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of infarct size, pretreatment with 4-HNE significantly attenuated the
increase in 4-HNE adduct proteins during reperfusion injury (Supple-
lemental Fig. 4).

3.7. 4-HNE treatment has no effect on the functional recovery of the left
ventricle after ischemia-reperfusion in Langendorff-perfused Nrf2-
knockout mouse hearts

To examine the role of Nrf2 in the cardioprotective effect of 4-HNE,
Nrf2-knockout mice were injected i.v. with either 4 mg/kg 4-HNE or

vehicle, and 24 h later, the hearts were isolated and subjected to the
same ischemia-reperfusion protocol. There was no difference in LV
function before the induction of ischemia between the hearts from the
Nrf2-knockout mice and those from the wild-type control mice. 4-
HNE pretreatment did not affect the cardiac parameters at baseline in
the Nrf2-knockout mice (data not shown). 4-HNE pretreatment did
not improve the recovery of LVDP or rate-pressure product during
reperfusion of the Nrf2-knockout mouse hearts. Moreover, 4-HNE
pretreatment did not attenuate the total LDH activity released into the
perfusate during reperfusion (Fig. 8). Notably, 4-HNE pretreatment
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Fig. 4. Nrf2-dependent transcription is activated in 4-HNE-treated cardiomyocytes. (A) Cardiomyocytes were treated with sublethal concentrations of 4-HNE (0, 5, 10 pM) for 1 h.
Nuclear extracts were subjected to SDS-PAGE, and Nrf2 was detected by immunoblotting. Membranes were stripped and reprobed with anti-Lamin B antibodies. (B) Cardiomyocytes
were treated with either an Nrf2-specific siRNA or a control siRNA for 24 h, and then stimulated with 4-HNE (5 uM) for 6 h. Antioxidant gene expression was determined by Q-PCR
analysis; n=>5, 'P<0.05, compared to control siRNA-treated cardiomyocytes. (C) The intracellular levels of GSH were measured 14 h after 4-HNE (5 uM) treatment using Bioxytech
GSH/GSSG-412 (Oxis Research), based on the Tietze method; n=5, *P<0.05, compared to control siRNA-treated cardiomyocytes without 4-HNE stimulation.
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Fig. 5. Nrf2-deficient cardiomyocytes exhibit lower resistance to oxidative stress and the adaptive response to 4-HNE is completely abolished. Cardiomyocytes were treated with
either Nrf2-specific siRNA or a control siRNA for 24 h, and then stimulated with 4-HNE (5 uM or 10 uM) for 24 h. (A) Representative images of cardiomyocytes after treatment with
different concentrations of 4-HNE. (B) Quantification of cell viability. Data shown are mean + SEM (n = 5). *P<0.05 vs. control siRNA-treated cardiomyocytes (unpaired Student's ¢-
test). Nrf2-depleted cardiomyocytes were preincubated with 5 pM 4-HNE for 14 h, and then stimulated with 4-HNE (10 pM or 20 uM) for 24 h. (C) Representative images of
cardiomyocytes after treatment with different concentrations of 4-HNE. (D) Quantification of ¢ell viability. Data shown are mean 4+ SEM (n =5). *P<0.05 vs. control siRNA-treated

cardiomyocytes (unpaired Student’s t-test).

increased the protein expression levels of xCT, GPX4, Gclc, Gsta, HO-1,
and Catalase in the Nrf-2 wild-type hearts, but not in the Nrf2-
knockout hearts (Supplemental Fig. 5).

4. Discussion

In addition to the pathogenic effects associated with oxidative
stress, 4-HNE is considered to play an important role as a signal
transduction molecule in stimulating the antioxidant defense net-
work. This induction of stress-protective mechanisms is referred to as
“stress-response hormesis” [9]. The present study provides insights
into the clinical significance of stress-response hormesis induced by
4-HNE (Supplemental Fig. 7).

