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Cardiac Regeneration: The holy grail of
contemporary cardiology

At least 64 million people worldwide suffer from Heart Failure
We have treatments, not cures.
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Advances in Cardiac Regeneration
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The discovery of endogenous cardiac regeneration
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Endogenous Cardiac Regeneration in mammals

The example of neonatal mouse heart
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Endogenous Cardiac Regeneration in mammals

Neonatal heart: a conserved example of regeneration
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Regenerative Potential of Neonatal Porcine Hearts

Neonatal heart: a conserved example of regeneration
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Functional Recovery of a Human Neonatal Heart
After Severe Myocardial Infarction
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Endogenous Cardiac Regeneration involves the
integration of a multicellular response

Different type of cells
are involved in the
process of endogenous
regeneration
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Molecular pathways involved in endogenous
cardiac regeneration
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Endogenous regenerative capacity in
adult mammalian heart
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Important Conclusions

The capacity of Cardiac Regeneration in mammals exists
The program is activated or deactivated during development

The capacity of Cardiac Regeneration is based on a program that
involves

1. Dedifferentiation of surviving cardiomyocytes
2. Proliferation of surviving cardiomyocytes

3. Inhibition of proliferation

4. Re-Differentiation



Scientific Questions

What is the main mechanism of activation and deactivation
of the cardiac repair/regeneration program during
development?

Can we regulate this program during myocardial injury to
achieve cardiac repair/regeneration?




The Thyroid Hormone System is a key regulator of
developmental processes in the heart of mammals
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Developmental role of TH in cardiac growth
beyond cell maturation in postnatal period
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Pathophysiological role of TH signalling
after myocardial ischemic stress



Pathophysiological changes in Thyroid Signalling
after ischemic stress: Tissue levels of T3 drop
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Changes in Thyroid Hormone receptors after ischemic stress
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TRal redistribution to nucleus is regulated by stress signals
(adrenergic stimulus): an ERK/mTOR dependent process
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Pharmacologic ‘knock out’ of TRal after Debutyl-dronedarone
(DBD) treatment in mice with AMI results in deterioration of
heart failure
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Pharmacologic ‘knock out’ of TRal results in
dedifferentiation and increased apoptotic signaling
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Overexpression of CM-specific mutant TRal enhances
proliferation in neonatal mice but inhibits differentiation
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Therapeutic role of TH signalling after
myocardial ischemic stress
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TH treatment after Ml results to differentiated cardiac mass
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Long-term treatment with TH after myocardial infarction in
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(beats per
min)
LVIDd 3.5(0.09) 6.0 (0.13)* 5.1 (0.16)% 5.6 (0.18)*
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Chronic changes in kinase signaling
activation after TH treatment
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Novel Concept

Mimic the pattern of TH changes after
birth.

High T3 levels for a short period of time



Acute, high dose
T3 blocks heart
dilatation after

myocardial
infarction and
reperfusion in
rats

Dose-dependent effects of acute
trilodothyronine administration in an in
vivo model of ischemia-reperfusion in rats

)

ContIR T3(5)IR T3(10)IR | T3(20)IR T3(40)IR
(=11) (n=8) (n=10) (n=11) (n=9)
LvIDd 7.0 (0.21) 7.6(0.16)  7.5(0.25) | 6.2(0.25)%* 7.3 (0.16)
(mm)
LVIDs 4.5 (0.30) 5.7 (0.40) 53(0.30) | 3.7(0.20)%* 4.3(0.20)
(mm)
LVEF% | 49.9(1.6) 51.3(25) 509(2.1) | 58.5(1.8)% 612 (2.2)*
SVPW
3.2(0.21) 3.5(0.11)  3.5(0.10) 4.0 (0.24) 3.9(0.15)
(mm/sec)
Scar Area
87 (5.4) 90 (3.6) 90 (5.4) 92 (4.5) 89 (6.7)
(mm?)

One-Way ANOVA was used for multiple comparisons between groups. Post-hoc tests were

performed with Bonferroni or Dunett’s T3 correction.

