40; sham,
MI + Veh, and MI+T3, respectively), indicating hypertrophy.

MI resulted in significant reductions of rates of LV pressure
development and relaxation (±dp/dt), with increased Tau
constant and reduced maximum systolic pressure development
(Figures 6B–F). LV EDP was elevated significantly in MI
(14.3 ± 7.7 vs 2.4 ± 1.4 mmHg) and this was reduced after
8 weeks of T3 treatment (6.7 ± 5.1 mmHg; Figure 6C). HR was
not altered in the MI + Veh group but exhibited a ∼10% increase
with T3 treatment (Figure 6A).

Serum TH Levels
At the end of the 8 wks study period, no differences were observed
in serum free T3 or total T3 concentrations between MI + Veh
and sham groups (Figures 6G,H). However, small but significant

increases were measured with T3-treatment, while total T4 was
decreased as predicted (Figure 6I). We have previously reported
in animal models of HF that the administered dose of T3
preserves cardiac tissue T3 levels while maintaining serum THs
within the normal range (Weltman et al., 2014, 2015).

Gene Expression Studies
Changes in expression of α-MHC were measured at 8 and
16 weeks after MI, while T3 treatment largely reversed these
changes (Figure 7A). BNP mRNA increased significantly by 5-
fold in the MI rats, and this was normalized after 16 weeks of
low dose T3 treatment (Figure 7B). The T3-responsiveness of the
BNP and α-MHC genes showed a significant inverse relationship
with a correlation coefficient of r2 = 0.667 (p< 0.001; Figure 7C).

DISCUSSION

Major Findings
Cardiac tissue from rats with HF or hypothyroidism showed
increased BNP and fetal gene expression. In both cases, T3
treatment improved cardiac function, reversed cardiac fetal
gene expression, downregulated cardiac BNP expression, and
decreased serum BNP. These results indicate that serum BNP
reduction after T3 treatment confirms reversal of cardiac fetal
gene expression, normalization of cardiac TH function, and
improved LV function. This close inverse relationship between
T3 and BNP suggests that BNP may be a reliable serum
biomarker for low cardiac tissue thyroid function in HF and heart
diseases leading to this syndrome. Results from the MI study
suggest that T3 doses may be precisely and safely titrated with
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FIGURE 3 | Expression of cardiac genes in the hypothyroid model. Bar graphs show group mean ± SD and represents the fold change compared to EU group.
(A) myosin heavy chain α isoform (α-MHC); (B) MHC β isoform (β-MHC); and (C) B-type natriuretic peptide (BNP). Animals/group: EU, n = 7; PTU, n = 6; 3d T3,
n = 6; 6d T3, n = 6; and 14d T3, n = 7. Statistical analysis used one-way ANOVA with Tukey’s post hoc multiple-group comparisons. *p < 0.01 vs EU, #p < 0.01 vs
PTU. ##p < 0.05 vs PTU, 3d and 6d T3. (D) correlation between BNP and α-MHC mRNA in 14d T3 treated rats; Spearman correlation coefficient r2 = 0.476,
p < 0.001. Linear regression line is shown.

resulting downregulation of serum BNP reflecting concurrent
reversal of cardiac fetal gene expression and downregulation
of BNP mRNA, changes associated with improvement of
cardiac function.

Low TH Function and HF
Many clinical studies in recent years have shown worsening
outcomes and increased mortality in HF patients with borderline
low TH conditions such as Low T3 Syndrome and subclinical
hypothyroidism (Tseng et al., 2012; Mitchell et al., 2013; Chuang
et al., 2014; Wang et al., 2015; Sato et al., 2019). In fact, a
recent study reported higher cardiac and all-cause mortality in
HF patients in the lower half of the normal reference range for
serum T3 (Sato et al., 2019). While two recent studies showed
low cardiac tissue T3 levels in samples from HF patients (Gil-
Cayuela et al., 2017, 2018), we were unable to confirm the
reliability of the ELISA assay employed in those studies. We are
not aware of any other human cardiac tissue T3 data using the
Mass Spectrometry (MS) method validated by Zucchi’s group
in Italy (Saba et al., 2014), which to our knowledge is the only
group in the world doing this assay. Nonetheless, low cardiac
tissue T3 in human HF is likely since animal studies of heart
diseases have consistently shown a reduction in tissue T3 levels

