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Objective: The human heart expresses the type 2 deiodinase (D2) that activates thyroxine (T4) to triiodothy-
ronine (T3). At the same time, the inactivating type 3 deiodinase (D3) has been found in a rat model of right
ventricular hypertrophy. It is not known whether the human myocardium metabolizes thyroid hormone. This
study examined myocardial thyroid hormone metabolism in patients with aortic valve stenosis (AS) undergoing
aortic valve replacement and in patients with coronary artery disease (CAD) undergoing coronary artery bypass
grafting surgery.

Methods: Myocardial thyroid hormone metabolism was assessed by analyzing the difference in serum thyroid
hormone levels between the aortic root (incoming blood) and the coronary sinus (outgoing blood) of patients
undergoing cardiac surgery. A total of 23 patients with AS and 35 patients with CAD were included. Patients
received a pre-surgical echocardiogram, and pre-, during and post-surgical thyroid hormone serum levels were
collected in the myocardial and peripheral circulations.

Results: Patients with AS exhibited the expected left ventricle (LV) hypertrophy (i.e., 20-30% increase in LV
posterior wall and interventricular septum thickness and ~ 10% increase in AS in LV diastolic diameter).
Immediately before cardiopulmonary bypass, blood flowing through the AS myocardium exhibited a 4.6%
reduction in T3 and 6.9% increase in rT3 levels, decreasing the serum T3/rT3 ratio by 9.6%. T4 and thyrotropin
serum levels remained similar between the aortic root and coronary sinus. In contrast, no myocardial thyroid
hormone metabolism was observed in CAD patients. Notably, the AS myocardium lost the ability to inactivate
thyroid hormone after cardiopulmonary bypass, possibly due to myocardial stunning.

Conclusions: There is accelerated thyroid hormone inactivation in the AS myocardium, which is likely the
result of D3 expression. No evidence to suggest thyroid hormone activation in the myocardium was obtained in
the present study.
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Introduction

IN CONTRAST TO OTHER metabolically relevant hormones,
thyroid hormone levels in the circulation are relatively
stable in adults, only changing significantly during fasting or
severe illness (1). This contrasts with rapid metabolism of
thyroid hormone inside most tissues related to the action
of deiodinases. In fact, thyroid hormone is secreted from
the thyroid gland predominantly as thyroxine (T4) a pro-
hormone that can be activated by conversion to 3,3",5-
triiodothyronine (T3) inside multiple cell types spread
throughout the body. Two deiodinases, type 1 and type 2 (D1,
D2), are responsible for >80% of T3 available in the circu-

lation. Extrathyroidal deiodination can also inactivate thyroid
hormone by converting T4 to 3,3”,5’-T3 (rT3) or T3 to 3,5-T2
via D3, a reaction that terminates thyroid hormone action.
Thus, the intracellular concentration of T3 in a given tissue is
not only affected by serum T3 levels but also by the types of
deiodinases locally expressed and their activity (2). Of note,
the human heart is a target of thyroid hormones and deiodi-
nases expressed in the myocardium could potentially control
local thyroid hormone concentration and action. This is rel-
evant, as thyroid hormones are key regulators of myocardial
contractility, heart rate, and cardiac output.

The healthy human myocardium expresses Dio2 and thus
is potentially capable of generating T3 inside the muscle fiber
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(3,4). The commonly prescribed antiarrhythmic amiodarone
and its active metabolite are noncompetitive inhibitors of D2
(5), which could contribute to the antiarrhythmic efficacy of
amiodarone (6). Mouse models in which human Dio2 is ec-
topically expressed in the myocardium (z-MHC-D2) develop
an increased T3 content of about 30% (7,8). These animals
have normal thyroid function tests but their hearts exhibit
greater capacity to generate cyclic adenosine monophosphate
(9) and increased glucose uptake (10). Notably, such studies
showed that D2 activity in the myocardium is protective
against adverse myocardial remodeling caused by pressure
overload (8) or doxorubicin-induced chemical injury (10).
D2 also provides a host of mechanical improvements to the
heart such as increased fractional shortening, velocity of
circumferential fiber shortening, peak aortic outflow velocity,
and aortic velocity acceleration (8).

