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Pressure overload (PO) cardiac hypertrophy and heart failure are associated with generalized insulin
resistance and hyperinsulinemia, which may exacerbate left ventricular (LV) remodeling. While PO
activates insulin receptor tyrosine kinase activity that is transduced by insulin receptor substrate
1(IRS1), the present study tested the hypothesis that IRS1and IRS2 have divergent effects on
PO-induced LV remodeling. We therefore subjected mice with cardiomyocyte-restricted deficiency
of IRS1 (CIRS1KO) or IRS2 (CIRS2KO) to PO induced by transverse aortic constriction (TAC). In WT
mice, TAC-induced LV hypertrophy was associated with hyperactivation of IRS1and Akt1, but not
IRS2 and Akt2. CIRS1KO hearts were resistant to cardiac hypertrophy and heart failure in concert
with attenuated Akt1 activation. In contrast, CIRS2KO hearts following TAC developed more severe
LV dysfunction than WT controls, and this was prevented by haploinsufficiency of Akt1. Failing
human hearts exhibited isoform-specific IRS1and Akt1 activation, while IRS2 and Akt2 activation
were unchanged. Kinomic profiling identified IRS1 as a potential regulator of cardioprotective
protein kinase G-mediated signaling. In addition, gene expression profiling revealed that IRS1
signaling may promote a proinflammatory response following PO. Together, these data identify
IRS1 and Akt1 as critical signaling nodes that mediate LV remodeling in both mice and humans.

Introduction

Heart failure is a leading cause of death worldwide. The associated prognosis is worse than prognoses for
many malignancies, with about half of patients dying within 5 years of the initial diagnosis (1). Peripheral
insulin resistance is a common characteristic of heart failure and type 2 diabetes (T2D) that results in initial
compensatory hyperinsulinemia and increased proximal myocardial insulin signaling (2, 3). Numerous
epidemiologic studies indicate that insulin resistance and diabetes are risk factors for heart failure, of isch-
emic and nonischemic origins (3). Patients with T2D are commonly treated with insulin in later stages of
the disease, and hyperinsulinemia has been associated with impaired myocardial contractile function in
humans and animal studies (4, 5). Moreover, tight metabolic control of type 2 diabetics achieved by inten-
sifying insulin treatment and the use of certain insulin secretagogues have been associated with adverse
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cardiovascular outcomes — such as increased myocardial infarctions and increased mortality (6) — despite
decreased microvascular complications, including diabetic nephropathy and neuropathy (7).

Myocardial insulin signaling is transduced by insulin receptor substrates 1 (IRS1) and IRS2. Previous
studies utilizing mice with germline deletion of IRS proteins suggest a predominant role for IRS1 in reg-
ulating somatic growth and for IRS2 in the regulation of metabolism (8-10). Using a mouse model, we
reported that pressure overload (PO) hypertrophy induced by transverse aortic constriction (TAC) resulted
in activated cardiac IR-mediated signaling in the presence of hepatic insulin resistance. Importantly, that
same study showed reducing cardiomyocyte insulin signaling attenuated the onset of heart failure under
conditions of PO (11). However, the underlying mechanisms remain incompletely understood. We sought
to explore the signaling mechanisms responsible for this phenomenon and to determine the respective
contribution of IRS isoforms. Therefore, mice with cardiomyocyte-specific deletion of IRS1 (CIRS1KO)
or IRS2 (CIRS2KO) were subjected to PO induced by TAC surgery. Our results revealed a critical role for
IRS1 — but not for IRS2 — in exacerbating heart failure, and they identify some molecular mechanisms
that might link insulin signaling, PO, and heart failure.

Results

IRS1, but not IRS2, is activated under PO conditions. To test whether IRS isoforms play divergent roles in the
adaptations to PO, we determined their protein levels and activation status as indicated by tyrosine phos-
phorylation 4 weeks after TAC in WT hearts. Interestingly, total IRS1 protein levels increased by 63.6%
(P < 0.05), while IRS2 protein levels were unchanged relative to Sham-operated controls after TAC
(Figure 1, A and B). IRS1 tyrosine phosphorylation normalized to total IRS1 content increased by about
3-fold (P < 0.05) after TAC surgery relative to Sham controls. In contrast, IRS2 tyrosine phosphorylation
normalized to IRS2 content was not altered by TAC surgery (Figure 1C). Together, these data indicate
that IRS1, but not IRS2, is activated under PO conditions.

IRS1 deficiency protects against LV remodeling and heart failure in response to TAC. We previously reported
activation of the IR/ Akt signaling cascade under PO conditions (11). Based on our observation that IRS1
is activated in an isoform-specific manner under PO conditions, we hypothesized that IRS1, but not IRS2,
mediates PO-induced activation of the Akt/mTOR signaling pathway to induce adverse LV remodeling. We
therefore subjected CIRS1KO and CIRS2KO mice to TAC surgery. Contractile function, as measured by
transthoracic echocardiography, was decreased in all 3 genotypes 2 days after surgery, as determined by ejec-
tion fraction (WT, —24.7%; CIRS1KO, —51.3%; CIRS2KO, —53.6%; P < 0.05 each). Importantly, CIRS1KO
mice completely recovered by 2 weeks after TAC, while contractile function remained impaired in WT and
CIRS2KO hearts at this time point (WT, —17.4%; CIRS2KO, —45.2%; P < 0.05 each; Figure 1, D and E and
Supplemental Table 1 and Supplemental Table 2; supplemental material available online with this article;
https://doi.org/10.1172/jci.insight.134920DS1). Similarly, LV dilation as determined by LV end-systolic
area at systole was observed in CIRS1KO mice 2 days, but not 2 weeks, after TAC (Figure 1, F and G).
Four weeks after TAC, WT hearts displayed cardiac hypertrophy with heart weight/tibia length ratio (HW/
TL) increased relative to Sham surgery (+54.4% vs. Sham, P < 0.05; Figure 1, H-J and Supplemental Table
3). This hypertrophic response was attenuated in CIRS1KO hearts (HW/TL, +18.6% vs. Sham, P < 0.05)
and was exacerbated in CIRS2KO hearts (HW/TL, +67.4% vs. Sham, P < 0.05). Stereological quanti-
fication revealed decreased cardiomyocyte nuclei number per area in WT and CIRS2KO hearts (—38.8%
and —32.1%, respectively; P < 0.05) but not in CIRS1KO hearts following TAC surgery. Mean cross-sec-
tional area of cardiomyocytes increased in WT and CIRS2KO hearts following TAC surgery (+75.8% and
+80.9%, respectively; P < 0.05) but did not change in CIRS1KO hearts following TAC. Similarly, interstitial
tissue volume (an estimate of fibrosis) was increased in WT and CIRS2KO hearts (+45.9% and +60.6%,
respectively; P < 0.05) but not in CIRS1KO hearts under PO conditions (Figure 1, K-O). Maximal rates
of increase (Max dP/dt) and decrease (Min dP/dt) in LV pressure in vivo were decreased in WT hearts
(-19.3% and —16.1%, respectively) but were unchanged in TAC-operated CIRS1KO mice relative to their
Sham controls. However, Max dP/dt and Min dP/dt were impaired to a greater extent by TAC surgery in
CIRS2KO hearts (—38.3% and —25.2%, respectively, vs. CIRS2KO Sham, P < 0.05; Figure 1, P and Q, and
Supplemental Table 4). Together, these data indicate that signaling mediated by IRS1, but not IRS2, contrib-
utes to adverse LV remodeling under PO conditions.

