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Background: Studies of insulin-like growth factor 1 (IGF-1) as a novel therapy for the treatment of cardio-
vascular diseases have proven promising. However, elevated IGF-1 levels have also been associated with
poor patient outcomes in heart failure with reduced ejection fraction. IGF-1 therapy has additionally been
shown to not be beneficial in the percutaneous coronary intervention setting. Although IGF-1 activation
of the PI3K/Akt and ERK1/2 pathways have been demonstrated as cardioprotective, other cellular mech-
anisms have not been fully investigated.
Methods: Neonatal rat cardiac myocytes (NCMs) and fibroblasts (NCFs) were isolated from 1 to 2-day old
pups using enzymatic digestion. NCMs and NCFs were pre-treated with IGF binding protein 6, inhibitors
for the PI3K/Akt Wortmannin, ERK1/2 U0126, Rho Associated Protein Kinase (ROCK) GSK576371,
Apoptosis Signal-regulating Kinase-1 (ASK-1) G2261818A, and p38MAPK RWJ67657 pathways before
stimulation with IGF-1 for 62 and 50 h, respectively. Cardiac myocyte hypertrophy and fibroblast colla-
gen synthesis were determined by 3H-leucine and 3H-proline incorporation, respectively.
Results: IGF-1 dose-dependently stimulated NCM hypertrophy and NCF collagen synthesis.
Treatment with IGFBP6 and the kinase inhibitors, Wortmannin, U0126, GSK576371, G2261818A and

RWJ67657 significantly inhibited IGF-1 stimulated NCM hypertrophy and NCF collagen synthesis.
Conclusion: This study is the first to demonstrate that IGF-1 treatment in NCMs and NCFs activates the
ROCK, ASK-1 and p38MAPK pathways. Future research may be guided by consideration of the PI3K/Akt
and ERK1/2 pathways potentially increasing collagen synthesis, and the utilisation of a biased agonist
to reduce activation of the ROCK, ASK-1 and p38MAPK pathways to maximise cardioprotective benefit
whilst mitigating risks.
� 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Insulin-like growth factor 1 (IGF-1) as a novel therapy in the
setting of cardiovascular disease (CVD) has become an increasing
focus of cardiovascular research, with promising pre-clinical and
clinical results. However, some studies have outlined potential lim-
itations of IGF-1 therapy, indicating a potentially incomplete
understanding of the underlying mechanisms of IGF-1 therapy
and that further research is required before its translation into clin-
ical practice.
Studies have suggested that IGF-1 may have broad applicability
in the cardiovascular setting. Clinical trials have demonstrated cor-
relations between lower IGF-1 levels and increased mortality [1,2]
the presence of CVD, worse self-reported perception of overall
health [1], the presence of heart failure (HF) [2] and more severe
New York Heart Association functional impairment [2]. Additional
studies have shown IGF-1 treatment improved cardiac function in
HF patients[3]. In the pre-clinical setting, IGF-1 treatment
enhanced left ventricular remodelling and function following
myocardial infarction [4] and decreased infarct size in the ischae-
mia–reperfusion context [5,6].

However, other research suggests that IGF-1 therapy should be
considered with caution. Some studies have illustrated that
increased levels of IGF-1 have also been associated with elevated
all-cause mortality and development of HF [7]. Associations
between IGF-1 levels and decreased mortality and hospitalisation
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for HF with reduced ejection fraction (HFrEF) were not found in HF
with preserved ejection fraction (HFpEF) [8]. HFpEF patients also
had significantly higher IGF-1 levels than their HFrEF counterparts
[8]. Chronic exposure to IGF-1 has also been linked to cancer devel-
opment such as in colorectal carcinoma [9]. Additionally, in the
post percutaneous coronary intervention setting, IGF-1 treatment
was not beneficial for left ventricular function [10]. As such, IGF-
1 therapy may not be applicable in all cardiovascular settings
and may need to be tailored to specific patient groups.

Pathways known to be activated by IGF-1 include inhibiting cell
apoptosis via the PI3K/Akt pathway [6,11], and promotion of cell
growth via the ERK1/2 pathway [11]. In the ischemia–reperfusion
setting, IGF-1 activates the PI3K/Akt pathway reducing cardiac dys-
function and fibrosis [12].

Given the mixed success of clinical trials [10], association of
mortality and HF with elevated IGF-1 levels [7], and possible
non-cardiac deleterious impacts [9], future IGF-1 therapy must
be carefully considered. In this context, our current study sought
to further explore the mechanisms underlying the effects of IGF-
1 on cardiac cellular remodelling.
2. Methods and materials

2.1. Materials

IGF binding protein 6 (IGFBP6) and mutant IGF binding protein
6 (mIGFBP6) were cloned, expressed and IGF binding activity ver-
ified as previously described [13–15]. Recombinant human IGF-1
was purchased from PeproTech (New Jersey, United States). Wort-
mannin, a PI3K inhibitor, and U0126, an ERK1/2 inhibitor, were
purchased from Sigma-Aldrich. The Rho Associated Protein Kinase
(ROCK) inhibitor GSK576371 (GSK) and Apoptosis Signal-
regulating Kinase-1 (ASK-1) inhibitor G2261818A (G226) were
gifts provided by GlaxoSmithKline. The p38MAPK inhibitor
RWJ67657 (RWJ) was a gift from Johnson & Johnson.