Notably, a knock-in mouse model of inherited dilated
cardiomyopathy with a deletion mutation (DeltaK210) in the
cardiac troponin T gene exhibits an increase in myocardial
Dio2 mRNA and activity likely as a result of generalized
activation in cyclic adenosine monophosphate—dependent
pathways (11). Similarly, post-myocardial infarction mice
develop markedly enlarged hearts with left ventricular (LV)
systolic dysfunction and marked up-regulation of Dio2
mRNA expression in the heart (11). While a direct involve-
ment of D2-generated T3 in myocardial disease mechanisms
has not been established, it is possible that chronic activation
of D2 expression in the setting of a preexistent myocardial
condition might not be beneficial and even be maladaptive.

Severe illnesses associated with tissue ischemia/hypoxia
result in expression of D3 in skeletal muscle and liver (12),
which could potentially dampen thyroid hormone signaling.
In addition, increased myocardial Dio3 expression has been
observed in animal models of myocardial infarction (13) and
chronic pulmonary hypertension with right ventricular hy-
pertrophy (RVH). Notably, D3 activity in the RVH model is
associated with a decrease in T3 content only in the RV
myocardium, underlying the role of tissue hypoxia in the
regulation of thyroid metabolism in the heart (14,15).

The presence of Dio2 or Dio3 mRNA and/or the detection
of in vitro D2 or D3 activity in the human or mouse myocar-
dium is not conclusive evidence that these pathways are active
and physiologically relevant in vivo or play arole in the setting
of cardiac disease. Therefore, this study was conducted in
patients with aortic stenosis (AS) and coronary artery disease
(CAD) undergoing heart surgery as a way to characterize
thyroid metabolism in the human heart as well as to test
whether left ventricular (LV) hypertrophy and ischemia affect
thyroid metabolism within the human myocardium.

Methods
Study population

The study included patients between 18 and 80 years of age
undergoing open heart surgery due to severe AS or stable
CAD at the Heart Institute of the University of Sao Paulo
Medical School. Exclusion criteria included current or prior
thyroid disease or use of thyroid hormones or amiodarone,
previous head or neck irradiation, use of corticosteroids
within the three weeks before surgery or during the proce-
dure, moderate or severe myocardial dysfunction (LV ejec-
tion fraction <45%), chronic kidney disease (creatinine
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>1.5mg/dL), acute coronary syndromes, emergency or
combined aortic and coronary artery bypass grafting (CABG)
surgeries. The protocol was approved by the local institu-
tional review board and followed principles outlined in the
Declaration of Helsinki. Informed consent form was signed
before the inclusion of patients in the study.

Heart imaging

Enrolled patients underwent coronary angiography ap-
proximately 2—4 months before surgery. In addition, patients
underwent pre-operative echocardiography (Table 1). LV
ejection fraction was used to estimate ventricular function
except in 8 CAD patients in which LV ejection fraction and
function was estimated through myocardial scintigraphy. The
interventricular septum and LV posterior wall thickness, as
well as LV diastolic and systolic diameters were used to
analyze ventricular mass and hypertrophy. Left atrium size
was also analyzed.

Study design

Patients with severe AS underwent valve replacement with
a bioprosthesis (AS group) while those with CAD were
treated with coronary artery bypass grafting (CABG). As the
participants were recruited to the protocol one day before
surgery, staging of the disease severity and surgical indica-
tion was left to the physician’s discretion. It was up to the
surgeon at the time of surgery to utilize cardiopulmonary
bypass (CPB) or to operate off-pump; cardioplegia was also
managed by the surgeon.

In patients undergoing CPB, myocardial thyroid hormone
metabolism was assessed at two moments during surgery: at
the baseline time-point, immediately before the aorta was
clamped—about 2 and 3 h after intubation in AS and CAD
patients respectively, and conclusion time-point, about 6 min
after the aorta was unclamped (Fig. 1). In patients that were