Deletion of IRS1 prevents activation of Aktl/mTOR signaling in response to PO. To determine the underlying
mechanism responsible for the decreased hypertrophic response observed in CIRS1KO hearts, we investigated
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Figure 1. IRS1, but not IRS2, is hyperactivated under pressure overload conditions, and IRS1 deficiency protects against heart failure in response to
TAC. (A-C) Representative immunoblot and densitometry of protein levels (A and B) and tyrosine phosphorylation (C) of IRS proteins normalized to pro-
tein abundance in mouse hearts 4 weeks after TAC surgery (n = 7; TP < 0.05 vs. Sham, t test). Lanes were run on the same gel but were noncontiguous. For
data in panels D-G, }, and M-0Q, 2-way ANOVA was performed to analyze differences 4 weeks after TAC surgery by genotype, followed by Holm-Sidak post
hoc analysis. Results of post hoc analyses for each comparison are summarized by symbols as defined: *P < 0.05 for TAC surgery, *P < 0.05 for genotype,
and “P < 0.05 for the interaction between TAC surgery and genotype. (D-G) Contractile function determined by ejection fraction 2 days (D) and 2 weeks

(E) after Sham and TAC surgery (n = 5-12; #,5,& each) and left ventricular endocardial area at end-systole 2 days (F) and 2 weeks (G) after Sham and TAC
surgery (n = 5-12; #,5,& each). (H-)) Representative photographs (H) and H&E (1) stains of longitudinal sections of WT, CIRS1KO, and CIRS2KO hearts 4
weeks after surgery (scale bars: 2 mm), and heart weights (J) normalized to tibia length (n = 10; #,5,&). (K-0) Representative H&E (K) and trichrome stains
(L) (scale bars: 20 um) and stereological quantification as indicated (M-0) (n = 5-7; M, #; N and O, #,5,&). (P and Q) In vivo hemodynamic parameters esti-
mated by maximum rates of increase (Max; #,&) (P) and decrease (Min; #,&) (Q) in left ventricular pressure (dP/dt), n = 9-14. Data shown are mean values
+ SEM. *P < 0.05 vs. WT same surgery, P < 0.05 vs. Sham same genotype, *P < 0.05 vs. CIRS1KO same surgery.
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the activation of the Akt/mTOR signaling pathway, which could, in part, mediate cardiac hypertrophy (12,
13). Activation of downstream targets of Akt — such as FoxO3, as well as mTOR and its targets — were
inhibited after TAC in CIRS1KO hearts, which contrasts with the robust activation of these pathways in WT
and CIRS2KO hearts (Figure 2, A-H). mTOR phosphorylation trended to be greater after TAC in CIRS2KO
relative to similarly treated WT mice (P = 0.07). Downstream targets of mTOR such as S6 and 4E-BP1 phos-
phorylation were significantly increased in WT and CIRS2KO hearts after TAC. Interestingly, in CIRS2KO
hearts, baseline phosphorylation of 4E-BP1 at Thr37/46 was increased relative to other genotypes and did not
increase further following TAC. Moreover, total abundance and phosphorylation of 4E-BP1 y that corresponds
to the phosphorylated moiety was increased in WT and CIRS2KO hearts following TAC by 1.4- to 2.6-fold
(P < 0.05) relative to Sham but were not increased in CIRS1KO hearts (Figure 2, A-—H). Isoform-specific
phosphorylation of Akt was determined in response to TAC; Aktl (1.6- to 2.3-fold, P < 0.05), but not Akt2
phosphorylation, increased in WT and CIRS2KO hearts after TAC surgery, while no increase in Aktl phos-
phorylation was observed in CIRS1KO hearts following TAC (Figure 2, I-M). These data indicate that IRS1
activates Aktl/mTOR signaling in response to PO.

Heterozygous deletion of AktI prevents activation of the m TOR signaling pathway and prevents PO-induced
heart failure in IRS2-deficient hearts. We next tested the hypothesis that reduction of Aktl signaling in
the presence of preserved IRS1 signaling could attenuate LV remodeling and phenocopy the response
of CIRS1KO hearts to TAC. We generated CIRS2KO mice with cardiomyocyte-specific reduction in
Aktl expression by heterozygous deletion of Aktl. These mice are annotated as CIRS2KO x Aktlhet
(IRS2tx/tox Akt1+/1x g MHC-Cre*’~) and were subjected to either Sham or TAC surgery. Heterozygous
deletion of Aktl decreased the hypertrophic response in mice with intact IRS1/2 signaling or mice
with IRS1 signaling alone, as observed for Akt1" and CIRS2KO x Akt1™ hearts after TAC surgery
(Figure 3, A-C, and Supplemental Table 5). Similarly, transthoracic echocardiography and LV cath-
eterization in vivo indicated reduced LV dilation and contractile dysfunction relative to WT controls
and CIRS2KO hearts, which express both Aktl alleles (Figure 3, D-G; Supplemental Table 6; and
Supplemental Table 7). A pathological increase in wet lung weight (pulmonary congestion) was absent
(Figure 3H and Supplemental Table 5), and the increase in mRNA expression for heart failure markers
was diminished following Aktl heterozygous deletion (Figure 3, I-K). Immunoblot analysis showed
decreased hyperactivation of Akt/mTOR signaling pathways following heterozygous deletion of Aktl
in the face of persistent IRS1 signaling (Figure 3, L-R). Thus, heterozygous deletion of Aktl attenu-
ates hyperactivation of the mTOR signaling pathway and adverse LV remodeling under PO conditions
independent of IRS2 expression when IRS1 signaling is preserved.

