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ABSTRACT

The aging heart undergoes well characterized structural changes associated with functional decline, though the underlying
molecular mechanisms remain obscure. Recent studies suggest that age-related increases in oxidative stress are associated
with elevations in cardiac apoptosis and compensatory hypertrophy of the remaining cardiac myocytes. Although initially
beneficial, prolonged cardiac hypertrophy can lead to decompensation, arrhythmias, contractile dysfunction and subsequent
heart failure. Here we present the age-related molecular changes in the expression and phosphorylation of 4E-BP1, p-4E-BP1
(Thr 37/46), AKT, p-AKT (Thr 308), eEF2, p-eEF2 (Thr 56), P70s6K, p-P70s6K (Thr 421/Ser 424), S6rP, p-S6rP (Ser
235/236), STAT3, p-STAT3 (Ser 727), Tuberin/TSC2, p-Tuberin/TSC2 (Thr 1462), Calcineurin, eLF4E, and Raptor, in 6,
27, 30, 33 and/or 36 month F344XBN rat hearts underlying cardiac hypertrophy. This article represents data associated with
prior publications from our lab. Taken together, these data suggest that very aged F344XBN rat hearts recruit several major
signaling mechanisms to undergo hypertrophy.
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INTRODUCTION and ERK 1/2 have not to our knowledge been elucidated in

Cardiovascular disease is the leading cause of death for the aging F344xBN rat heart [8].

persons 65 years and older and is responsible for ~25% of
deaths [1]. The aging heart is characterized structurally and
functionally by increased hypertrophy, fibrosis, arrhythmias
and diastolic dysfunction [2]. Previous studies have shown
that age-associated cardiac alterations involve the
extracellular signal-regulated kinase 1/2 (ERK1/2), protein
kinase B (Akt) and the mammalian target of rapamycin
(mTOR) signaling pathways [3-6]. These studies, however,
did not use the National Institutes on Aging recommended
aging rodent model, the Fischer 344/Norway Fl1
(F344/BNF1) [7]. The F344xBN rat undergoes aging similar
to humans in which it exhibits increased left hypertrophy,
fibrosis, and diastolic dysfunction [2,8]. mTOR signaling in
the F344xBN rat has been investigated previously; however,
the regulation and downstream signaling targets of mTOR

In previous studies which investigated cardiovascular and
vascular disorders, ischemia/reperfusion injury,
atherosclerosis and cardiovascular complications from
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diabetes, therapeutic strategies involving inhibiting or
inducing Akt/mTOR signaling reduced or protected tissues
[9,10]. A better understanding of the age-associated
regulation in these signaling pathways could lead to
therapeutic  strategies  targeting ~mTOR/Akt/ERK1/2
signaling for age-related pathologies such as hypertrophy.

EXPERIMENTAL DESIGN, MATERIALS AND
METHODS

Animals

Animal care and procedures were conducted in accordance
with the Animal Use Review Board of Marshall University
using the criteria outlined by the American Association of
Laboratory Animal Care (AALAC) as proclaimed in the
Animal Welfare Act (PL89-544, PL91-979and PL94-279).
Young (6 months, n=6), adult (27 months, n=6), aged (30-
months, n=6) and very aged (33 and 36 months, n=6) male
F344xBN rats were obtained from the National Institute on
Aging. F344xBN rats were chosen for this study since this
hybrid rat lives longer and has a lower rate of pathological
conditions than inbred rats. The National Institutes on Aging
probability of survival curves generated by indicate that the
30 months and 36 months rats used corresponded roughly to
humans in their sixth and eighth decades of life,
respectively. Rats were housed two per cage in an AALAC
approved vivarium. Housing conditions consisted of a 12 h:
12 h dark-light cycle with temperature maintained at 22 +
2°C. Animals were provided food and water ad libitum. Rats
were allowed to acclimate to the housing facilities for at
least 2 weeks before experimentation began. During this
time, the animals were carefully observed and weighed
weekly. None of the animals exhibited signs of failure to
thrive, such as precipitous weight loss, disinterest in the
environment or unexpected gait alterations.