TABLE 1. BASELINE CHARACTERISTICS OF PATIENTS
ENROLLED IN THE STUDY

Baseline characteristics CAD (n=235) AS (n=23)
Age (years) 61.218.3 60.0£13.2
Hypertension (%) 82.9 65.2
Diabetes (%) 45.7 36.4
Dyslipidemia (%) 88.6 26.1
Hemoglobin (g/dL) 13.9+1.8 13.9+1.7
Creatinine (mg/dL) 1.11£0.20 1.11+£0.23
LVEF (%) 58.9+8.6 62.2+8.3
IVS (mm) 10.3x£1.7 12.8£2.5%
LVPW (mm) 99+1.6 12.0£2.1*
LA (mm) 38.2%6.1 41.2+4.1
LVDD (mm) 49.5+5.1 53.7+8.3%*
LVSD (mm) 33.4£53 34773

Values are the meanztstandard deviation (SD); *p<0.0001,
*#*p=0.0202 vs. CAD by unpaired two-tailed Student’s t-test; eight
CAD patients did not have the echo studies before surgery for
operational reasons.

AS, aortic stenosis; CAD, coronary artery disease; IVS, inter-
ventricular septum thickness; LA, left atrium diameter; LVDD, left
ventricular diastolic diameter; LVEF, left ventricular ejection
fraction; LVPW, left ventricular posterior wall thickness; LVSD,
left ventricular systolic diameter.
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FIG. 1. Graphical repre-
sentation of a coronal section
of the heart exhibiting the
four chambers and main
vessels as indicated. Note the
location of the aortic root and
coronary venous sinus where
blood samples were ob-
tained. Also shown is the
time line observed in all
three groups of patients.
CABG, coronary artery by-
pass grafting; CPB, cardio-
pulmonary bypass—the
period time between clamp-
ing and unclamping the aor-
ta; I, intubation time; OFF-
pump, period of time during
which grafting took place;
S1, baseline time point; S2,
conclusion time point.

Coronary Artery Disease
CABG

Aortic Stenosis
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kept off-pump during CABG, myocardial thyroid hormone
metabolism was assessed at baseline immediately before
grafting was initiated, and at conclusion, immediately after
the implants were in place (Fig. 1).

Heart blood samples were collected from the aortic root
(incoming coronary blood) and coronary venous sinus (heart
circulation drainage site). Samples of the arterial blood en-
tering the coronary arteries were collected from the cardio-
plegia catheter inserted in the aortic root. Venous blood
samples from the coronary sinus were collected through a
central line inserted into the coronary sinus during surgery. In
the off-pump patients, baseline and conclusion samples were
collected before and after coronary revascularization and
aortic root samples were collected from the radial artery as
off-pump CABG does not require aortic root puncture.

Peripheral blood samples and analytical procedures

Peripheral blood samples were collected to evaluate changes
in systemic thyroid hormone concentrations induced by cardiac
surgery. Samples were collected from the proximal access of
the central catheter at different time points during the proce-
dure: (i) preoperative, just after intubation, (ii) before aortic
clamping, (iii) 6 minutes after removal of aortic clamp, and
(iv) 6 hpostoperative and (v) 24 h postoperative time, defined by
the time patients were admitted to the postoperative care unit.
All blood samples were stored in test tubes containing ethyle-
nediamine tetra-acetic acid. Total and free T4, total T3, and
thyrotropin (TSH) were measured using a chemiluminescence
immunoassay (Immulite 2000 Siemens Healthcare Diagnostics
Products, Marburg, Germany). r'T3 was measured using tan-
dem mass spectrometry (API 3000 tandem mass spectrometer,
SCIEX, Toronto, Canada). Interleukin-6 and tumor necrosis
factor-alpha measurements were also performed by chemilu-
minescence (Immulite 1000, Siemens Medical Solutions Di-
agnostics, Los Angeles, CA). C-reactive protein (CRP) was
quantified by immunophelometry (BN II Systems and CAR-
DIO PHASE® hs-CRP kit, Siemens Healthcare Diagnostics
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Products, Marburg, Germany). Troponin I was measured by
direct chemiluminescence (ADVIA Centaur Tnl-Ultra kit and
device, Siemens Healthcare Diagnostics, Tarrytown, NY).
Mass creatine kinase myocardial b fraction (CK-MB) was also
quantified by direct chemiluminometry (ADVIA Centaur
CKMB kit and device, Siemens Healthcare Diagnostics, Tar-
rytown, NY). Free T4 was not considered in central blood
samples because heparin infused at the time of CPB reacts with
T4-binding proteins and leads to an overestimation of free T4
concentrations.