Isoform-specific hyperactivation of IRS1/ Akt signaling in human heart samples. We examined LV tissue from
failing human hearts, obtained at the time of implantation of a left ventricular assist device (LVAD). Clin-
ical parameters are listed in Supplemental Table 8. We compared insulin signaling with LV tissue obtained
from normal donor hearts not allocated for transplantation. IRS1 tyrosine phosphorylation normalized to
IRS1 protein content increased by 73.7% (P < 0.05) in human failing hearts vs. nonfailing donors, while
IRS2 tyrosine phosphorylation, normalized to IRS2 protein levels, was unchanged (Figure 4, A—C). Phos-
phorylation of Aktl1/2 (Serd73/4 and Thr308/9 sites) and S6 (Ser235/236) was increased in failing human
hearts relative to nonfailing controls (1.5- to 2.5-fold, P < 0.05). Immunoprecipitation/immunoblot anal-
ysis showed increased Aktl phosphorylation at Serd73 (+84.4%, P < 0.05), while Akt2 phosphorylation
was unchanged (Figure 4, D-G). Together, these data reveal a specific activation of IRS1/Akt1 signaling in
decompensated heart failure in both mice and humans (Figure 4, H-J).

https://doi.org/10.1172/jci.insight.134920 4


https://doi.org/10.1172/jci.insight.134920
https://insight.jci.org/articles/view/134920#sd
https://insight.jci.org/articles/view/134920#sd
https://insight.jci.org/articles/view/134920#sd
https://insight.jci.org/articles/view/134920#sd
https://insight.jci.org/articles/view/134920#sd

RESEARCH ARTICLE

A

wT CIRS1KO CIRS2KO B p At Sera73/ Total Akt
Sham TAC Sham TAC Sham TAC 44
P-Akt Ser473 L e e L p—p— 3
P-Akt Thr308 e e [ e 0 [ B G ) —yy— s, . . N
J o I
Total Akt [omm s s g low 45 05 5[5 &5 o 0o - - oo o - ol o - < . a:_ % « I
&= . s& ¢
P-FoxO3aSer318/321 f - — — =} — ==} — — ——— — =~ — = —— — 0
BN (OKT T [P pp—— N Sl R—_— —— — T T
C 5. P-AKThI308 / Total Akt
P-mTOR Ser2448 [ = = i omm e e e J 1 +
Total mTOR -?——_,lp-..—-~---~--q —-.’._q“_ﬁ‘. = 3 ° °
=, F . L
- — — -—— e D ] — - — p— ° o
P-S6 Ser 235/236 | . e === e _?_ P
N T e e A e s T 0
P-4E-BP1 7 = D P-FoxO3a Ser318/321 /
Thi37/46 B3 | e oo = o fmamon v s SR e L N 25,  Total FoxO3a e
y 2.04 T * -
IR i Y IR Fppy) Fgg—— Py—— py——— ———— 15, 2 &
OL/' $1 O-_;} ® % °
o R ' -g_
[ J
GAPDH ’.WW 0.5
oo e —
E  P-mTOR Ser2448 / F P-S6 Ser 235/236 / G P-4E-BP1Thr37/46yform/ H
Total mTOR 4 Total S6 GAPDH 4E-BP1 y form / GAPDH
5 E 5 4 = 6 +
4 | 4 T r 3 t . —i— s 4 C
=5 . S 4 =24, -f I T = ‘ + =, i— * 3
:— ° ... .. h 1 a- ¢ ] : 3 i
HaF 5T ne v Toe = : * ‘5‘13'
o) — o o ols ¢
I WT CIRS1KO CIRS2KO J _ o
Sham TAC Sham TAC Sham TAC IP: Aktjl_ '?B:F;ﬁﬁt Serdr3/
P-Akt Ser473 e ——— - — - — ——— P: 3 .
P-Akt Thr308 N pp——— S e L s e | | Akt 'T'i
LG R Y Spp—" p—anm—— p—m—— S Ll 5 2 _} o
< . * )
— °
P-Akt Serd73 [an ab £ £ L £ £ S 5 A S 5 S0 2 Sh 0B £ £ S LD 5 6 S |IP: 11 —?:—-#-
P-Akt THr308 | o o s fo o o s s s o o e e e e = o [ AKE2 0
Akt2 ------‘::::‘L::- et b
K |p: Akt1 1B: P-Akt Thr308 / L p.akt2 1B: P-Aktsera73/ M |p: Akt2 IB: P-AKt Thr308 /
4 IB: Akt1 15 IB: Akt2 15 IB: Akt2
T : s, : ® WT Sham
. T * o x e WTTAC
3 . VTIAC
+ 10{= _}-;‘;-a— 10{ & X LR * : am
22 -} . > | =) e ® CIRS1KO TAC
< . . + <05 . <05 ® CIRS2KO Sham
1 : : ® CIRS2KO TAC
ol 0.0 0.0