measured by MS even when serum T3 levels are normal (Pol
et al., 2011; Weltman et al., 2014, 2015). We have conducted
four studies examining rats with graded levels of TH function
(hypothyroidism to hyperthyroidism; Liu et al., 2008; Weltman
et al., 2013), diabetic cardiomyopathy (Weltman et al., 2014),
and hypertension (Weltman et al., 2015), with cardiac tissue
T3 samples analyzed by Zucchi’s group. Pol et al. (2011) also
collaborated with Zucchi to examine cardiac tissue T3 levels in
mice with MI. In all cases, changes in cardiac tissue T3 levels,
TH response genes, and LV function were intimately linked. In
particular, changes in α-MHC/β-MHC ratio serves as a reliable
indicator of cardiac tissue TH activity and T3 levels. It is also
clear from these studies that serum T3 levels do not reflect
cardiac tissue T3 levels in many cases, particularly in borderline
low TH conditions. This underscores a fundamental problem in
treating this condition and highlights the critical need for a serum
biomarker tracking with cardiac tissue TH activity.

T3, BNP, α-MHC Relationship
BNP and NT-proBNP have been used routinely to determine
the severity of human HF. Many clinical studies have shown an
inverse relationship between serum BNP and serum T3 levels
in patients who were not hyperthyroid (Bunevicius et al., 2006;
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FIGURE 4 | LV hemodynamics in the MI model, 16 weeks MI plus vehicle (Veh) or T3 treatment. (A) heart rate (HR); (B) LV maximum systolic pressure (SP); (C) LV
end diastolic pressure; (D) positive (+) and (E) negative (−) change in pressure over time (+/−dP/dt); and (F) time constant for isovolumic relaxation (Tau). Each dot
represents values from one animal. One-way ANOVA with Tukey’s post hoc analysis. *p < 0.05 vs Sham, **p < 0.01 vs Sham, ***p < 0.0001 vs Sham, #p < 0.05 vs
MI + Veh, and ##p < 0.01 vs MI + Veh.

FIGURE 5 | Serum thyroid hormone and BNP concentrations in the MI model, 16 wk MI plus vehicle (Veh) or T3 treatment. (A) free T3; (B) total T3; (C) total T4; and
(D) serum BNP. Animals/group: Sham, n = 7; MI + Veh, n = 6–7; and MI+16-week T3, n = 7–8. One-way ANOVA with Tukey’s post hoc multiple-group comparisons;
*p < 0.05 vs Sham, #p < 0.05 vs MI + Veh. (E) correlation between serum BNP and total T3 of all rats from the study groups; Spearman correlation coefficient
r2 = 0.676, p < 0.001; (F) correlation between serum BNP and free T3; Spearman correlation coefficient r2 = 0.412, p < 0.01. Linear regression line is indicated.

Pinelli et al., 2007; Mayer et al., 2008; Pfister et al., 2010; Du
et al., 2012; Brozaitiene et al., 2016; She et al., 2018; Sato et al.,
2019). Based on this observation, we explored the utility of

BNP as a measure of cardiac tissue TH function using animal
models of hypothyroidism and MI. Upregulation of α-MHC, a
sensitive and proven marker of T3 gene activation within cardiac
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FIGURE 6 | LV hemodynamic measurements and serum thyroid hormone concentrations in 8 wk MI plus vehicle (Veh) or T3 treatment. Scatter dot plots are as
described in the legend to Figure 1. (A) HR; (B) SP; (C) EDP; (D) +dP/dt; (E) -dP/dt; (F) Tau; (G) serum free T3; (H) total T3; and (I) total T4. Animals/group: Sham,
n = 14; MI + Veh, n = 17–20; and MI+8-week T3, n = 11. Statistical analysis used one-way ANOVA with Tukey’s post hoc multiple-group comparisons. *p < 0.05 vs
Sham, #p < 0.05 vs MI + Veh.