Tissue collection

Rats were anesthetized with a ketamine-xylazine (4:1)
cocktail (50 mg/kg, intraperitoneal) and supplemented as
necessary for reflexive response before tissue collections.
After midline laparotomy, the heart was removed and placed
in Krebs-Ringer bicarbonate buffer (KRB) containing; 118
mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM KH,PO,,
1.2 mM MgSO,, 24.2 mM NaHCOj; and 10 mM D-glucose
(pH 7.4) equilibrated with 5% C0O,/95% O, and maintained
at 37°C. Isolated hearts were quickly massaged to remove
any blood from the ventricles, cleaned of connective tissue,
weighed and immediately snap frozen in liquid nitrogen.

Tissue homogenization and determination of protein
concentration

Cardiac muscles were homogenized in a Pierce Tissue
Protein Extraction Reagent (T-PER) (10 mL/g tissue;
Rockford, IL, USA) that contained protease inhibitors
(P8340, Sigma-Aldrich, Inc., St. Louis, MO, USA) and
phosphatase inhibitors (P5726, Sigma-Aldrich, Inc., St.
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Louis, MO, USA). After incubation on ice for 30 min, the
homogenate was collected by centrifuging at 12,000 g for 5
min at 4°C. The protein concentration of homogenates was
determined via the Bradford method (Fisher Scientific,
Rockford, IL, USA). Homogenate samples were boiled in a
1X Laemmli sample buffer (Sigma-Aldrich, Inc., St. Louis,
MO, USA) for 5 min.

SDS-PAGE and immunoblotting

50 pg of total protein from each sample (n=6) was separated
on a 10% PAGEr Gold Precast gel (Lonza, Rockland, ME,
USA) and then transferred to on a nitrocellulose membrane.
Visual verification of transfer and equal protein loading
amongst lanes was accomplished by Ponceau S staining of
the membranes. For immunodetection, membranes were
blocked for 1 h at room temperature in blocking buffer (5%
non-fat dry milk in TBS-T (20 mM Tris-base, 150 mM
NacCl, 0.05% Tween-20), pH 7.6), serially washed in TBS-T
at room temperature, then probed with antibodies for the
detection of 4E-BP1 (#9452), phosphor-4E-BP1 (Thr 37/46)
(#9459), Akt (#9272), phospho-Akt (Thr308) (#9275), eEF2
(#2332), phospho-eEF2 (Thr56) (#2331), P70s6K (#9205),
phosphor-P70s6K (Thr 421/ Ser 424) (#9204), S6rP (#2217),
phospho-S6rP  (Ser235/236) (#4858), STAT3 (#9132),
phosphor-STAT3 (Ser 727) (#9145), Tuberin/TSC2 (#3612),
phospho-Tuberin/TSC2 (Thr1462) (#3617), -calcineurin
(#2614), elFAE (#2067) and raptor (#2280) (from Cell
Signaling Technology, Inc., Beverly, MA, USA).
Membranes were incubated overnight at 4°C in primary
antibody buffer (5% BSA in TBS-T, pH 7.6, primary
antibody diluted 1:1000), followed by washing in TBS-T (3x
5 min each), and incubation with HRP-conjugated secondary
antibody (anti-rabbit (#7074) or anti-mouse (#7076), Cell
Signaling Technology, Inc., Danvers, MA, USA) in blocking
buffer for 1 h. After removal of the secondary antibody,
membranes were washed (3x 5 min each) in TBS-T and
protein bands visualized on reaction with ECL reagent
(Amersham ECL Western Blotting reagent RPN 2106, GE
Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). The
FluorChem E System (Cell Biosciences, Santa Clara, CA,
USA) was used to detect immunoreactivity. Target protein
levels were quantified by AlphaViewFC image analysis
software (Alpha Innotech, San Leandro, CA, USA) utilizing
the built in local background setting. Due to the digital
nature of the image, pixel density information may not be
apparent in reproductions of the original data files.