Figure 2. Deletion of IRS1 prevents hyperactivation of Akt1/mTOR signaling in response to pressure overload 4 weeks after TAC. Two-way ANOVA
was performed to analyze differences 4 weeks after TAC surgery by genotype, followed by Holm-Sidak post hoc analysis. Results of post hoc analyses
for each comparison are summarized by symbols as defined: #*P < 0.05 for TAC surgery, *P < 0.05 for genotype, and “P < 0.05 for the interaction between
TAC surgery and genotype. (A-H) Representative immunoblots in ventricle homogenates of WT, CIRS1KO, and CIRS2KO mice post-TAC surgery (A) and
densitometric quantification of P-Akt Ser473/Total Akt (#) (B), P-Akt Thr308/Total Akt (#,&) (C),P-Fox03a Ser318/321/Total Fox03 (#,5,&) (D), P-mTOR
Ser2448/Total mTOR (#,5) (E), P-S6 Ser 235/236/Total S6 ($) (F),P-4E-BP1Thr37/46 y form/GAPDH ($,&) (G), and 4E-BP1y form/GAPDH (#,&) (H); n =
4-8 each. (I-M) Representative immunoblots following immunoprecipitation for Akt1 or Akt2 (1) and densitometric quantification of P-Akt Ser473/Akt1
(#,5,&) (J), P-Akt Thr308/Akt1 (#,5,&) following immunoprecipitation for Akt1 (K), P-Akt Ser473/Akt2 (&) (L), and P-Akt Thr308/Akt2 ($,&) (M) follow-
ing immunoprecipitation for Akt2 as indicated; n = 4 each. Data shown are mean values + SEM. *P < 0.05 vs. WT same surgery, P < 0.05 vs. Sham same
genotype, *P < 0.05 vs. CIRS1KO same surgery.
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Figure 3. Heterozygous deletion of Akt1 prevents hyperactivation of the mTOR signaling pathway and protects against heart failure in IRS2-defi-
cient hearts 4 weeks after TAC. Two-way ANOVA was performed to analyze differences 4 weeks after TAC surgery and by genotype, followed by Holm-
Sidak post-hoc analysis. Results of post-hoc analyses for each comparison are summarized by symbols as defined: *P < 0.05 for TAC surgery, *P < 0.05
for genotype, and “P < 0.05 for the interaction between TAC surgery and genotype. (A and B) Representative photographs and H&E stains of longitudi-
nal sections 4 weeks after surgery as indicated. Scale bars: 2 mm. (C) Heart weights normalized to tibia length (n = 10; #,5,&). (D-K) In vivo contractile
function and hemodynamic parameters as determined by ejection fraction (#,&) (D), left ventricular cavity diameter at systole (LVDs, #,5,&)
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(E), maximum rates of increase (Max, #,5) (F) and decrease (Min, #,5,&) (G) in left ventricular pressure [dP/dt], wet lung weights normalized to tibia
length (n = 10; #,$) (H), and mRNA expression of Actal, Nppa, and Nppb (1-K) (#,5,& each) normalized to Cphn 4 weeks after surgery, n = 8. (L-R)
Representative immunoblots in ventricle homogenates 4 weeks after TAC surgery and densitometric quantification as indicated (presented as a fold
change relative to Sham surgery same genotype; n = 6-9). Data shown are mean values + SEM. *P < 0.05 vs. Sham same genotype, 'P < 0.05 vs. Akt1
WT same surgery, *P < 0.05 vs. IRS2 WT same surgery.
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Kinomic profiling identifies hyperactivation of PKG signaling in CIRS1KO hearts after TAC. To gain additional
insights into IRS isoform-specific activated kinases and signaling pathways, we examined global kinase
activity in WT, CIRS1KO, and CIRS2KO hearts after Sham and TAC surgery using a high-throughput
peptide microarray system (kinomic profiling). Phosphorylation profiles depicted as a clustered heatmap
are presented in Supplemental Table 9. An upstream kinase algorithm was utilized to generate a list of
protein kinases predicted to be involved in phosphorylating the selected amino acid residues (Supplemental
Table 10). The identified kinases were mapped using 2- and 3-step models to identify annotated interactions
between the kinases (Figure 5, A and B; Supplemental Figure 2; and Supplemental Figure 3). In accordance
with Western blot data, the algorithms identified mTOR as the top kinase activated in WT hearts after TAC
surgery. Interestingly, PKG2 and PKG1 were the top 2 kinases activated in CIRS1KO hearts following
TAC (Supplemental Table 10; Figure 5, A and B; Supplemental Figure 2; and Supplemental Figure 3).
No upstream kinase activation was predicted for CIRS2KO hearts after TAC surgery.

Increased activation of Nppa/cGMP/PKG signaling in CIRS1KO hearts. Given the results obtained from
the kinomic profiling experiment, we investigated the activation status of PKG signaling in CIRS1KO
hearts. PKG signaling is mediated by natriuretic peptide (NP) and nitric oxide (NO) signaling pathways,
which are linked to guanylate cyclases (GC) to generate the second messenger cGMP. NP receptor—cou-
pled particulate GC (pGC), which is located at the cellular membrane, and NO stimulated soluble GC
(sGC), which is located in the cytosol, generate the downstream effector cGMP that activates PKG sig-
naling (14). Interestingly, relative to WT and CIRS2KO mice, neither Nppa and Nppb mRNA expression
were changed in CIRS1KO hearts under basal conditions, and neither were induced in response to TAC
(Figure 5, C and D). Importantly, cGMP levels and PKG activity increased in CIRS1KO hearts after
TAC surgery to a greater extent relative to WT and CIRS2KO hearts (Figure 5, E and F).