Cardiac troponin I and CK-MB were measured 6 and 24 h
postoperative blood samples to estimate the ischemic burden
during surgery. Interleukin 6, tumor necrosis factor-alpha,
and CRP were measured at after removal of the aortic clamp
and 24 h post-operative to evaluate the inflammatory re-
sponse associated with each surgical procedure.

Statistical analysis

Peripheral blood sample comparisons were done with AN-
OVA followed by Bonferroni’s test when statistical difference
was initially detected. In central blood samples, one-tailed
paired Student’s #-tests were performed to analyze aortic root-
to-coronary sinus differences within the same group. For base-
line and procedure characteristics, Chi-square, Student’s #-test
or ANOVA were used as indicated. For time comparisons,
Kruskal-Wallis and Mann-Whitney tests were performed. Data
were analyzed using PRISM software. A p value <0.05 was
considered statistically significant.

Results

Between April 2012 and May 2014, a total of 64 patients
were enrolled in the study. Of these, six were excluded due to
subclinical hypothyroidism (4), use of amiodarone during
surgery (1) or technical limitations in the collection of central
blood samples (1). Of the 58 subjects included in the study,
23 had AS and 35 had CAD. Age, incidence of comorbidities,
hemoglobin, and serum creatinine levels were similar in both
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groups (Table 1). LV posterior wall and interventricular
septum thickness were significantly increased in the AS
versus CAD group (respectively, 12.0£2.1 vs 9.9+ 1.6 mm
and 12.8+£2.5 vs 10.3+£1.7mm, p<0.0001 for both com-
parisons). Diastolic diameter was also greater in the AS
hearts (53.7+8.3 vs. 49.5+5.1 mm, p=0.02).

The AS, but not the CAD, myocardium
consumes thyroid hormone

The baseline data in the AS patients indicate that thyroid
hormone is consumed during the <5s required for blood to
flow through the AS myocardium. Serum T3 levels decreased
by 4.6%, from 0.87 £0.26 in the aortic root to 0.83 +0.24 ng/
mL in the coronary sinus (p=0.022; Table 2). In contrast,
T3 levels increased by 6.9%, from 0.18 £0.07 in the aortic
root to 0.20£0.07 ng/mL in the coronary sinus (p=0.040;
Table 2). As a result, the serum T3/rT3 ratio decreased by
9.6%, from 5.0 in the aortic root to 4.5 in the coronary sinus
(p=0.02; Table 2, Fig. 2). In contrast, at baseline there was
no evidence of thyroid hormone activation or consumption in
CAD patients. No differences in thyroid hormone levels were
observed as a result of blood flowing through the CAD
myocardium (Table 2, Fig. 2).

No differences in T4 levels were observed across the AS
and CAD myocardial circulation (Table 2). Serum TSH
levels were used as an internal control given that TSH is not
known to be taken up by or undergo metabolic breakdown by
the myocardium. No differences in serum TSH were ob-
served as a result of AS or CAD myocardial blood flow
(Table 2).

Given that consumption of T3 by the AS myocardium is
likely the result of LV hypertrophy and D3 expression
(14,15), we looked for a correlation between LV wall
thickness and T3 consumption, T3 production, or a decrease
in T3/rT3 ratio, but none was detected at a statistically sig-
nificant level (data not shown).

TABLE 2. SERUM THYROID HORMONE LEVELS IN THE
“BASELINE”’ BLOOD SAMPLES ACCORDING TO THE SITE
WHERE BLOOD WAS COLLECTED AND TYPE OF DISEASE

Coronary
Baseline Aortic root venous sinus P
AS
T3 (ng/mL) 0.87£0.26 0.83+0.24 0.022
T3 (ng/mL) 0.18+£0.07 0.20£0.07 0.040
T3/T3 5.0x£1.97 4.52+1.77 0.02
T4 (ng/mL) 86.2+£22.3 86.5+20.5 0.412
TSH (uU/mL) 1.22+0.86 1.23+0.87 0.374
CAD
T3 (ng/mL) 0.83+£0.32 0.82+0.30 0.446
T3 (ng/mL) 0.20£0.08 0.20+0.08 0.964
T3/T3 4.46+1.81 4.54+1.88 0.402
T4 (ng/mL) 90.7+25.7 88.8+£27.2 0.964
TSH (uU/mL) 1.38+£1.26 1.43+1.34 0.067

Values are the mean+ SD.