FIGURE 7 | Expression of cardiac genes in the MI model (8 wk T3 and 16 wk T3 groups). Bar graphs show group mean ± SD and represents the fold change
compared to the Sham group. (A) α-MHC; (B) BNP. Statistical analysis used one-way ANOVA with Tukey’s post hoc multiple-group comparisons. *p < 0.05 vs
Sham, #p < 0.05 vs MI + Veh. (C) correlation between BNP and α-MHC mRNAs showing individual animal values in all study groups; Spearman correlation
coefficient r2 = 0.667, p < 0.001. MI + Veh includes rats from 8- and 16-week groups. Linear regression line indicated.
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myocytes, was used as a measure of tissue T3 content and thus
was confirmation of a positive T3 response.

Hypothyroidism Increases BNP
The PTU study showed that cardiac tissue BNP mRNA and serum
BNP were increased in hypothyroidism, along with changes
in other known T3-responsive genes including upregulation
of β-MHC and downregulation of α-MHC, changes typical of
HF. T3 quickly reversed expression of these cardiac-specific
fetal genes within 3 days of treatment, with reduction of
serum BNP also noted at that time point. The high levels of
serum BNP as well as myocardial BNP mRNA in the PTU
animals were reduced slowly over the T3 treatment period
until normal levels were attained by day 14, suggesting that
the BNP expression is T3-responsive, but the effect may not
be direct and may involve other regulatory factors including
changes in hemodynamic load. We have used expression of the
α-MHC gene as a measure of tissue T3 content, and in this
regard, as tissue α-MHC increased, BNP mRNA decreased as
supported by the significant inverse correlation of these two
expressed genes.

Notably, the 2.5-fold increase in myocardial BNP mRNA was
reflected in the 5-fold increase in serum BNP concentrations.
Importantly, serum BNP concentrations were reduced slowly
during the 14-day treatment period, similar to BNP mRNA.
Thus, as T3 treatment normalized gene expression and BNP
production and secretion, cardiac contractile function was
similarly improved over time. Thus, we posit that serum BNP is a
valuable biomarker of T3 function in the heart.

As suggested from studies by Gabrielle Escobar (Escobar-
Morreale et al., 2005) and our previous studies (Liu et al.,
2008; Weltman et al., 2013), monotherapy with either T3 or
T4 requires high normal serum doses to fully restore cardiac
tissue TH function in Hypo rats. Escobar also noted that
serum euthyroidism with combined T3 and T4 therapy achieved
restoration of cardiac T3 levels. The high normal T3 dose selected
for the Hypo rats in the current study reflects this situation
and precisely duplicates our previous results (Chen et al., 2013;
Weltman et al., 2014, 2015). There is no evidence that the
Hypo + T3 rats in the current study were hyperthyroid based
on the submitted data. Fortunately, multiple studies from our lab
have clearly demonstrated that, unlike the situation with primary
Hypo, Hypo secondary to heart diseases does not require a higher
dose of T3 for restoration of cardiac tissue TH function (Weltman
et al., 2014, 2015; Zhang et al., 2018). This is fortunate from a
clinical treatment standpoint.

BNP and T3 Treatment of HF
Serum T3 levels were significantly reduced in 16-week but
not 8-week MI rats suggesting progressive deterioration of TH
function in failing hearts. T3 treatment normalized serum free
T3 and total T3 in 16-week MI rats. While T3 treatment led
to a significant increase in serum free T3 and total T3 in
8-week MI rats, it should be noted that values were within
normal ranges with no evidence of induction of hyperthyroidism.
MI-induced HF led to increased β-MHC and BNP, and
reduced α-MHC mRNA levels, and T3 treatment reversed these

changes with improvements in various parameters of cardiac
function. The significant inverse relationship between serum
BNP and T3 suggests that serum BNP may be a reliable and
sensitive biomarker for cardiac tissue TH signaling. Furthermore,
reduction of serum BNP after T3 treatment indicates restoration
of myocardial TH function as evidenced by parallel reversal of
fetal gene expression.