Phosphodiesterases (PDEs) degrade cAMP and cGMP by hydrolyzing them to their 5'-monophos-
phate form. A total of 11 PDE isoforms has been identified. Of the cGMP-selective PDEs described,
only PDES5 and PDE9 have been detected in cardiac tissue. PDE9a has previously been shown to degrade
NP-stimulated cGMP in the heart (14). Because of the increase in cGMP levels and PKG activity observed
in CIRS1KO hearts after TAC, we sought to determine if PDE9a activity was reduced in CIRS1KO mice.
Adult cardiomyocytes from IRS1¥1** and CIRS1KO mice were isolated and virally transduced to overex-
press a FRET-based cGMP sensor. After stimulation of these cells with atrial natriuretic peptide (ANP),
slightly but significantly decreased levels of cGMP were detected in cardiomyocytes obtained from CIR-
S1KO mice relative to IRS1°¥"x controls (Figure 5G). Following PDE9a inhibition with PF-04447943,
there was a dose-dependent increase in ANP-stimulated cGMP levels in both groups. However, the mag-
nitude of the increase was attenuated in CIRS1KO relative to IRS1°'** cardiomyocytes, consistent with
reduced PDE9a activity in CIRS1IKO hearts. ANP-stimulated cGMP production was increased in the
presence of the PDES5 inhibitor Sildenafil and the PDE3 inhibitor Cilostamide in cardiomyocytes from
CIRS1KO mice relative to controls (Supplemental Figure 4), thus indicating increased PDE5 and PDE3
activity in cardiomyocytes from CIRS1KO mouse hearts. This might be predicted to increase the catabo-
lism of cGMP to GMP and lower cGMP levels and PKG activity in CIRS1KO hearts. This could account
for the lower basal levels of cGMP in CIRS1KO hearts. However, the increase in cGMP levels and PKG
activity observed in CIRS1KO hearts after TAC supports a relative predominant role for decreased PDE9a
activity to account for differences in ANP-stimulated cGMP in CIRS1KO hearts (Figure 5SH).

Isolated working hearts from Sham-operated WT, CIRS1KO, and CIRS2KO mice showed similar rates
of glycolysis, glucose oxidation, and palmitate oxidation. Palmitate oxidation was suppressed equivalently
after TAC in all genotypes (Supplemental Figure 5). This suggests that the cardioprotection observed in
CIRS1KO hearts is independent of cardiac substrate utilization. To further delineate the mechanisms con-
tributing to the recovery in contractile function in CIRS1KO hearts after TAC surgery (Figure 1, D-G), we
performed differential gene expression analysis using RNA sequencing (RNA-seq) (Figure 6 and Supple-
mental Figure 6). Principal component analysis revealed that gene expression patterns for Sham and TAC
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Figure 4. Isoform-specific hyperactivation of IRS1-Akt1 signaling in human heart failure. (A and B) Representative immunoblot and densitomet-
ric analysis of protein levels. (C) Tyrosine phosphorylation of IRS proteins measured by ELISA and normalized to protein abundance in human heart
failure samples (n = 14-16) and nonfailing controls (n = 6-7). (D and E) Representative immunoblots and immunoprecipitations in homogenates
from human heart failure samples and nonfailing controls and densitometric quantification of immunoblots as indicated. (F and G) P-Akt Ser473
following Akt1immunoprecipitation normalized to total Akt1 protein and P-Akt Ser473 following Akt2 immunoprecipitation normalized to total
Akt2 protein. Lanes were run on the same gel but were noncontiguous. Data shown are mean values + SEM presented as a fold change relative to
nonfailing controls, n = 7-15. *P < 0.05 vs. nonfailing controls. (H) Schematic summary of signaling changes in human heart failure samples and
murine WT hearts after TAC relative to nonfailing controls or WT Sham controls, respectively. Note that IRS1is hyperphosphorylated in both WT
mice after TAC and human heart failure samples. IRS1 total protein abundance is also increased in WT mice after TAC. (I and J) Summary of changes
in CIRS1KO and CIRS2KO x Akt1t hearts after TAC relative to TAC operated WT controls.
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Figure 5. Increased cGMP/PKG signaling in CIRS1KO hearts. (A and B) Two-step network for TAC regulated kinase pathways in WT and CIRS1KO hearts relative
to Sham controls (n = 6). The proteins from which the phosphosubstrates were derived were uploaded to GeneGo MetaCore (portal.genego.com) for network
modeling. A Djikstras Shortest Paths algorithm allowing 1-step connections between uploaded kinases was used to generate the network for TAC altered kinas-
es. Blue circles indicate increased nodes. No significantly regulated upstream kinase activation was identified for CIRS2KO hearts after TAC surgery. Two-way
ANOVA was performed to analyze differences 4 weeks after TAC surgery by genotype, followed by Holm-Sidak post hoc analysis. Results of post-hoc analyses

for each comparison are summarized by symbols as defined: #P < 0.05 for TAC

surgery, *P < 0.05 for genotype, and “P < 0.05 for the interaction between TAC

surgery and genotype. (C and D) mRNA expression of Nppa (#,5,&) and Nppb (#,&) normalized to Rps16 4 weeks after surgery, n = 8. (E and F) cGMP levels (n =
7-10; #,$) and PKG activity (n = 7-10; #,5) presented as a fold change relative to WT Sham. *P < 0.05 vs. WT same surgery, 'P < 0.05 vs. Sham same genotype,
*P < 0.05 vs. CIRSTKO same surgery. (G) ANP stimulated cGMP production in cardiomyocytes obtained from IRS1°™ and CIRS1KO mice measured by using the
FRET-based cGMP sensor cGi-500 with or without varying concentrations of the PDE9a-specific inhibitor PF-04447943. n = 3-5 mice, n = 12-31 cells/group total
analyzed. Two-way ANOVA analysis was performed (P < 0.05 for genotype, treatment, and interaction between genotype and treatment) followed by Holm-
Sidak post hoc analysis; *P < 0.05 vs. IRS1°/* same PF-04447943 concentration. (H) Proposed model for increased NP/cGMP/PKG signaling in CIRS1KO hearts.

Changes in CIRS1KO hearts are presented relative to WT controls.
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Figure 6. Gene expression 3 days after TAC as determined by RNA sequencing. (A) Venn diagram displaying the numbers of common and unique
genes significantly regulated (1.5-fold change; Benjamini-Hochberg adjusted P < 0.05). (B) Principal component analysis to visualize global gene
expression clusters by genotype and treatment. (C) Heatmap of Z-scores from ingenuity pathway analysis of genes regulated by TAC in WT, CIRS1KO,
or CIRS2KO predicting the inhibition (Z-score < -2) or activation (Z-score > 2) of molecular regulators. (D-F) Ingenuity pathway analysis of genes

uniquely regulated in WT, CIRS1KO, and CIRS2KO hearts 3 days after TAC.
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Figure 7. Attenuation of inflammatory regulators in CIRS1KO hearts after TAC. (A and B) Cytokine expression 3 days
after TAC as determined by RNA sequencing (*P < 0.05, Benjamini-Hochberg adjusted; TAC vs. Sham, normalized
expression; n = 4-6) and 2 weeks after TAC as determined by quantitative PCR (*P < 0.05, Holm-5idak test adjusted for
multiple-comparisons; TAC vs. Sham, normalized expression; n = 6).