DATA ANALYSIS

Data were analyzed using Sigma Stat 12.0 statistical
software and the results are presented as mean + SEM. A
one-way analysis of variance was performed for overall
comparisons with the Student-Newman-Keuls post hoc test
used to determine differences between groups. The level of
significance accepted a priori was < 0.05.
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RESULTS

To determine the effect of age in 6, 27, 30, 33 and 36
months hearts in F344xBN male rats, we evaluated the basal
expression of cardiac proteins and when relevant, the basal
phosphorylation these proteins. The phosphorylation site(s)
for Akt was Thr 308, tuberin (TSC2) was Thr 1462, 4E-BP1
was Thr 37/46, p70s6 kinase (p70s6) was Thr 424/421, S6
Ribosomal Protein (S6rP) was Ser 235/236, eEF2 was Thr
56 and STAT3 was Ser 727. Total basal cardiac protein
expression, total phosphorylation and the ratio of
phosphorylation to protein expression (activation) are shown
in Figures 1-8. Figure 3 depicts the protein expression of
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molecules which were not measured for phosphoylation
including calcineurin (A), elF4E (B) and Raptor (C).
Figures 1-8 include both representative immunoblots and
bar graphs with 27, 30, 33 and 36 months values relative to
the young, 6 months old rats (n=6 per each age). For ease of
comparison and interpretation, the data from the figures was
compiled into tables. The tables present the percent change
in basal protein phosphorylation (Table 1), expression
(Table 2) and ratio of phosphorylation to protein expression
(activation; Table 3) at 27, 30, 33 and 36 months of age
relative to 6 months old rats. Note that the missing values in
the table denote values not significantly different than 6
months old rats.
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Figure 1. Age-associated changes in expression and phosphorylation of AKT in 6, 27, 30, 33, 36 months rat heart. The basal
expression and phosphorylation at threonine 308 of AKT in heart of F344XBN rats. A) represents AKT phosphorylation at
threonine 308, B) represents total AKT, C) Represents phosphorylated to total ratio of AKT.

* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 2. Age-associated changes in expression and phosphorylation of Tuberin/TSC2 in 6, 27, 30, 33, 36- month rat heart.
The basal expression and phosphorylation at threonine 1462 of Tuberin/TSC2 in heart of F344XBN rats. A) Represents
tuberin/TSC2 phosphorylation at threonine 1462 and 236, B) Represents total tuberin/TSC2, C) Represents phosphorylated to

total ratio of tuberin/TSC2.

* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 3. Age-associated changes in expression of calcineurin, elF4E and raptor in 6, 27, 30, 33 and 36 months rat heart. The
basal expression of calcineurin, elF4E and raptor in heart of F344XBN rats. A) Represents total calcineurin, B) Represents
total elF4E, C) Represents total raptor.

* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 4. Age-associated changes in expression and phosphorylation of 4EB-P1 in 6, 27, 30, 33 and 36 months rat heart.
The basal expression and phosphorylation at threonine 37 and 46 of 4EB-P1 in heart of F344XBN rats. A) Represents 4EBP-
1 phosphorylation at threonine 37 and 46, B) Represents total 4EBP-1, C) Represents phosphorylated to total ratio of 4EBP-
1.

* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 5. Age-associated changes in expression and phosphorylation of P70s6K in 6, 27, 30, 33, 36 months rat heart. The
basal expression and phosphorylation at threonine 421 and serine 424 of P70s6K in heart of F344XBN rats. A) Represents
P70s6K phosphorylation at threonine 421 and serine 424, B) Represents total P70s6K, C) Represents phosphorylated to total
ratio of P70s6K.

* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 6. Age-associated changes in expression and phosphorylation of S6rP in 6, 27, 30, 33, 36 months rat heart. The basal
expression and phosphorylation at serine 235 and 236 of S6rP in heart of F344XBN rats. A) Represents S6rP

phosphorylation at serine 235 and 236, B) represents total S6rP, C) Represents phosphorylated to total ratio of S6rP.
* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 7. Age-associated changes in expression and phosphorylation of eEF2 in 6, 27, 30, 33, 36 months rat heart. The basal
expression and phosphorylation at threonine 56 of eEF2 in heart of F344XBN rats. A) Represents eEF2 phosphorylation at
threonine 56, B) Represents total eEF2, C) Represents phosphorylated to total ratio of eEF2.

* Significantly different from 6 months group (p<0.05), n=6/group
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Figure 8. Age-associated changes in expression and phosphorylation of STAT3 in 6, 27, 30, 33, 36 months rat heart. The
basal expression and phosphorylation at serine 727 of STAT3 in heart of F344XBN rats. A) Represents STAT3
phosphorylation at serine 727 and 236, B) Represents total STAT3, C) Represents phosphorylated to total ratio of STAT3. *
Significantly different from 6 months group (p<0.05), n=6/group
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Table 1. Relative percent change phosphorylation compared to young (6 months old) rats.

mTOR mTOR mTOR p70s6k
mTOR target Y mTOR target
inhibitor target target target
Akt TSC2 4E-BP1 p70s6k s6rP eEF2 Stat3
27 months -14.5 £
21.0+£22*% | 42423 31.3+£32*% | +24.4 +4.3* -32.1+1.5*% -43.3£2.9*%
(adult) 2.8%
30 months -144 + -333+
-18.4 £2.8%* -43.7+£4.1* +66.8 £ 2.1* -81.2£2.9* -83.4+£0.3*
(aged) 2.3% 4.1*
33 months -26.1 + -32.5+
-1.6+1.8 -355+59*% | +13.0 £4.7* -6.9 + 0.9*% -149+£2.3*
(very aged) 6.2% 1.0*
36 months -56.5 -5.1+
+5.2 £ 0.9% -6.0+6.0 +92.7 + 4.6* -0.3+0.9 -16.8 £2.5*
(very aged) 3.8% 7.8
* Values significantly different from 6 months old rat (p<0.05), Increases in expression are bolded
Table 2. Relative percent change expression compared to young (6 months old) rats.
mTOR | mTOR Bound
mTOR mTOR | p70s6k | mTOR | mTOR mTOR
inhibito = binding by 4E-
target target | target target target target
r partner BP1
Akt TSC2 Raptor 4E-BP1 elF4E  p70s6k  s6rP eEF2 Stat3 calcineurin
27
-17.0+ | 223+ | -23.7+ | -309+ -0.6+ | -33.1+ | -32+ -10.3 £ 9.3+
months 21.5+1.8*
1.9% 3.3*% 0.5% 1.7* 2.7 4.9% 1.5 1.5% 1.9%
(adult)
30
-36.1+  -232+ -47.6+ -53.7+ -39+ 818+  -1.1+ -14.1 + 213+
months -48.7 £ 1.6*
1.6* 2.8% 4.0* 2.5% 1.9 2.8% 0.9 1.0* 1.3*
(aged)
33
months | -164+ @ -36.6+ @ -334+ | -39.3+ 47+ | -624+ | -0.6% -123 £ +8.9 + 3341 1"
323 £ 1.
(very 1.1% 0.8% 1.8% 1.5% 0.9 0.6* 1.3 1.8% 1.1*
aged)
36
months  -6.5+  -36.6+ 274+ -10.8+ @ -158+ -26.8+ -0.8=+ -9.0 + +15.2 £
-17.4 £2.2%
(very 1.1* 0.8 2.2% 4.2% 5.2% 8.5% 1.2 1.8* 2.5%
aged)
* Values significantly different from 6 months old rat (p<0.05),; Increases in expression are bolded
SciTech Central Inc.
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Table 3. Relative percent change in ratio of phosphorylation to total protein (activation) compared to young (6 months old)
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rats.
mTOR mTOR
inhibitor target
Akt TSC2 4E-BP1
27 months +32.3 + +23.1 £
-4.8 +£0.8%
(adult) 3.0% 2.2%
30 months +43.4 +
+27.7 £ 3.8% +9.8+1.3
(aged) 2.7*
33 months
+14.4 + +10.8 £
(very +17.9 +£1.2*
8.7* 1.3%
aged)
36 months
-58.5+ +17.0 £
(very +12.5 £ 0.4*
1.0* 6.1*
aged)