Brain Natriuretic Peptide is a small cardiac natriuretic peptide
hormone first identified in porcine brain tissue (Sudoh et al.,
1988). The human BNP gene is located on chromosome 1
and encodes the prohormone pro-BNP (Hunt et al., 1995). In
the circulation, biologically active BNP is separated from the
n-terminal part of the 76 amino acid prohormone NT-proBNP
(Hunt et al., 1995). BNP is produced mainly in ventricular
myocytes and increased stretch of cardiomyocytes has been
shown to trigger the expression of BNP (Blaauw et al., 2010).
In heart diseases, there is increased expression of BNP, and
other genes that are typically expressed at higher levels during
fetal growth (Man et al., 2018). Many studies have shown that
elevated BNP is an independent predictor of mortality and other
cardiac outcomes in patients with heart diseases (Balion et al.,
2006; Di Angelantonio et al., 2009). BNP is used as a diagnostic,
management, and prognostic tool for HF (Thygesen et al., 2012;
Daubert et al., 2019). An unconfirmed report by Liang et al.
(2003) described a thyroid response element (TRE) on the BNP
gene and T3 induced expression of BNP in neonatal cultured
myocytes. But BNP is generally increased during fetal growth
when TH levels are low, arguing against T3 activation of BNP
(Cameron and Ellmers, 2003).

After a careful survey of the clinical literature, a strong
inverse correlation between serum BNP and T3 in cardiac
patients was noted in most studies (Bunevicius et al., 2006;
Mayer et al., 2008; Pfister et al., 2010; Du et al., 2012;
Brozaitiene et al., 2016; She et al., 2018; Sato et al., 2019).
Indeed, the clinical literature spurred us to conduct the animal
studies reported herein to confirm this inverse relationship.
This consistent inverse correlation between serum BNP and
T3 also suggested that BNP may be a potential biomarker for
low cardiac tissue TH function. While BNP is also increased
in hyperthyroidism (Ozmen et al., 2007), BNP values were
reported to be normal in hyperthyroid patients with normal
cardiac function (Wei et al., 2005), suggesting that stretch
activation rather than elevated TH function was responsible.
Certainly, the use of BNP as a marker of negative regulation
by TH would be irrelevant in hyperthyroid patients who
would never be considered for TH treatment. An inverse
relationship between BNP and T3 has also been reported
in non-cardiac patients with low TH function (Pinelli et al.,
2007). Hajje et al. (2014) showed that PTU treated rats had
increased serum and cardiac tissue BNP, increased β-MHC,
and reduced α-MHC. As expected, these values were normal
6 weeks after restoration of TH function. They did not
investigate temporal downregulation of BNP by T3, mention
the possibility of negative regulation of BNP by T3, or
investigate the potential use of BNP as a biomarker for low
cardiac tissue TH function. Data submitted here and the
preponderance of human data within the normal TH reference
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range and below offers strong support for the diagnostic use of
BNP in this manner.

She et al. (2018) reported BNP values ∼3 times higher
in MI patients just below the normal reference range for
total T3 and free T3 vs those within the normal reference
range. Sato et al. (2019) examined the clinical profiles of HF
patients within the normal reference range of serum total
T3 and free T3. Patients in the lower half of the normal
reference range for free T3 and total T3 had significantly higher
cardiac and all-cause mortality than those in the upper half
of the normal T3 reference range. BNP values for patients
in the lower half were more than double those in the upper
half of the normal reference range. Finally, published T3
treatment studies of HF patients also support our hypothesis.
Pingitore et al. (2008) reported a reduction in serum BNP
in HF patients treated for 3 days with T3. The two clinical
studies cited earlier showed LV functional improvement in T3
treated HF patients with reduced BNP (Amin et al., 2015)
but no improvement when T3 treatment did not reduce
BNP compared to placebo (Holmager et al., 2015). Results
of these clinical studies and our animal experiments here
suggest that serum BNP values could be used to guide low
dose T3 treatment of patients in HF patients with borderline
low TH function and possibly those in the lower half of
the T3 reference range. Importantly, evidence indicates that
reduction of serum BNP confirms restoration of cardiac TH
signaling. We think this report should increase confidence and
precision for TH treatment of patients with borderline low TH
conditions using BNP as a guide for gradual titration of T3
treatment. Changes in serum BNP should also be predictive
of the efficacy of T4 or combination T3/T4 treatment of
cardiac patients.