Reference ranges for peripheral blood are: T3(0.7-1.8 ng/mL); rT3
(0.10-0.24 ng/mL); T4 (45-120ng/mL); TSH (0.45-4.5 pU/mL).

Statistical analysis was by paired Student’s z-test.

T3, 3,3’,5'-T3; T3, triiodothyronine; T4, thyroxine; TSH, thyrotropin.
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Heart surgery modifies myocardial
thyroid hormone economy

The study of thyroid hormone levels performed after the
surgery allowed us to examine how three modalities of heart
surgery affected myocardial thyroid hormone metabolism: (i)
aortic valve replacement, (ii)) CABG with CPB (n=23), or
(iii) off-pump CABG (n=12). In the three cases, blood from
the aortic root and the coronary sinus was collected after
minutes of unclamping the aorta (patients who underwent
CPB) or immediately after grafting was finished (off-pump
CABG). Remarkably, the differences in thyroid hormone
levels seen after AS myocardium circulation were dissipated
(Table 3). Specifically, T3 and rT3 levels were not affected
by the myocardial circulation and the T3/rT3 ratio remained
stable at 4.62 £ 1.96 in the aortic root versus 4.44 + 1.70 in the
coronary sinus (p=0.277). At the same time, no significant
myocardial thyroid hormone metabolism was observed in the
CAD patients immediately after the aorta was unclamped or
grafting was finished (Table 3).

A noticeable aspect was an approximately 14.5% increase
in serum T4 levels and an approximately 10.7% increase in
serum T3 levels due to myocardial circulation (Table 3;
8.09+2.83 vs. 9.26+3.80 ug/dL, p=0.01) in patients un-
dergoing off-pump CABG. Only a minimal trend (1.7-2.5%
elevation in T4 levels after myocardial circulation) was ob-
served in patients undergoing the other two types of surgeries
(Table 3). Despite heart surgery, serum TSH levels remained
stable while flowing through the myocardium (Table 3).

Systemic thyroid hormone levels

All patients exhibited systemic changes in serum thyroid
hormone levels characteristic of nonthyroidal illness. Overall,
there was a 40-50% drop in systemic T3 at 6 and 24 h after
surgery (Table 4). The decline in serum T3 was detected early,
prior to CPB, possibly due to fasting and/or anesthesia (Table 4).
In contrast, surgery was associated with a 2- to 3-fold increase
in serum rT3 levels (Table 4). A mild but significant reduction
in serum T4 levels, in the absence of changes in free T4, was
seen through the surgical procedure, whereas serum TSH
levels dropped substantially in all groups (Table 4).

Myocardial necrosis and inflammatory markers

Biomarkers reflecting myocardial necrosis were similar in
all groups 6 and 24 h after surgery (Table 5). Although we
expected off-pump CABG to be a less aggressive procedure,
inflammatory and myocardial necrosis markers showed the
opposite. Serum levels of inflammatory markers also be-
haved similarly among groups, except for CRP 24 h, which
was higher in off-pump CABG patients compared with CPB
CABG patients or AS patients (Table 5).

Discussion

To our knowledge the present study provides the first di-
rect evidence that thyroid hormone is metabolized in the
human heart. The results indicate that in patients with AS the
human myocardium predominantly inactivates thyroid hor-
mone. Based on animal studies (15-18), there is probably
local dampening of thyroid hormone signaling in the AS
myocardium. The fact that thyroid hormone inactivation was
detected in the AS patients with cardiac hypertrophy is
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reminiscent of a rat model of D3 expression in the myocar-
dium (15). In this model, Dio3 is induced by hypoxia and/or
ischemia, dampening local thyroid hormone signaling. No
significant thyroid hormone metabolism was observed in
patients with CAD, which is unexpected given the reports of
D2 expression in human hearts (3,4).