mTOR p70s6k
mTOR target | mTOR target
target target
p70s6k s6rP eEF2 STAT3
+33+
5 +20.4 +2.6* -24.4 +£0.5* -37.7£2.2*
+224.4 +
+65.2 + 1.6* -78.3 £3.2* -79.0 £ 0.2*
26.9*%
+70.8 £
+13.0 £ 3.6* +6.1 +1.3* -22.1 +1.5*
13.1*
+35.7 +
105 +94.4 £3.0* +10.4 £1.2* -27.9 £ 1.0*

* Values significantly different from 6 months old rat (p<0.05); Increases in expression are bolded

DISCUSSION

Cardiac hypertrophy involves multiple protein signaling
pathways that are involved in cell growth, cell metabolism,
protein synthesis and the cell cycle [11]. The regulation of
cardiac hypertrophy is an area of active research however it
is still unclear how this process is controlled at the molecular
level [12,13]. Previous studies in our laboratory have shown
in that age-associated cardiac hypertrophy, ROS-dependent
smooth muscle hypertrophy and impaired overload-induced
hypertrophy in insulin-resistant skeletal muscle was
associated with alterations in ERK1/2, mTOR and Akt
signaling [8]. To extend upon these observations, we
examined the expression and activation (ratio of
phosphorylated to total protein expression) of Akt, mTOR
binding partner (Raptor), mTOR inhibitor (TSC2) and
mTOR downstream targets (4E-BP1, p70s6k, rpS6, eEF2k,
STAT3, Raptor and calcineurin) in the aging F344xBN
heart.

Previous findings from our laboratory reported an increase
in Akt Ser473 phosphorylation at 36 months [8]. Activation
of Akt requires phosphorylation of Ser473 and Thr308 [14].
In this study, Akt activation by phosphorylation of Thr308
was increased with age at 30, 33 and 36 months (Table 3
and Figure 1C). This result in addition to the increased
activation of Akt Ser473 in our previous study confirms that
activation of Akt was increased with age and may be
responsible for the increased activation of its downstream
target mTOR [14].

To determine how aging affects mTOR signaling, the
expression and activation of the mTOR inhibitor (TSC2),
mTOR binding partner (Raptor) and downstream targets
were determined in the F344xBN heart. Previous work has
shown a reduced inhibition of mTOR in hypertrophic states
is associated with lower expression and activation of TSC2
[15-17]. In the aging F344xBN the activation of TSC2 was
increased only slightly at 27 and 33 months. However, the
expression of p-TSC2 was decreased from 27-33 months
(Table 1 and Figure 3A) and the total TSC2 expression
(Table 2 and Figure 2B) was decreased from 30-36 months
which together, suggests a reduced activation of TSC2
(Table 3 and Figure 2C). Supporting these data, we found
that the average heart weight of the 36 months old animals
was nearly twice that of a 6 months old rat (Table 4) and
significantly greater in mass than even the 30 months old
heart [8].
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Table 4. Body and heart weight change with age.

Body Weight (g)
27 months (adult) 354 +£12.8
27 months (adult) 6043+ 164 *
30 months (aged) 5393+5.0*
33 months (very aged) 4943 £ 8.0
36 months (very aged) 483.0£2.8*