2.2. Cardiac myocyte and fibroblast culture

Animal use was approved by AMREP Animal Ethics Committee
(E/1653/2016/M). Neonatal rat cardiac myocytes (NCMs) and
fibroblasts (NCFs) were isolated from 1 to 2-day old Sprague-
Dawley rat pups using enzymatic digestion and maintained as pre-
viously reported [16]. After digestion with collagenase, NCMs and
NCFs were separated by Percoll gradient. NCMs were maintained
in serum-free Dulbecco’s Modified Eagle Medium DMEM supple-
mented with insulin, apo-transferrin, and potassium chloride. Bro-
modeoxyuridine was used for the initial three days to inhibit
proliferation of fibroblasts in case of contamination. NCFs were cul-
tured in high-glucose DMEM containing 1% antibiotic/antimycotic
and 10% fetal bovine serum (Sigma) and used at passage 2.

2.3. Cardiac myocyte hypertrophy assay

NCM hypertrophy was assessed by 3H-leucine incorporation as
previously detailed [16]. NCMs were pre-treated with or without
the selective inhibitors for 2 h prior to the addition of IGF-1 and
1 lCi per well of 3H-leucine for a further incubation of 60 h. Cells
were harvested with 10% trichloroacetic acid precipitation and
the level of 3H-leucine incorporation quantified using a beta
counter.

2.4. Cardiac fibroblasts collagen synthesis assay

Collagen synthesis of NCFs was measured by a 3H-proline incor-
poration assay [16]. After 48 h of serum starvation, NCFs were pre-
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treated for 2 h with or without selective inhibitors prior to stimu-
lation with IGF-1 and the addition of 3H-proline (1 lCi per well).
Cells were incubated for 48 h before harvesting, and the levels of
3H-proline incorporation quantified as described previously [16].
2.5. Statistical analysis

The data were analysed using non-parametric ANOVA (Kruskal-
Wallis test) for comparison among multiple groups. Due to the low
number of replicates, data were assumed to not follow a Gaussian
distribution and the analysis was performed with a non-
parametric t-test (Mann-Whitney test) to compare the difference
between two groups. All data were presented as median and IQR.
GraphPad Prism Version 9.1.2 (GraphPad Software Inc., USA) was
used to perform all of the statistical analyses.
3. Results

3.1. IGF-1 stimulates NCM hypertrophy and NCF collagen synthesis

As illustrated in Fig. 1A, IGF-1 dose-dependently stimulated
NCM hypertrophy and NCF collagen synthesis. In terms of NCM
hypertrophy, IGF-1 concentrations of 10 ng/mL (p < 0.05) and
100 ng/mL (p < 0.001) were significantly greater than compared
to the control. Likewise, NCF collagen synthesis was significantly
elevated at 10 ng/mL and 100 ng/mL IGF-1 (both p < 0.0001 vs
control).
3.2. Inhibition of several unique pathways attenuates IGF-1-
stimulated NCM hypertrophy

As shown in Fig. 1B, IGFBP6 (1000 ng/ml) significantly reduced
NCM hypertrophy stimulated by IGF-1 (p < 0.05 vs IGF-1) whilst
mIGFBP6 (1000 ng/ml) had no effect. In addition, Wortmannin,
U0126, GSK, G226 and RWJ significantly inhibited IGF-1 stimulated
NCM hypertrophy (p < 0.01, 0.05, 0.01 and 0.001 vs IGF-1, respec-
tively) in a dose dependent manner.
3.3. Inhibition of several unique pathways reduces IGF-1 induced NCF
collagen synthesis

As depicted in Fig. 2, IGF-1 induced NCF collagen synthesis was
significantly attenuated by IGFBP6. The inhibitors, Wortmannin,
U0126, G226, RWJ and GSK also attenuated IGF-1-stimulated NCF
collagen synthesis in a dose dependent manner.
4. Discussion

4.1. IGF-1 induces hypertrophy and collagen synthesis via the PI3K/Akt
and ERK1/2 pathways

Our study demonstrates that IGF-1 stimulates NCM hypertro-
phy and NCF collagen synthesis and that IGFBP6 reduces this
hypertrophy and collagen synthesis, suggesting that IGF-1 is the
direct cause of these deleterious effects. As such, developing an
IGFBP-like compound may prevent IGF-1 induced hypertrophy
and fibrosis. We have additionally shown that these IGF-1 driven
effects are attenuated by inhibition of the PI3K/Akt and ERK1/2
pathways. Although an increase in hypertrophy via these pathways
has been described in the literature [11,12], the increase in fibrosis
is an additional finding which may warrant further research into
its underlying mechanisms and implications.



