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Cardiac Actions of Insulin

-
)
: \06\0\
T glucose metabolism ‘\0\6
l 0, consumption . 6(\‘3 6 ‘3:\\'
Insulin T cardiac efficiency (6\\9\\ 6\6\\6\\
N2
T protein 9\13&9% ‘\\@\\a
T .oar?}l ic@eﬁé%s
QT

PI3K signaling pathway

Ll

(‘?ca{g&@q\n@ncﬁes hypertrophy

l O ab\:ardiumyocvtes atrophy

©)
@ K (eg ’ angiogenesis
PKB / Akt —% Oi ag\e
&CJ O( | cardiomyocytes apoptosis

e b
??\P\ (9;\0(\ T cardiomyocytes survival

T myocardiac contractility

T myocardiac blood perfusion

lliadis et al., Diabetes Res Clin Pract, 2011



Heart Metabolism

Y
,\O\OQ
The heart consumes about 10% of whole body energy expenditure for cardia%\ Sction
via: 2 A\
R P\
(1) the cellular uptake of free fatty acids and glucose . \\?ﬁ\g\d\*\a\\a
(2) the catabolism of these substrates by beta—oxg&;@i Q\,g@ﬁ’ glycolysis
(3) the entry of the intermediary metabolites,&i{(etﬁe rebs cycle
(4) the oxidative phosphorylation by th%mﬁog{f@ﬂc?rial respiratory chain
(%’:\@&% etAl, 2009, Kolwicz et al., 2013).
N ¢
The principal mediator of ener s{g@ﬁ’ation Is adenosine triphosphate (ATP) and ATP
levels are essential for thePgblﬁn e&mﬁ)‘%d myocardial contraction/relaxation cycle.
& &

O
&
@ o\
The huma (b@(é’rggnéﬁeuces and consumes between 3.5 and 5 kg of ATP everyday to sustain
pumping% i@(ét\al., 2004). The way to generate this energy depends on the cardiac

&@Qﬁonmen including coronary flow, blood substrate supply, hormones and nutritional
status (Lopaschuk et al., 2007; Stanley et al., 2005; Kodde et al., 2007; Ventura-Clapier et al., 2004).
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Cardiac Metabolism under Physiological Conditions
|. During Fasting

. 6‘

)

* The heart prefers to coggﬁne long
chain fatty acids @XS) — fatty acid

Out

LCFAs breackdow gfée%\ t& energy than
(20%) (60-70%) gluco }gi(\ on of one molecule
r

oduces 129 ATP,

500\1% @Iecule of glucose

T o Cytoplasm _ o\ Uces only 36 ATP) (lliadis et al.,
Glycogeh ——P Glu-6P =~ TTTT-m==TTT 6 2011).
AV (@
| = R
A8 T Acyl-CoA O \ © * Glucose uptake and metabolism are
Fru-1,6-P, L Y \$ d _ :
l \ ©) eg'& reduced by the increased fatty acid
. R oxidation via the Randle cycle (red
Pyruvate lines).

 However, free fatty acid catabolism
requires about 10% more oxygen to
produce the same amount of ATP

Mitochondria

v deriving from glucose breakdown
PY%V ACG"I -CoA 4_*"0/’ CoA (Lopaschuk et al., 2002).
N
§
o>

Oe® “ ATP

Adapted from Bertrand et al., 2008



Cardiac Metabolism under Physiological Conditions
ll. During Postprandial State
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) o \
: \,@\\’&f\ A
. 6\0 5\d
oCMsyti retion stimulates: GLUT4

é\ﬁj& slocation, 6-phosphofructo-2-kinase
2 7 (PFK-2) activation, LCFAs uptake.

~

Glycogen ¢——— Glu-6-P

- g |
. \ Acy ,Q&O 6\5 . !n contrary 'Fo glucose, the resulting
U Frue2,6-p, - O@ DY 4 g’a increase in intracellular LFCA
s * ‘ GV BH= concentration does not result in the
aTp  Pyruvate CHE 500 ‘ (\a\e increase in LCFA oxidation, but in the
2 \O storage of this excess into the

intracellular pool of lipids (Dyck et al.,
2001).