*Values significantly different from 6 months old rat (p<0.05)
mTOR signaling (phosphorylation) of the downstream
targets (4E-BP1, p70s6 kinase) requires the binding of
Raptor to mTOR [18-21]. Although, total expression of
Raptor was decreased with aging (Table 2 and Figure 3C),
the activation of 4E-BP1 was increased with aging (27-36
months) and was not affected by reduced Raptor expression
(Table 3 and Figure 4C). This may have been due to both
the decreased expression of mTOR inhibitor TSC2 (Table 2
and Figure 3B) and the trend of decreasing TSC2 activation
over time from 27-36 months old (i.e., from +32.3% to -
58.5% activation compared to 6 months old rats,
respectively) (Table 3 and Figure 2C).

mTOR plays a critical role in cell growth by inhibiting 4E-
BP1, an inhibitor of translation initiation by binding to
elF4E [22]. In the aging F344xBN heart there was a
decrease in 4E-BP1 phosphorylation (27-33 months) (Table
1 and Figure 4A) and expression (27-36 months) (Table 2
and Figure 4B), but an increase in activation (27-33
months)  (Table 3 and Figure 4C). The
hyperphosphorylation of 4E-BP1 disrupts its interaction with
elF4E, which results in activation of cap-dependent
translation [23].

While mTOR activation of p70s6k most likely occurred, the
expression and activation of this protein can be confounded
by expression of the structurally similar protein, p90s6k
which is not activated by mTOR (Tables 1-3 and Figure 5)
[24]. Increased mTOR induced p70s6k activation can,
however, be detected by the increased activation of its target
s6rP. S6rP, which is responsible for cell growth and cell
cycle progression [25-28], was significantly activated
compared to 6 months values at all-time points (Table 3 and
Figure 6C).

Eukaryotic elongation factor 2 kinase (eEF2k), another
downstream target of mTOR, phosphorylates and inactivates
eEF2 resulting in the inhibition of peptide-chain elongation
[29]. This inhibition involves the phosphorylation of eEF2k
by p90RSK and p70S6 kinase at Ser366 or by
SAPK4/p38delta at Ser359 [30,31], which facilitates the
dephosphorylation of eEF2 and thus promotes translation. In
this study the downstream target of e¢EF2K, e¢EF2, was
shown to have decreased activation at 30 months but not at
33 or 36 months (Table 3 and Figure 7C). Stat3, a

Heart Weight (g) Heart to Body Weight (ratio)
0.85 +0.02 0.24 £ 0.01
143+ 0.03 * 0.24 £ 0.01
1.34 £ 0.09* 0.25+0.04
1.50 £ 0.05* 0.30+0.01*
1.59 +£0.07* 0.33+0.02 *

transcription factor, is activated by mTOR pathways by the
phosphorylation at Ser727 [32,33]. Expression and
activation of Stat3 decreased in all age groups in the
F344xBN (Tables 2 and 3 and Figures 8B and 8C).

Another important signaling molecule involved in cardiac
hypertrophy is calcineurin, a phosphatase that is activated by
calcium [34-36]. Other studies have shown that ERK1/2 and
calcineurin often function together to induce cardiac
hypertrophy [37]. Previous work in our laboratory has
shown an increase in ERK1/2 signaling in the 36 months
F344xBN heart. Here in, we demonstrate that the expression
of calcineurin was significantly decreased with age (Figure
3A) in the F344xBN which is consistent with the possibility
that this molecule may not play a major role in age-
associated cardiac hypertrophy.

CONCLUSION

In summary, the findings from this study suggest that aging
cardiac hypertrophy in the F344xBN rat is associated with
the Akt activation of mTOR signaling pathways due to
reduced expression of mTOR signaling inhibitor TSC2 and
increased activation of downstream proteins involved in
protein synthesis (p70s6k activated rpS6, and 4E-BP1). The
activation of mTOR signaling could be due to the increased
levels of ROS in the aging F344xBN heart [38]. Previous
studies have shown increased mTOR activation with
increased levels of ROS and the reduction of mTOR
signaling with the use of antioxidants in cardiac pathologies
[39-42]. Additional mechanistic studies involving the role of
ROS in the activation of age-associated hypertrophy and
activation of mTOR signaling are needed in order to
understand the molecular signaling to determine potential
therapeutic mechanisms for the elderly.
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