Fig. 1. A. IGF-1 dose-dependently stimulated NCM hypertrophy and NCF collagen synthesis. B. IGFBP6 (but not a non-IGF binding mIGFBP6), Wortmannin, U0126, GSK, G226
and RWJ treatment inhibited IGF-1-stimulated NCM hypertrophy. *p < 0.05 **p < 0.01, and ***p < 0.001 vs control, #p < 0.05 vs IGF1. All results are presented as median and
IQR. All treatment groups were performed in triplicate and repeated three times (n = 3). Control and IGF-1 groups were performed in triplicates and also repeated 4 to 5 times
(n = 4 or 5). GraphPad Prism Version 9.1.2 (GraphPad Software Inc., USA) was used to perform all of the statistical analyses.
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4.2. IGF-1 induced NCM hypertrophy and NCF collagen synthesis via
the Rho-associated protein kinase, Apoptosis Signal-regulating Kinase-
1 and p38MAPK pathways

Our study is the first to illustrate that the ROCK pathway is also
activated by IGF-1. The ROCK pathway increases inflammation,
reactive oxygen species production, and the development of car-
3

diovascular disease [17]. Its activation leads to cardiac hypertrophy
[17] and inhibition reduces fibrosis and dysfunctional remodelling
[18]. Using the ASK-1 inhibitor, G226, our study demonstrates that
IGF-1 additionally activates the ASK-1 pathway. ASK-1 in the car-
diac setting leads to increased cardiomyocyte size and cardiac
hypertrophy [19]. p38MAPK is a key convergent point of inflamma-
tion and our results highlight that IGF-1 also activates this path-



Fig. 2. IGFBP-6, Wortmannin, U0126, GSK, G226 and RWJ dose-dependently inhibited IGF-1-stimulated NCF collagen synthesis. ***p < 0.001 vs control, #p < 0.05 and
##p < 0.01 vs IGF1 (10 ng/ml). All results are presented as median and IQR. All treatment groups were performed in triplicate and repeated three times (n = 3). Control and
IGF-1 groups were performed with triplicates and also repeated 4 to 5 times (n = 4, or 5). GraphPad Prism Version 9.1.2 (GraphPad Software Inc., USA) was used to perform all
of the statistical analyses.
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way in cardiac myocytes and fibroblasts. Inhibition through the
p38MAPK inhibitor, RWJ, led to a significant reduction in hypertro-
phy and fibrosis. These results are consistent with previously con-
ducted studies which have shown that activating the p38MAPK
pathway results in hypertrophy [11] and fibrosis [20].

Our study utilising the ROCK inhibitor GSK, ASK-1 inhibitor
G226 and p38MAPK inhibitor RWJ, demonstrated a significant
reduction in IGF-1 induced NCM hypertrophy and NCF collagen
synthesis. These pathways depicted in Fig. 3 at least in part con-
4

tribute to IGF-1 induced NCM hypertrophy and NCF collagen syn-
thesis leading to fibrosis.

The novel identification of IGF-1 as an activator of the ROCK,
ASK-1 and p38MAPK pathways may assist in understanding the
potential limitations including adverse effects of IGF-1 therapy in
addition to correlations between elevated IGF-1 levels with mor-
tality and heart failure. IGF-1 activation of these pathways may off-
set the cardioprotective effects of the PI3K/Akt and ERK1/2
pathways. As such, future therapies may need to avoid these dele-



Fig. 3. Multiple pathways activated by IGF-1 in the setting of cardiac cells. PI3K/Akt, ROCK, ASK1, p38MAPK and ERK inhibition results in reduced hypertrophy and collagen
synthesis.

K.W. Huang, I.H. Wang, P. Fu et al. IJC Heart & Vasculature 36 (2021) 100852
terious effects by specifically inhibiting these pathways or through
biased agonism preferentially activating cardioprotective path-
ways. Potential links between ROCK, ASK-1 and p38MAPK path-
ways suggest the possibility that IGF-1 therapies may not require
the direct inhibition of all of these pathways but only that of
p38MAPK, although future research into this hypothesis is
required.
4.3. Study limitations

A limitation of our study is the use of a single inhibitor for each
pathway analysed. A single inhibitor may have non-specific off-
target effects which could be mitigated using multiple inhibitors
individually. This remains an avenue for future research. Addition-
ally, as cell-based assays, the direct applicability of our results in
animal models and in the clinical setting requires further research
to demonstrate significant benefit whilst avoiding adverse effects.
The results of this study are preliminary. The use of adult car-
diomyocytes and an appropriate in vivo model is a possible avenue
of exploration for future research.
5. Conclusion

Our study has identified three additional pathways ROCK, ASK-
1 and p38MAPK not previously known to be activated by IGF-1,
which result in NCM hypertrophy and NCF collagen synthesis.
Moreover, there may indeed be additional pathways not yet dis-
covered which may likewise lead to deleterious effects of IGF-1
therapy. As such, our study provides the opportunity to guide
future research. This may involve preferentially inhibiting some
or all of these pathways by utilising a biased agonist to reduce acti-
vation of the ROCK, ASK-1 and p38MAPK pathways and carefully
considering the activation of the PI3K/Akt and ERK1/2 pathways
to balance cardioprotective benefits with potentially increased col-
lagen synthesis in order to maximise cardioprotective benefit and
minimise potential hypertrophy and fibrosis.
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