Mitochondria

Q v
q %@&% s Acetyl-CoA g—————— Acyl-CoA
A0 Q¥ Glucose
oW @

Adapted from Bertrand et al., 2008



Cardiac Actions of Insulin
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Regulation of Protein Synthesis by Insulin |
Insulin \O\Og\a‘
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Cardiac Actions of Insulin
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Insulin and Cardiomyocytes Hypertrophy, Atrophy and

Angiogenesis o\Og\

Insulin Car @?@bcyte hypertrophy
might have detrimental
‘tsaHowever insulin
mulates VEGF and
thereby angiogenesis,
restoring the imbalance
between cardiac hypertrophy

and blood perfusion
(Walsh et al., 2006; O’Neill et al.,
2005).
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Insulin and Cardiomyocyte Apoptosis and Survival
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Cardiac Actions of Insulin

T glucose metabolism

‘L 03 consumption

Insulin

l

PI3K signaling pathway

l ]
PKB / Akt Oi ‘ag\e
CJ_%% ol

@ o

do

8\6

T cardiac efficiency

O
(Gg

0\0@\6'
‘xﬁﬁ
§OF
g e
5 WO ANO
T rotein &9%\ ‘\2\‘\6 d
| B
8&@ a(%c@e esis

(‘?ca{g&@q\n@ncﬁes hypertrophy
ab\:ardiumyocvtes atrophy

LY
Ll

angiogenesis

| cardiomyocytes apoptosis

E

cardiomyocytes survival

T myocardiac contractility

T myocardiac blood perfusion

lliadis et al., Diabetes Res Clin Pract, 2011



Insulin and Cardiac Contractility

o
6\06\0\
Insulin augments myocardiac contractility by increasing: 6\0‘\
2 R P

« sarcoplasmic Ca?* inflow via L channels (Maier et al., 199 Qew}

Nat*/Ca2* exchanger (von Lewinski et al., 2005); \\0500 6\"6\\2\

o\ S\
2 (o)

 MRNA expression of both ryanodine rec%meﬁ»eli\(@ﬁ and Ca?* pump

(SERCa2+-ATPase) of sarcoplasnequvx@t C(Tesh|ma et al., 2000);
« cardiomyocyte contracu%\q]l%’ g\et%‘al 2011)
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Cardiac Actions of Insulin

D
)
o
T glucose metabolism . 0\6
l 0, consumption ‘36\ "
. PNCAN\CS
Insulin T cardiac efficiency ‘ e’{’b\ é\d\
N .
T protein ygt&gg ‘\@\\a
Wl
T S&QI%I( %a@eﬁ’esis
PI3K signaling pathway @casr&@*?nwtes hypertrophy
l G O ab\:ardiumyocvtes atrophy
@ K (eg T angiogenesis
PKB / Akt —% Oi ‘ag\e
&CJ6 O( | cardiomyocytes apoptosis
. e 4
da? (5\0 cardiomyocytes survival
\C4 >
96(6 \‘G(G\ T di tractilit
Q‘e (‘\Oe myocardiac contracciicy
\’{\\‘ra ee . .
S T myocardiac blood perfusion

lliadis et al., Diabetes Res Clin Pract, 2011



Insulin and Myocardial Blood Pressure

Insulin has important vascular actions that lead to:

* Vasodilation:
* Increased blood flow:

* Subsequent augmentation of glucose disposal in insulin-target tissues (Bertrand et\e\la %\3‘

Vasodilation
Coronary artery endotheliuy

\O\ch\'&‘
\0‘\’306
W\ X

Produced nitric oxide (NO) is
diffused to vascular smooth
muscle cells (VSMCs), where it
activates soluble guanylyl
cyclase (sGC) and increases
cGMP concentration, which
causes VSMCs relaxation and
vasodilation through Ca?*
decreases (Sundell et al., 2003).