The heart is not the only tissue expressing Dio3 in response
to hypoxia/ischemia. D3 activity was detected in ischemic
human tissues such as liver and skeletal muscle removed
from critically ill patients immediately after death (12). Gi-
ven that thyroid hormone levels in these tissues are reduced

TABLE 3. SERUM THYROID HORMONE LEVELS
IN THE ‘“CONCLUSION’’ BLOOD SAMPLE ACCORDING
TO THE SITE WHERE BLoOD WAS COLLECTED
AND TYPE OF SURGICAL PROCEDURE

Aortic Coronary
Conclusion sample root venous sinus p
Valve replacement
T3 (ng/mL) 0.75+0.14 0.74+0.13 0.335
T3 (ng/mL) 0.18%£0.05 0.18+0.04 0.421
T3/T3 4.62+£1.96 4.44+1.70 0.277
T4 (ng/mL) 77.0£13.6 789+11.7 0.048
TSH (uU/mL) 2.09+1.85 2.08+1.96 0.432
CABG off-pump
T3 (ng/mL) 0.75£0.29 0.83+0.30 0,021
rT3 (ng/mL) 0.20£0.11 0.23+0.12 0,084
T3/1T3 431+2.24 4431225 0.088
T4 (ng/mL) 80.9+28.3 92.6+38.0 0,010
TSH (uU/mL) 1.94+3.09 1.68+2.73 0,168
CABG CPB
T3 (ng/mL) 0.67+0.22 0.68+0.24 0.342
T3 (ng/mL) 0.15£0.03 0.15+0.03 0.074
T3/T3 4.60£1.99 4.86x2.14 0.103
T4 (ng/mL) 64.2+13.8 65.3+13.6 0.093
TSH (¢U/mL) 1.29+0.65 1.27+0.58 0.213

Values are the mean £ SD.

Reference ranges for peripheral blood are: T3 (0.7-1.8 ng/mL); rT3
(0.10-0.24 ng/mL); T4 (45-120 ng/mL); TSH (0.45-4.5 uU/mL).

Statistical analysis was by paired Student’s z-test.

CABG, coronary artery bypass grafting; CPB, cardiopulmonary
bypass.

(12,19), one could speculate that there is local acceleration in
thyroid hormone inactivation and hypothyroidism. However,
serum thyroid hormone levels are also low in these patients
and thus the local role played by D3 remains undefined. In an
animal model in which rats develop pulmonary hypertension
and concentric RVH with congestive heart failure, there is a
9-fold increase in D3 activity only in the RV (15). This re-
sulted in a 35% drop in local T3 concentration relative to the
LV of the same hearts, whereas the T4 content was the same
in both ventricles. Using a T3-reporter gene injected into the
myocardium via thoracotomy, T3-dependent transcriptional
activity was found to be reduced by 45% only in the Dio3-
expressing RV (15). In light of these results, the present
findings of thyroid hormone inactivation in patients with LV
hypertrophy suggest the presence of an anatomically precise
D3-mediated reduction of T3, which results in alterations in
T3-dependent transcriptional activity.

While it is intuitive to assume that less thyroid hormone is
a preferred condition in patients with ventricular hypertro-
phy, heart failure, or myocardial hypoxia/ischemia, much
clinical data point toward the opposite hypothesis. For ex-
ample, in pediatric patients undergoing cardiac surgery with
CPB, the use of LT3 infusion in the postoperative period
resulted in a marked decrease in requirement of inotropic
support, spontaneous conversion to normal sinus rhythm, and
improved clinical outcomes (20). In adult high-risk patients
undergoing CABG, randomized postoperative administration
of LT3 was associated with a higher mean cardiac index and
lower systemic vascular resistance but did not change out-
comes or alter the need for standard postoperative therapy
(21). In addition, in patients with depressed LV function
undergoing CABG, perioperative administration of LT3 re-
sulted in a lower incidence of atrial fibrillation, a decreased
need of cardioversion or anticoagulation during hospitaliza-
tion, and lower requirements of antiarrhythmic therapy at
discharge (22). Beneficial effects of short-term LT3 re-
placement therapy, such as improved ventricular perfor-
mance, were also observed in stable patients with ischemic or
non-ischemic dilated cardiomyopathy patients (23).