* p<0.05 vs ContIR group ** p<0.01 vs T3(5)IR and T3(10)IR group,



Acute, high dose T3 decreases fibrosis
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Acute, high dose T3 inhibits tissue hypothyroidism
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Acute, high dose T3 causes cardiomyocyte hypertrophy
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Acute, high dose T3 induces differentiation of postinfarcted

myocardium
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Phospho Akt

Total Akt

Phospho Akt

Total Akt

Acute, high dose T3 induces Akt activation
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Phospho-p38 MAPK /Total p38 MAPK
A Border Region

2

3 days
Time after Surgery

7 days

Phospho p38 - e -
Total p38 e — = —— — —— —

Phospho p38

Phospho-p44 ERK /Total p44 ERK
c Border Region

3 days
Time after Surgery

7 days

Phospho pA4 ERK =
Total p44 ERK

Phospho p44 ERK

Total p44 ERK

T e - Vi . -

Phospho-p38 MAPK /Total p38 MAPK

B Remote Region

8= *
mm Sham
=3 IR+Veh

6 = IR+T3

*

4

2]

e

3 days 7 days

Time after Surgery

———

SRR — -m* 3days

o — —————— g

- ____-__-——

7 days
L e e S G
b g O
FEo§Fosd o
P N g q‘_‘- FE X
& oTLg FHLE &
Phospho-p44 ERK /Total p44 ERK
D Remote Region
8- L
mm Sham
== IR+Veh
* =3 IR+T3
#
| | #
3 days 7 days
Time after Surgery
e . -
3 days

Unpublished data



Fhospho-p38
MAPE
Total-p3E
WAPE

CNERRE TLEIE CWTHIY T31Y ONE-EEE T1H1Y

Phosphorylated pXE MAPK / Total p38 MAPK
iArbitrary Units|

CHT
CNE!

-

i
T
[ |

Smin Aeperfusion 15min Aeperfusion  G0min Reperfision

[R5} (R15) (RE0)
CHTHE  rREY DM THE DM T
Phaospho-p38
r.T:ph;Pj e —— —
Total-p38
MAPK T — ————

CRT-B0 TRASD CHI-BD T1H0E LMT-HES

=

Acute changes in kinase signaling activation after TH treatment

15-EBa

— —— EE—— e — — =

— N ————— N — —

Pantos C, Mourouzis | et al , Basic Res Cardiol. 2009 Jan;104(1):69-77



p38 Cardiac p38
2 fibroblast
B B,
ol \ ¥
T Myofibroblast ::;g:g
TNF-a - = ATGF-

- IL-6 » . @@ ¢ Troponin |
g T a@é
Cardiac

fibrosis

o-Tropomyosin “Actin

Reduced cardiac
contractility

Cardiac

! arrhythmia

@@ Increased phosphorylation

® @ Decreased phosphorylation

Int J Mol Sci. 2020 Oct; 21(19): 7412


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582802/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582802/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582802/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582802/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582802/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582802/

Clinical Translation Phase lla Study

Effects of Acute Triiodothyronine Treatment in Patients
with Anterior Myocardial Infarction Undergoing
Primary Angioplasty:

Evidence from a Pilot Randomized Clinical Trial
(ThyRepair Study)
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Dosage Scheme

Patient
Bolus administration Continuous infusion per 24 hours — pump rate TSH (ulU/ml)

66 Kg 5.5 mL (55 pg) over 2-3 min 18 mL (180 pg) in 232 mL NaCl 0.9% 10.4 mL/h 25 7 %
5.5 mL (55 ug) over 2-3 min 19 mL (190 pg) in 231 mL NaCl 0.9% 10.4 mL/h 3 A
6 mL (60 pg) over 2-3 min 20 mL (200 pg) in 230 mL NaCl 0.9% 10.4 mL/h 25 4
6 mL (60 pg) over 2-3 min 21 mL (210 pg) in 229 mL NaCl 0.9% 10.4 mL/h 2
6.5 mL (65 pg) over 2-3 min 22 mLi(220 pg) n 228 mL NaCl 0.9% 10.4 mL/h 15
7.0 mL (70 ug) over 2-3 min 23 mL (230 pg) in 227 mL NaCl 0.9% 10.4 mL/h
1
7.0 mL (70 pg) over 2-3 min 24 mL (240 pg) in 226 mL NaCl 0.9% 10.4 mL/h
7.5 mL (75 pg) over 2-3 min 25 mL (250 pg) in 225 mL NaCl 0.9% 10.4 mL/h B3 9 i "
7.5 mL (75 pg) over 2-3 min 26 mL (260 pug) in 224 mL NaCl 0.9% 10.4 mL/h o ' —Roccenef
Admission Dayl Day 2 Day 3 Discharge
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ThyREPAIR : a phase lla, randomized, double blind,
placebo controlled study to translate T3 effects in
patients with myocardial infarction

Patients with anterior STEMI subjected

Excluded (n=100)
Age >75 years old (n=36)

to primary PCI, n=155
Previous MI or CAD (n=14)

I Angina>12h (n=13)

r Previous Thyroid disease (n=9)
Treatment Unsuccessful PCI or 3-vessel

T disease (n=7)
Admission Assessment of eligibility, Hemodynarmic Instability (n=5)
Diagnosis of anterior n=55 GFR<BOmlimin (n=4)
agnosis of a g - Serious Systemic Disease (n=4)
STEMI Day 1 Day 2 Day 3 Discharge 3 months 6 months Other ety
Recruitment l
hsTroponin -4
Medical history V