CIRS1KO samples existed in a distinct cluster from WT and CIRS2KO samples, which were overlapping
(Figure 6, A and B). Ingenuity Pathway Analysis (IPA; QIAGEN Inc.) indicates that many of the genes
regulated after TAC have a significant overlap with pathways known to be affected by TAC, such as oxida-
tive phosphorylation, mitochondrial dysfunction, and fatty acid oxidation (Figure 6, C-F, and Supplemen-
tal Figure 7). This suggests that these pathways might not be modulated by IRS1 or IRS2 signaling at an
early time point after TAC. IPA revealed that several mediators of inflammation or inflammatory signaling
are predicted to be regulated in WT and CIRS2KO mice, but not in CIRS1KO mice. In particular, gene
signatures in WT and CIRS2KO mice, consistent with activation of IFN, are predicted to be attenuated
in CIRS1KO mice. Quantitative PCR (qPCR) analysis confirmed decreased expression of inflammatory
markers in CIRS1KO hearts 2 weeks after TAC (Figure 7) when CIRS1KO, but not WT and CIRS2KO
hearts, had recovered LV function after TAC. Interestingly, CSF1 and IL-1p expression was repressed in
CIRS1KO mice relative to WT or CIRS2KO. This suggests a potential alteration in monocyte recruitment
and/or macrophage function. Together, these data support the hypothesis that IRS1 signaling promotes
proinflammatory changes in the heart following TAC.

Discussion

Hypertension, insulin resistance, and heart failure often coexist in patients with the metabolic syndrome. Fur-
thermore, heart failure is an insulin-resistant state that is characterized by hyperinsulinemia (4). Both ischemic
and nonischemic heart failure increase the risk for T2D (4). Insulin resistance is also observed in patients
following myocardial infarction (15) and may predict future heart failure (16). Pathophysiologic mechanisms
contributing to insulin resistance in patients afflicted with heart failure include loss of skeletal muscle mass,
reduced physical activity, and hyperactivation of the sympathetic nervous system and the renin-angioten-
sin-aldosterone system (RAAS) (3). These changes contribute to increased circulating catecholamine levels,
which stimulate adipocyte lipolysis, leading to increased plasma FFA concentrations (17). Increased con-
centrations of catecholamines decrease glucose utilization in skeletal muscle (18) and stimulate hepatic gly-
cogenolysis and gluconeogenesis, resulting in increased circulating glucose and insulin levels. Importantly,
proximal cardiac insulin signaling is preserved in the context of peripheral insulin resistance, as observed in
high-fat diet models in rodents (19) and T2D in humans (2), while sarcolemmal GLUT4 content is decreased.
Numerous studies indicate that elevated insulin levels may have adverse effects (3, 6, 11). Several studies
utilizing a variety of organisms, from yeast to mammals, have also shown that caloric restriction promotes
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longevity (20-22). A decrease in food intake may reduce circulating insulin levels and induce other beneficial
processes, such as increased autophagy. Decreased insulin signaling has also been shown to extend the medi-
an lifespan and to attenuate age-dependent onset of heart failure in Drosophila melanogaster (23).

Our prior studies regarding metabolism and exercise-induced cardiac hypertrophy suggested redun-
dant roles for IRS1 and IRS2 (10). In contrast, the present studies define distinct roles for IRS1 and
IRS2 in pathological ventricular remodeling, indicating that IRS1 and IRS2 signaling in the myocardi-
um is context dependent. Using a rodent model, we previously showed that PO resulted in hepatic insu-
lin resistance paralleled by a compensatory increase in serum insulin concentrations. Furthermore, we
showed that PO following TAC surgery in vivo or following mechanical stretch of isolated cardiomy-
ocytes in vitro activated cardiac insulin signaling, as indicated by increased phosphorylation of IRS1/
Akt. These observations are particularly pertinent in the context of peripheral insulin resistance with
hyperinsulinemia, because increased IR activation by insulin will synergize with the stretch-mediated
activation of IR/IRS1 to further activate Akt/mTOR signaling pathways. Our earlier study demonstrat-
ed that reducing insulin signaling by lowering circulating insulin or by reducing IR or Aktl expression
attenuated the onset of heart failure (11). In the present study, we sought to further investigate the
underlying mechanisms and to elucidate the relative contributions of IRS1 or IRS2 to this phenome-
non. Our data identify isoform-specific activation of an IRS1/Aktl signaling module both in murine
hearts under PO conditions after TAC surgery and in human heart-failure samples. Importantly, insulin
resistance states, such as T2D, increase the risk of heart failure, and heart failure contributes to insu-
lin resistance (3). We acknowledge that approximately 50% of patients with terminal heart failure in
this study were patients with diabetes. Therefore, the results obtained from human samples compared
with our mouse studies have to be interpreted cautiously. While CIRS1KO hearts are protected against
adverse LV remodeling and contractile dysfunction under PO conditions, CIRS2KO hearts display a
phenotype similar to or more severe than WT controls. Isolated working heart experiments revealed
similar substrate oxidation rates both under basal conditions and under PO conditions between the
genotypes (Supplemental Figure 5). This indicates that the divergent responses observed after TAC are
independent of differences in cardiac substrate metabolism. Importantly, CIRS2KO hearts maintain
IRS1 signaling. In addition, we observe isoform-specific hyperactivation of Aktl following TAC sur-
gery, which is attenuated in CIRS1KO hearts. Our experiments also indicate that heterozygous deletion
of Aktl, in the absence of IRS2 signaling, attenuates the onset of heart failure. This is supported by
a previous study reporting that deletion of Akt2 had no effect under PO conditions (24), indicating
that Akt2 is dispensable for the myocardial adaptations to PO. In contrast to our previous report (10),
we did not observe hypertrophy in IRS2-deficient hearts under basal conditions (Figure 1J, Figure 3C,
Supplemental Table 3, and Supplemental Table 5) that is supported by our stereological quantification
(Figure IN). Importantly, CIRS2KO hearts develop age-dependent cardiac hypertrophy, which was
more pronounced in older CIRS2KO mice investigated in our previous report (10). We acknowledge the
differences in our studies, which likely result from age-dependent hypertrophy of nonstressed IRS2-defi-
cient hearts and the mixed genetic background of the mice used. Importantly, these differences are rela-
tively minor compared with the significant changes in HW after TAC, which were attenuated following
homozygous deletion of IRS1 and heterozygous deletion of Aktl.