Hormesis is generally defined as a biphasic dose-response curve to
a treatment that is beneficial at low levels but noxious at higher levels
[15]. However, for practical reasons, most researchers in the fields of
aging and molecular biology use a limited number of dosages within
the optimal or hormetic zone when studying adaptive mechanisms.
Thus, these researchers report hormetic effects without having to
confirm the biphasic dose-response curve. This is certainly true for
many examples of preconditioning. In the present study, we show a
biphasic dose-response curve; 4-HNE induced cardiomyocyte death
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at higher concentrations (=20 pM), whereas it had no appreciable
cytotoxicity at lower concentrations (<10 uM). Notably, a lower
concentration of 4-HNE primed the cardiomyocytes for subsequent
oxidative injury, thereby enabling the cells to adapt to cytotoxic
concentrations of 4-HNE. Furthermore, we demonstrate that the
administration of 4-HNE via the retro-orbital vein protects the heart
against cell death induced by ischemia-reperfusion injury. 4-HNE
pretreatment significantly attenuated the accumulation of 4-HNE
adduct proteins during reperfusion. A growing body of evidence
indicates that a brief ischemic insult in one organ releases endogenous
factors that protect other organs against a prolonged ischemic insult
[16]. This phenomenon is known as ‘remote ischemic precondition-
ing’. The exact nature of signaling transduction from remote tissue to
target organ remains to be fully elucidated. Aldehydes are more stable
than their precursor ROS, which means that they can diffuse to sites at
a distance from their site of injury. Aldehydes conjugate with
receptive nucleophiles, such as glutathione. In the present study, we
raise the possibility that aldehydes and/or their metabolites act as
humoral mediators to mediate distant organ protection.

We show that Nrf2 is a key transcriptional regulator for 4-HNE-
mediated establishment of antioxidative defenses, at least under
acute conditions. These results are consistent with recent reports that
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Fig. 6. Depletion of intracellular GSH using BSO renders cardiomyocytes less tolerant to 4-HNE and abolishes the 4-HNE-induced preconditioning effect. (A) Cardiomyocytes were
incubated with 50 pM BSO in the presence or absence of 4-HNE (5 uM) for 14 h. The intracellular levels of GSH were measured using Bioxytech GSH/GSSG-412 (Oxis Research),
based on the Tietze method; n =5, *P<0.05, compared to BSO-untreated cardiomyocytes without 4-HNE stimulation. (B) Cardiomyocytes were incubated with 50 pM BSO, and then
stimulated with 4-HNE for 24 h. Representative images of cardiomyocytes after treatment with 4-HNE. (C) Quantification of cell viability. Data shown are mean + SEM (n=15).
*P<0.05 vs. BSO-untreated cardiomyocytes. (D) Cardiomyocytes were preconditioned with 4-HNE (5 M) in the presence or absence of 50 uM BSO for 14 h, and then examined for

tolerance to higher dosages (10 uM and 20 M) of 4-HNE. Representative images of cardiomyocytes after treatment with 4-HNE. (E) Quantification of cell viability. Data shown are
mean + SEM (n =5). *P<0.05 vs. 4-HNE-preconditioned cardiomyocytes without BSO treatment

Nrf2 signaling plays an important role in 3H-1,2-dithiole-3-thione
(D3T)- or H,0,-induced protection against oxidative injury to
cardiomyocytes [17] [18]. Under unstressed conditions, Nrf2 is