Insulin Action under Ischaemia

‘\6‘
Insulin signaling and action are greatly altered under myocardial ischaemia (Hue et al., 2002). e\o\og
Insulin ‘\0\6

QP\ . (\e Decrease in phosphorylation of different
< O

downstream proteins such as p70S6K and GSK-3

A\
N1
eV, .o\
S | IS
5\ ? TSC2/mTOR/p70S6K " Glycolysis

and eEF2 pathways

Protein synthesis !""--—— j




Beneficial Insulin Effects During Myocardial

Ischaemia and Reperfusion 0%
: 0‘\0\0
2% &
= Reduce fatty acid levels ?&\,@\6‘(\\6\@\\3‘\
= Increase glucose-derived ATP production 606\3\ W2 2
AN
= Decrease ROS production ,&0\\(a 69\6\\'
. (5\)\ e(e
= Decrease O, consumption G c© 60{\\‘
. A
Increase the ATP production/O, 086@@‘\ '[I(CEQ(@'[IO
= Antagonize the detrimentaé @J@&’Sﬁg{@ﬁSK during reperfusion
OV
= Activate cellular surwgr?’ O
??‘ '\O(\e
= Protect frg\@ @:po\%[@s
>
- Exngﬁ}ti-éqﬂérenmatory properties (|NFk, [MCP-1, |ICAM-1,|CRP, 11kB)

\IEQ (\(.) . .
Og‘,\’i\ x@ﬁ&ntl-thrombotlc properties (| TF, |PAI-1)
\Y

\o . . :
O = Increase blood flow in ischemic myocardial segments

lliadis et al., Diabetes Res Clin Pract, 2011



Insulin Signalling and Cardiac Hypertrophy

O
\6\06\0\
\0
,a\
PI3K/Akt PI3K/Akt e@’@“
MAPK 00\6 ‘é@%
: : 5 \\
PKC/calcineurin/NFAT A\ 6@@alcmeurm/NFAT
Chronic sti&b@t}\oan\‘e(e o Chronic stimulation
eV,
WO &®
) Q2
\O . Q(e
0° °
60 (\O
P§Q€ A O
v Q ‘O(\ \4
Embryonic and 32 6(6\ Compensatory Pathological
2\
postnat‘ael e\‘e(e\ hypertrophy hyperthrophy
O (O
5\‘\‘6 eet

0\6Q

Heineke et al., 2006; McMullen et al., 2007; Proud et al., 2004

Samuelsson et al., 2006.



Diabetes-Induced Alterations in Cardiac Glucose and
Fatty Acid Metabolism

D
5O )
Glucose 0\3‘0
GLUT 4
; \ @&i‘g{ gE@glucose uptake
Acic | Fatty Acyl CoA idation.
\\
l GLYCOLYSIS Malonyl CoA _@_, 0\\0 O O ?I\ncreased LCFA uptake and
l e : oxidation
Pyruvate atty acy carﬂ@ﬁm = |Increase in LCFA oxidation

not sufficient to prevent lipid
accumulation

= Myocardial lipid
accumulation (especially
ceramides)
= insulin resistance

ACC: Acetyl-CoA carboxylase Bertrand et al., 2008; Barsotti et al., 2009; lliadis et al., 2011
CPT1-2:carnitine-palmitoyl-transferases



Proposed Mechanisms of Diabetic Cardiomyopathy

Diabetes Mellitus _ ‘ O\@‘O
Hyperglycemia 6\
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I Apoptoms
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T 0. consumption

ST l
\ S | ATP production .
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| Cardiac efficiency Fibrosis

lliadis et al., Diabetes Res Clin Pract, 2011



Effetti dell'Insulina sulla Sintesi di Glicogeno
nel Miocardio di Ratti Diabetici 1005

licogeno-Sintetasi
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WV e

G @ Attivita della
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Wang PH et al., Endocrinology, 1999



Fosforilazione della Chinasi Aki

nel Miocardio di Ratti Diabetici e
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Attivita della Chinasi Akt

nel Miocardio di Ratti Diabetici 30%
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Insulina

Recettore Miocardio Diabetico 409%
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Effetti dell’Insulina sul Sistema Vascolare
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Effetti dell’Insulina sul Sistema Vascolare
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Selective Insulin Resistance in Insulin
the Vasculature of Obese Rats 0

Jiang et al, J Clin Invest, 1999
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Insulin and Endothelial Function