Our data support the hypothesis that modulation of insulin signaling by isoform-specific reduction, but
not a complete abrogation of downstream mediators of cardiac insulin signaling, is beneficial under PO con-
ditions. This is highlighted by studies reporting accelerated heart failure in mice under PO conditions with
homozygous deletion of the IR, Aktl, or Raptor (12, 25, 26). Complete disruption of the insulin signaling
cascade by combined cardiomyocyte-specific deletion of insulin/IGF1 receptors (27) or IRS1/2 (28-30) also
resulted in dilated cardiomyopathy and early onset of heart failure. These studies indicate a cardioprotective
role for IRS2 expression in the absence of IRS1-mediated signaling in the nonstressed heart.

In addition, we identify IRS1 signaling as a potential regulator of the NP/cGMP/PKG pathway,
which identifies a potentially novel mechanism linking insulin signaling and heart failure. Our in vitro
studies indicate decreased PDE9a activity in cardiomyocytes obtained from CIRS1KO hearts (Figure 5,
G and H), which may contribute to increased abundance of cGMP and increased activation of PKG in
IRS1-deficient hearts. Protein abundance of PDE9A and PKG1 were not different between the groups
(Supplemental Figure 8), which suggests that regulation of their activation status could be occurring via
posttranslational mechanisms. A relationship between IRS1 deficiency and activation of PKG signaling
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was also supported by an unbiased targeted kinome array approach, which revealed activation of the Akt/
mTOR signaling pathway in WT mice, contrasting with activation of PKG signaling in CIRS1KO mice.
‘We were surprised that the kinome array did not detect increased Akt/mTOR signaling in CIRS2KO mice,
although immunoblotting confirmed that this was the case. This could reflect confounding effects of IRS2
deficiency on global phosphorylation patterns that are incompletely understood, at present.

NP activation leading to generation of cGMP is cardioprotective when cGMP generation is tightly cou-
pled with activation of PKG. Our findings in CIRS1KO mice suggest that coupling of cGMP and PKG sig-
naling is preserved or maintained following PO. The present study also suggests that selective activation of
the NP/pGC signaling in CIRS1KO hearts may represent the mechanism for increased PKG signaling, as
opposed to an increase in NO/sGC-mediated signaling. NO/sGC-mediated signaling has been described
to result in PKG-mediated phosphorylation of Troponin I, which desensitizes myofilaments to calcium
(31-33). In the present study, phosphorylation of Troponin I at Ser23/24 was not different between the
groups. Similarly, stimulatory phosphorylation of eNOS at Ser1177 (34), which increases eNOS enzymatic
activity, NO production, and activation of the NO/sGC pathway, was unchanged (Supplemental Figure
9). Moreover, prior studies suggest a predominant role for PDE9 for inhibiting NP/pGC-regulated cGMP
signaling (14), whereas PDES5 may preferentially degrade cGMP generated by the NO/sGC pathway (35).
Genetic and pharmacological inhibition of PDE9 has been shown to be cardioprotective following PO,
an effect that remained when NO signaling was blocked with L-NAME. These observations suggest that
PDED9 preferentially inhibits cGMP generated by the NP/pGC pathway. Inhibition of PDES has also been
identified to be cardioprotective in rodent models (36). While differential locations for PDE isoforms have
been suggested (i.e., PDES5 at myofilaments and PDE9 near transverse tubules), analyses of transcription
factor activation and phosphoproteome expression patterns revealed partially overlapping downstream tar-
gets for PDES and PDE9 (37).

Our in vitro studies indicate increased PDES and PDE3 activity in cardiomyocytes from CIRS1KO
mouse hearts, as evidenced by increased ANP-stimulated cGMP production in the presence of the PDES5
inhibitor Sildenafil and the PDE3 inhibitor Cilostamide relative to controls (Supplemental Figure 4). This
could account for the lower basal levels of cGMP in CIRS1KO hearts. However, the increase in cGMP
levels and PKG activity in CIRS1KO hearts suggests a relative predominant role for decreased PDE9%a
activity in the cGMP response to increased NP signaling. The relative roles of PDE isoforms, along with
the underlying mechanisms leading to decreased PDE9a activity in CIRS1KO and the mechanisms linking
IRS1 signaling with the activity of PDE9a in the heart, require further investigation.

Numerous studies identify the NP/cGMP/PKG signaling pathway as an attractive candidate for the
pharmacological treatment of heart failure. A number of therapeutic compounds targeting this pathway
are already commonly used to treat other diseases, such as pulmonary hypertension. This pathway also
represents the target of an emerging new class of drugs for the treatment of chronic heart failure —namely,
neprilysin inhibitors, such as Sacubitril, which prevent the degradation of NPs and enhance pGC/cGMP
signaling. Importantly, decreased circulating NP levels are observed in obese patients (38). NP deficiency
has been implicated in the development of insulin resistance and T2D (39), which both increase the risk of
heart failure. Thus, our data provide a potential mechanistic link between myocardial insulin signaling and
this critical cardioprotective pathway.

The data obtained from the RNA-seq experiment reveal attenuation of inflammatory signaling path-
ways following TAC in CIRS1KO mice. In particular, IFN signaling is predicted to be repressed. This is
significant because IRS proteins can serve as signaling intermediates downstream of IFN (40-42). IFNs
are cytokines that have diverse effects on the immune system. IFN-y is of interest because it is important
in the function of Thl. These T cells have been implicated in the transition from hypertrophy to heart
failure after TAC (43). Furthermore, activated T cells and specifically Thl are increased in the blood and
LV of heart-failure patients (44—46). Mice deficient in T cells, or mice in which costimulation has been
blocked, display preserved cardiac function, decreased hypertrophy, and attenuated fibrosis (46, 47).
Thus, blockade of T cell activation could be therapeutically beneficial in heart-failure patients. Our data
suggest that cardiomyocyte IRS1 may be a critical mediator of T cell-mediated mechanisms that contrib-
ute to cardiac remodeling by serving as a signaling intermediate of IFN action.