One could still argue that these clinical studies address the
cardiac impact of systemic nonthyroidal illness but not the
localized D3-mediated myocardial hypothyroidism. Indeed,
all patients enrolled in the present studies exhibited an about
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TABLE 4. SERUM THYROID HORMONE LEVELS IN PERIPHERAL BLOOD SAMPLES
Group Pre-op Pre-CPB Post-CPB Post-op 6 h Post-op 24 h p
Valve Replacement
T3 (ng/mL) 1.13£0.30 0.92+0.26%* 0.731+0.15% 0.79£0.20* 0.7110.14%* <0.001
T3 (ng/mL) 0.26+0.08 0.21+0.07 0.19£0.05 0.38+0.10%* 0.63+0.21%* <0.001
T4 (ng/mL) 95.5t14.5 90.2+21.3 76.21+10.8% 84.4+17.3 82.2+19.1 <0.001
FT4 (ng/mL x 107 1.35£0.23 2.12+0.52 1.97+£0.42 1.31+£0.24 1.34£0.26 N.S.
TSH (¢xU/mL) 1.83+£1.39 1.29+0.97 2.041+1.82 0.85+1.09 0.621+0.61%* <0.001
CABG Off-pump
T3 (ng/mL) 1.08+0.24 0.841+0.28 0.74£0.28* 0.60£0.23* 0.61£0.20* <0.001
rT3 (ng/mL) 0.25£0.13%* 0.231+0.10%* 0.22+0.14%%* 0.41£0.33%* 0.68+0.23 <0.001
T4 (ng/mL) 76.81+33.6 98.81+26.0 80.0£31.2 71.31+26.0 75.7+£25.9 0.118
FT4 (ng/mL x 107%) 1.29£0.29 1.98+0.39 1.72£0.33 1.21£0.22 1.32+£0.35 N.S.
TSH (uU/mL) 2.061+1.61 1.80+1.32 2.23+3.49 0.73£0.63 0.51+0.27 <0.001
CABG CPB
T3 (ng/mL) 1.08+0.23 0.71+0.26* 0.66+0.22%* 0.751£0.20* 0.71£0.15% <0.001
T3 (ng/mL) 0.24£0.05%* 0.18£0.07%* 0.24+£0.35%%* 0.35£0.06%* 0.65+0.33 <0.001
T4 (ng/mL) 87.4+19.2 79.1£20.1% 64.1+13.3 77.2+16.8 77.0119.1 <0.001
FT4 (ng/mL x 107 1.27+0.17 1.80+0.33 1.65+0.29 1.27£0.17 1.27+0.23 N.S.
TSH (¢U/mL) 1.69£0.83%* 1412 1.51%* 1.26£0.63 0.54 £0.23%%%#%* 0.55+0.45 <0.001

Values are the mean £SD.

Note that heparin, given at the time of CPB reacts with T4-binding proteins and leads to an overestimation of FT4 values.
Reference ranges for peripheral blood are: T3 (0.7-1.8 ng/mL); rT3 (0.10-0.24 ng/mL); T4 (45-120 ng/mL); FT4 (0.6-1.3 ng/mL X 102);

TSH (0.45—4.5 pU/mL).

Statistical analysis was by ANOVA; post-test analysis was by Bonferroni’s multiple comparison test.
*p <0.05 vs. pre-op; **p<0.05 vs. post-op 24 h; ***p < (.05 vs. post-CPB.

N.S., not significant.

40% drop in serum T3 levels at the early stages of surgery,
combined with a T3 elevation, particularly at the end of
follow-up. This is a typical finding that has been critically
reviewed elsewhere (24). However, the novel aspect of the
present investigation is the demonstration that the hypertro-
phic myocardium inactivates thyroid hormone and likely
functions in a more hypothyroid environment than would be
expected from the nonthyroidal illness—mediated drop in
circulating T3 levels. To test whether myocardial Dio3 ex-
pression is adaptive or maladaptive, a mouse carrying one
inactive Dio3 allele (HtzD3KO) has previously been used
(16). Di03 is a tissue-specific imprinted gene in the heart, and
thus, HtzD3KO mice constitute a model of cardiac Dio3 in-

activation in an otherwise systemically euthyroid animal. The
HtzD3KO animals exhibit higher mortality when undergoing
a 10-day treatment with isoproterenol, which may indicate an
adaptive role played by myocardial D3 reactivation (16).
However, this mouse model is not without limitations;
HtzD3KO newborns have normal hearts but later develop
restrictive cardiomyopathy, including myocardial fibrosis,
impaired myocardial contractility, and diastolic dysfunction.
Thus, at present, we have no basis to qualify the accelerated
thyroid hormone inactivation observed in the AS heart as
adaptive or maladaptive.