Primary PCI l
’ Randomisation, n=52 ‘
Echocardiography

‘ Signed inform consent, n=52 ‘

Standard laboratory ' v # ' * ' '
:'““ {_ Allocation |
——— * * * # # ‘ * Placebo group (n=24) LT3 group (n=28)
Vital signs (HR & BP) ® Received allocated  intervention ® Received allocated  intervention
(n=22) (n=26)
ECG ¢ # ‘ # ‘ # *® Did not receive appropriate allocated " Did not receive appropriate allocated
intervention due to intervention due to
; # - hemodynamic instability (n=1) - unsuccessful revascularization of
Thyreid Hormones - violation of criteria for diagnosis of the culprit lesion (n=1)
+ + anterior STEMI (n=1) - improper investigational drug
MR administration (n=1)

l l

| Medication Monitoring | Lost to follow-up due to S Lost to follow-up due to
Cardiac Death (n=1) Cardiac Death (n=2)

Claustrophobia, unable to do CMR Withdrawal from study without reason

(n=1) (n=1)

Claustrophobia, unable to do CMR

(n=1)

Withdrawal from study due to

Completed 6months follow-up

(n=20) amiodarone treatment (n=1)
Completed 6months follow-up
(n=21)
l _Analysis | l

Excluded from Analysis (n=4) due to Excluded from Analysis (n=0)
infarct volume <1% of the LV

Analysed (n=16) ‘ Analysed (n=21)
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Myocardial Injury — Troponin Release
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Results

T3 treatment
prevents early
Cardiac
Remodeling after
myocardial
infarction

Left Ventricular Volumes
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- =0.022

~ 200 P — Placebo
§ = LT3
£ 160
| T
g 120
-l

80 J_ J_ !

40 I I

Discharge 6 months
180- p=0.08
160 T
=0.024

< 140+ fp_‘ 1 Placebo
£ 1201 = LT3
£ 1004 T
s _
& 80
S 60—
- 40- T T

20

0

I
Discharge

6 months



* T3 treatment
improved
recovery of
cardiac function

over time
starting early
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Indirect evidence of repair/regeneration

LV Scar Volume (ml)
CMR

40 -
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* T3 treatment i
accelerates *

healing after 30 -
myocardial injury 51

(late action)

28 -
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No Serious
Adverse Events
after T3 treatment

» Safety Issues during
hospitalization

LV thrombus
Atrial Fibrillation

Minor
Hemorrhage

Pericarditis
High temperature
>37.8°C during 48

hours

Nervousness

Use of inotrops
after PCI

Placebo
(n=22)

6/22
1/22

3/22

1/22

2/22

2/22

4/22

T3
(n=26)

4/26
5/26

3/26

3/26

8/26

6/26

3/26

p=0.31
p=0.13

p=0.82

p=0.38

p=0.07

p=0.2

p=0.51



No Serious
Adverse

Events
after T3
treatment
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Remuscularization with triiodothyronine and B1 -blocker
therapy reverses post-ischemic left ventricular dysfunction and
adverse remodeling

A 6-wk-old male C57BL/6

M M T3 (2 ng/g. daily, for 5 days; i.p.)
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Remuscularization with triiodothyronine and 31 -blocker
therapy reverses post-ischemic left ventricular dysfunction and
adverse remodeling
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Remuscularization with triiodothyronine and 31 -blocker
therapy reverses post-ischemic left ventricular dysfunction and
adverse remodeling

A B MI; M+T3
Uninjured age- MI; no therapy therapy
matched control 150 dpt 150dpt
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Conclusions and Future
Perspectives

v'Acute, high dose T3 treatment can block the development of
cardiac remodeling and heart failure in patients with myocardial
infarction

v'TH signalling may have an important role in remuscularization
and repair/regeneration of the heart after injury

v Novel therapeutic approaches: development of stress-specific
T3 loaded nanocarriers



EuroNanoMed Research Project

REASON : Regenerating the diabetic heart and
Kidney by using stress-specific thyroid hormone
nanocarriers

In vivo evaluation in rat model of diabetic
nephropathy and cardiomyopathy
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Diabetic Cardiomyopathy: Evidence of Selective targeting

Diabetic, SAR/Peg- Lean, Diabetic,
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ZDF Diabetic Rats: First Evidence about effectiveness

Diastolic Cardiac

Function
Diastolic Velocity E'
LV Posterior Wall (cm/sec)
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ZDF Diabetic Rats: Evidence about effectiveness without
adverse effects

TSH (ng/ml)
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