In summary, the present study identifies the IRS1/Aktl1 axis, independent of IRS2 and Akt2 signaling,
as a key regulator of adverse LV remodeling that exacerbates contractile dysfunction and heart failure.
Additional cardioprotective effects identified in CIRS1KO hearts include induction of NP/cGMP/PKG
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signaling and attenuated proinflammatory signaling, which may promote myocardial recovery following
induction of PO. Together, these data identify a critical role for IRS1-mediated signaling pathways in exac-
erbating heart failure in both mice and humans, and they provide a molecular mechanism linking insulin
signaling to heart failure.

Methods

Animals. CIRS1KO and CIRS2KO mice were generated using Cre/loxP recombination as previously
described, and TRS2"¥'** mice were used as WT controls for the single KO experiments, unless otherwise
indicated (10). For the CIRS2KO x Aktl" cross experiments, Akt1" mice (Aktl*"*; e MHC-Cre*’") were
generated by cross-breeding mice harboring homozygous Akt1 alleles flanked by loxP-sites (Akt1'/°X) with
mice expressing cMHC-Cre*/~. CIRS2KO x Akt1" mice (IRS2"¥/!x Aktl*/'o* ¢MHC-Cre*/) were gener-
ated by cross-breeding CIRS2KO mice (IRS2"¥x g MHC-Cre*/") with mice harboring homozygous Aktl
alleles flanked by loxP-sites (Akt1'>/'), CIRS2KO and CIRS2KO x Akt1"™ mice originated from this mat-
ing in subsequent generations. WT controls did not express tMHC-Cre. The generation of transgenic mice
for IRS1l/lox TRS2!ox/lox - Akt1lx/lx - and a«MHC-Cre*’~ has been previously reported, and genotyping was
performed as described before (10, 48). Mice were maintained on a C57BL/6/129Sv mixed genetic back-
ground, and littermate controls were used for all comparisons. Studies were performed in male animals.
Animals were housed with a 12-hour light/12-hour dark cycle at 22°C with free access to food and water.

Human samples. Human heart samples used in this study were obtained from patients with end-stage
heart failure, treated at the University of Utah, and were procured at the time of LVAD implantation.
Samples were obtained from LV apex. Control hearts not allocated for transplantation due to noncardiac
reasons were used as controls.

TAC. TAC was performed at the age of 6 weeks or 8 weeks, as described in detail in the Supplemental
Methods and all mice achieved a similar increase in the pressure gradient, which was independent of the
genotype (Supplemental Figure 1).

Transthoracic echocardiography and hemodynamic studies. Details are provided in the Supplemental Methods.

Histology and stereological quantification. Myocardial fragments were stained with H&E or Masson’s tri-
chrome. Stereological analysis was performed as described in detail in the Supplemental Methods.

IRS pantyrosine phosphorylation ELISA assay. Pantyrosine phosphorylation of IRS1 and IRS2 was determined
using PathScan Sandwich ELISA kits (Cell Signaling Technology) according to the manufacturer’s instruction.

Immunoprecipitation and immunoblotting. Details are provided in the Supplemental Methods.

Kinomic profiling. Tissue preparation and kinomic analysis was performed as described in detail in the
Supplemental Methods.

Measurement of cGMP levels and PKG activity. cGMP levels in whole heart tissue were determined using
a cGMP enzyme immunoassay kit (Cayman Chemical) according to the manufacturer’s instruction and
normalized to tissue weight. PKG activity in whole heart tissue was determined by colorimetric analysis
using a PKG assay kit (CycLex) according to the manufacturer’s instruction.

Determination of cGMP PDE activity by FRET measurements. Adult cardiomyocytes from IRS1'%/1* and
CIRS1KO mice were transduced with adenovirus carrying a transgene coding for the fluorescence reso-
nance energy transfer-based (FRET-based) cGMP sensor cGi-500 (49). Thirty-six hours after transduc-
tion, cells were stimulated with 1 x 10° uM ANP plus or minus the PDE3 inhibitor Cilostamide, PDE5
inhibitor Sildenafil, or PDE9a inhibitor PF-04447943 at various concentrations (1 x 107 M, 1 x 10° M,
and 1 x 10 M, respectively). Changes in FRET were measured using live cell microscopy as previously
described (5, 50).

Isolated working hearts. Cardiac substrate metabolism, oxygen consumption, cardiac efficiency, car-
diac power, LV developed pressure, cardiac output, and heart rate were measured in isolated work-
ing hearts obtained 4 weeks after surgery (clip method) as previously described (10). Hearts were per-
fused in the isolated working heart mode with Krebs Henseleit Buffer with 5 mmol/L glucose and 0.4
mmol/L palmitate without insulin.

RNA-seq analysis. RNA-seq was performed in n = 5-6 samples/group as described in detail in the
Supplemental Methods. RNA-seq data have been deposited to the GEO database under the accession
number GSE132996.

Statistics. Data are expressed as mean = SEM. Unpaired 2-tailed Student’s ¢ tests were used to analyze
data sets with 2 groups. Data sets were analyzed by 2-way ANOVA for multigroup comparisons with
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Holm-Sidak’s post hoc analysis to determine significance levels between surgery and genotypes. Statisti-
cal analyses were performed using GraphPad Prism Software. For all analyses, P < 0.05 was considered
significantly different.

Study approval. All experiments involving animals were performed in accordance with protocols
approved by the IACUC of the University of Utah (protocol no. 12-07009), the Carver College of Medicine
of the University of Iowa (protocol nos. 1305094 and 6031709), and the University of California at Davis
(protocol no. 20957). All studies involving human samples were approved by the IRB of the University of
Utah and Intermountain Medical Center (Salt Lake City, Utah, USA; protocol no. 30622). All patients or
their family provided written consent.
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