Given the inducibility of Dio3 to hypoxia/ischemia, we
hypothesized that thyroid hormone inactivation would be

TABLE 5. SERUM LEVELS OF MYOCARDIAL NECROSIS AND INFLAMMATORY MARKERS

Metabolites Time point CABG off pump CABG CPB Valve Replacement p
CK-MB Post-op 6h 55.0+65.3 55.9+56.8 45.6+33.7 0.722
Post-op 24h 60.6£83.0 34.8+42.6 26.7x17.4 0.151
Tn Post-op 6h 9.1+13.2 8.7+11.0 8.8+9.8 0.995
Post-op 24h 14.7£20.3 75111 7.5+£7.1 0.227
IL-6 Post-CPB 3h 126.9+307.0 84.1+£168.3 10.2+6.8 0.314
Post-op 24h 103.2+119.5 66.0+£79.9 55.5+49.1 0.372
oTNF Post-CPB 3min 73124 9.3+10.7 9.1£4.5 0.787
Post-op 24h 8.6x+2.9 8.5+5.2 10.4+£3.6 0.441
CRP Post-CPB 3min 9.6+£22.6 3.0£29 3.34£3.5 0.175
Post-op 24h 160.8 £58.8 107.4+31.8 104.1+£35.6 <0.001

Values are the mean £ SD.

Reference ranges for metabolites: CK-MB, <5ng/mL; troponin, <0.04ng/mL; IL-6, 5-15pg/mL; and TNF-o, 5-27 pg/mL; CRP,

<1.0mg/dL.
Statistical analysis was by ANOVA.

CK-MB, creatine kinase myocardial b fraction; CRP, C-reactive protein; IL-6, interleukin-6; Tn, troponin; TNF-«, tumor necrosis factor alpha.
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accelerated after surgery and/or CPB. However, this was not
the case and thyroid hormone metabolism could no longer be
detected (Table 3). In addition, surgery had another unex-
pected effect, i.e. a net outflow of T4 and T3 from the myo-
cardium into the coronary circulation. This was seen
particularly in the CABG-off pump patients but similar trends
were also seen in the patients undergoing CPB (Table 3). It is
conceivable that the stress associated with heart surgery al-
tered local thyroid hormone economy, suppressing thyroid
hormone inactivation in the AS myocardium and depleting
intracellular T4 and T3 levels. Such changes may have oc-
curred as a result of ““myocardium stunning.”’ During cardiac
surgery there is evidence of several myocardial stresses, in-
cluding ischemia, inflammatory response, operative trauma,
cardioplegia and oxidative stress (25,26). In fact, the transient
reversible myocardial ischemia in the setting of cardioplegia
and CPB leads to prolonged depression of cardiac contrac-
tility after reperfusion, which might contribute to the modi-
fied thyroid hormone economy.

This study has important limitations. For example, we
failed to obtain ventricular myocardium to study Dio2 or
Dio3 expression. Left ventricular biopsies, however, would
have increased the risk of the procedure. The failure to detect
T3 production in CAD is unexpected in view of the presence
of Dio2 mRNA in human cardiac tissue. While it is con-
ceivable that study design or technique contributed to this
negative result, it is also possible that the myocardium is
simply not equipped with all the elements needed to produce
T3 in vivo. In a previous study in which the human Dio2 was
engineered to be expressed in the mouse myocardium, D2
was detected at extremely high levels when assayed in vitro
(highest levels known to us) but the actual increase in myo-
cardial T3 levels was only about 30% (7).

In conclusion, the present study indicates that the myo-
cardium of AS patients preferentially inactivates thyroid
hormone, most likely dampening local thyroid hormone
signaling. It is conceivable that these changes are due to
myocardial hypertrophy, thus explaining why they are re-
stricted to patients with AS and not CAD patients. No sig-
nificant myocardial thyroid hormone activation was observed
in any of the groups. Whether myocardial thyroid hormone
inactivation is beneficial or maladaptive in patients with AS
syndrome remains to be determined. Prospective studies in
which T3 is administered to these patients could test this
hypothesis.
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