Implicatons for CVD Prevention in T2DN{)\06\0\0‘3\
&,

ACh \0
Endothelial dysfungfaccr:h %@‘@l\bts CV events
C

- Hypertensiv ép%@@t? Péla ne F et al, Circulation
104: 191- 19@ \\13

. CH%{@ t%l-&gtzer T et al, Circulation 104: 2673-

\(\c&%ulm therapy improves endothelial

function
« Vehkavaara S et al, Arterioscler Thromb Vasc Biol
guanylate 20: 545-550, 2000
cyclase » Rask-Madsen C et al, Diabetes 50: 2611, 2001
GTp—=— cGMP « Gaenzer H et al, Am J Cardiol 15: 431, 2002

* Vehkavaara S et al, Arterioscler Thromb Vasc Biol
24: 325-30, 2004







Insulin and Atherosclerosis

e\
‘9‘\0\0
W\
. . . o o0 At
= “Insulin resistance” can mean either defective insulin recepto}g @f%(l\g\u@\{\ﬁ
: . . . ‘ O
overstimulation of insulin receptor pathways caused byet;%p@lr{\%@?emla.
N\
o\ S\
L : : : () D :
= Relative importance of insulin resistance vs. [gycemia.
e
WO & F
= Systemic risk factors induced bé/\@ﬁgé omes vs. direct processes acting at

: \
the level of the arterial waélgO e
AN
$O€ A oS
5 Early-to—mid-%tg@g‘gfelqg@%enesis (subendothelial retention of apoB-containing lipoproteins;
EC activatg@%cr(%tmﬁt of monocytes and other inflammatory cells; cholesterol loading of lesional
ce%stqaﬁg\é\@eﬁ%nigration to intima) distinct from advanced plaque progression (plaque

Og‘,\\‘hqecroﬁgémd thinning of a collagenous “scar” overlying the lesion called the fibrous cap).
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Insulin Receptor (IR) in Vascular Cells

\o\og\a‘
EIRAKO mice (EC-specific IR ko, apoE~- background) 0\6‘06
reduced levels of eNOS and endothelin-1 mRNA in ECs aéq\ &*@\"
(Vicent et al., JCI 2003). @5\(\\

Increased atherosclerosis, decreased eNOS aaq\b\ﬁc)é\m@\eased VCAM-
1 expression and leukocyte adhesion (Rag[&@lag@gﬁ et al., Cell Metab
2010). $O e \50“

Aktl-, apoE~’ mice ?\6\ Q(eg

Increase in aortic ath «)}Qle very large coronary arterial lesions;
Increased Iesmngl\\\ﬁﬁ5 gmﬁ‘g’tory cytokmes and decreased p-S1176-
eNOS (Fern&g&' Z- ando C et al., Cell Metab 2006).

|GF-I R\m@\sl@@h% antiinflammatory capacity of insulin in VSMCs
g\ g gqgs?u et al., ATVB 2009)




Insulin Receptor (IR) in Macrophages  (¢*

6\0\6\06
Macrophage IR ko, apoE"" background \\30? \\@1\\
b\\,@ d\\,‘a
Protection from atherosclerosis (Tabas I et al., gg@\@e@@‘i\o).
e g%
W e

Macrophage IR or IRS-2 ko, apoEs_Qa%?(mﬂ%fnd
\

Protection from atheroscl%@e@@cgm%gartl J et al., Cell Metab 2006).
\\PASRe
o0 > a0 | .
IR KO bone marr‘g@ﬁz\tgoﬁ%%Bm LdIr"- mice fed Western diet
Increas%cgafﬂ%m@?s of macrophages in advanced lesions
- i&@@\%%e@l\%laque necrosis and potential for rupture (Han S et

al?;%eﬂ\?ﬁetab 2006).
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Forearm Blood Flow Responses
to Intra-Arterial SNP and ACh
In Type 2 Diabetic Patients

= Normal subjects g\

T2 DM before msulg@%%mq}fo@
= T2DM aftegqa&ﬁ g@c@ne Tx

Vehkavaara S et al, ATVB, 2004

Blood flow
(ml/dl x min)

Blood flow
(ml/dl x min)

/.

After 3.5 yrs

SNP (ug/mln) ACh (ug/mm)
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