Additional Clinical Implications
Translation of our findings may result in much broader
benefits than may be initially apparent. A growing body
of evidence suggests that impaired microvascular blood
flow may be a common contributor to most heart diseases
leading to HF. For instance, impaired microvascular blood
flow has been found in ischemic heart disease (non-
infarcted areas; Mygind et al., 2016), idiopathic dilated
cardiomyopathy (van den Heuvel et al., 2000; Roura and
Bayes-Genis, 2009), hypertension (Carrick et al., 2018), and
diabetic cardiomyopathy (Kibel et al., 2017; Sara et al., 2019).
Impaired microvascular blood flow may also be a major
contributor to HFpEF (Srivaratharajah et al., 2016; Dryer
et al., 2018), for which there is no effective treatment at
present. Cumulative human and animal data suggest that
impaired microvascular blood flow may be due to low TH
function in affected tissues. Indeed, microvascular blood
flow is impaired in non-cardiac patients with subclinical
hypothyroidism (Baycan et al., 2007). Recent rat studies from
our group have shown that in hypertension (Carrillo-Sepulveda
et al., 2019) and ischemic HF (Zhang et al., 2018), aortic
rings are less responsive to the vasodilator acetylcholine.
Pre-incubation with T3 largely restores vessel responsiveness
toward normal. When considering the ubiquitous nature

of fetal gene re-expression in heart diseases leading to
HF and the likelihood that impaired microvascular blood
flow is due to low TH function, restoration of normal
TH function may have significant consequences for a
broad range of cardiac patients. Additional benefits include
improved LV contraction/relaxation, reduced fibrosis, reduced
inflammation, and reduced cardiac morbidity and mortality.
We are optimistic that these predictions based on scientific
observations will form the basis for more clinical trials to
test the potential efficacy of TH treatment in patients with
cardiovascular diseases. Coronary blood flow measurements
are not listed in the protocol (NCT04111536) for the just
initiated NIH-funded T3 treatment of HFpEF patients
led by Anne Cappola at U Penn. We think this should be
a consideration.

Study Limitations
It is difficult to distinguish whether effects of T3 treatment
on BNP are direct or secondary. Indeed, changes in gene
function, cardiac function, and remodeling are so intimately
linked that cause-effect relationships are generally impossible
to discern. In both models, T3 induced LV unloading and,
by inference, reduced stretch activation of BNP as evidenced
by reduced LVEDP.

Results from this study confirm a strong inverse correlation
between BNP and T3 in heart diseases and suggest an
important new use for this commonly used serum biomarker.
We have not yet investigated the mechanism by which T3
may lead to downregulation of BNP. Potential mechanisms
of negative regulation of genes by T3 are poorly understood.
A previous report indicated the presence of a TRE distal
from the promoter region of the human BNP gene (-1000;
LaPointe, 2005). This may be a fruitful direction for future
studies. Regarding the best studied gene negatively regulated
by T3, β-MHC, a unique situation involves microRNAs
localized within the α-MHC gene (Callis et al., 2009).
It will likely take many years to fully understand the
molecular mechanism of this inverse relationship between BNP
and T3; however, the present report should stimulate more
work in this area.

CONCLUSION

Published clinical and animal studies to date suggest a strong
inverse relationship between serum BNP and T3 in HF. Rat
studies reported here confirm this relationship while also
showing that when T3 treatment reduces serum BNP, this is
associated with reversal of cardiac fetal genes and improvement
in cardiac function. We believe that BNP may be a useful serum
biomarker to guide T3 treatment in HF.
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