tethered to Keapl in the cytoplasm. This complex directs Nrf2
polyubiquitination and degradation. During oxidative stress, Nrf2 is
liberated from Keapl and enters the nucleus, where it forms a
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Fig. 7. 4-HNE treatment significantly improves the functional recovery of the left ventricle after ischemia-reperfusion in Langendorff-perfused hearts. The stock solution of 4-HNE
was diluted with PBS, and a dose of 4 mg/kg HNE was administered via the retro-orbital vein 24 hours before sacrifice under anesthesia using diethyl ether. A vehicle solution
(ethanol diluted with PBS) was administered in the same manner. Twenty-four hours later, the hearts were excised rapidly under deep anesthesia using pentobarbital and were
immediately mounted on the Langendorff apparatus. Langendorff-perfused hearts were subjected to 25 min of total global ischemia, followed by aerobic reperfusion. LVDP, Recovery
of left ventricular developing pressure; LVEDP, diastolic pressure; HR, heart rate; +/—dP/dt, peak positive/negative dP/dr; RPP, rate pressure product. *P<0,05 for HNE-

preconditioned hearts (n=10) vs. control hearts (n = 10) (unpaired Student's t-test).

heterodimer with the small Maf transcription factor Nrf2, to induce
the expression of genes for proteins that function as antioxidants and
enzymes that are involved in phase If detoxification and glutathione
biosynthesis [14]. The mechanism by which 4-HNE induces the
nuclear accumulation of Nrf2 remains to be clarified. Specific cysteine
residues (Cys273/Cys288) in the Keap1 protein are known to act as a
sensor for oxidative stress, and modification of these residues leads to
a conformational change in Keapl, with consequent release of Nrf2
[19]). 4-HNE induces a conformational change in Keap1 directly via
adduct formation or indirectly by increasing the production of
mitachondrial ROS [20],

There is accumulating evidence that the myocardial GSH content
influences susceptibility to ischemia-reperfusion injury [21]. N-acet-
ylcysteine and vy-glutamyl-cysteine ethyl ester, which are precursors in
glutathione biosynthesis, significantly attenuate myocardial ischemia-
reperfusion injury when administered before reperfusion [22]. In
contrast, glutathione depletion exacerbates myocardial ischemia-
reperfusion injury {21,23]. We show that the stimulation of cellular
GSH biosynthesis through the up-regulation of GCL, a rate-limiting
enzyme in GSH biosynthesis, plays a crucial role in 4-HNE-mediated
cardioprotection via Nrf2 activation. Reduction of the GSH content to
about 100uM/g by either Nrf2-siRNA or BSO (a GCL inhibitor)
sensitized the cardiomyocytes to 4-HNE-induced death and completely
abolished the cardioprotective effect of a low dose of 4-HNE,

In addition to Nrf2, activating transcription factor 4 (ATF4) is also
activated following the induction of oxidative stress and GSH
biosynthesis {24)]. Recently, we reported that life-long mitochondrial
oxidative stress increases the phosphorylation levels of the a-subunit of

translation initiation factor 2 (elF2a) [25]. Phosphorylation of elF2o
inhibits general protein synthesis, although it specifically stimulates the
translation of ATF4. ATF4 stimulates the expression of genes that encode
enzymes that are invoived in serine biosynthesis, while it does not
stimulate the expression of GCL. Serine is a precursor of glycine and
cysteine, both of which are needed for the biosynthesis of GSH. ATF4 also
stimulates the expression of the solute-like carrier family of amino acid
transporters. Thus, ATF4 activates GSH biosynthesis by providing the
amino acids necessary for glutathione biosynthesis.

The rate of GSH synthesis is determined primarily by GCL activity
and the availability of precursor amino acids. [n the acute setting, Nrf-2-
dependent induction of GCL expression mainly contributes to the
enhanced production of GSH, thereby replenishing the intracellular GSH
pool. However, once the intracellular GSH is recovered to normal levels,
GCL activity is subject to feedback inhibition by GSH. To maintain in the
long-term the increased levels of GSH so as to re-establish homeostasis
under persistent oxidative stress, cardiomyocytes shift their glucose
metabolism from mitochondrial oxidative energy production to the
generation of reducing equivalents (NADPH or GSH) in the cytosol by
activating the pentose phosphate pathway and amino acid metabolism
vig an ATF4-dependent mechanism [25]. Thus, Nrf2 and ATF4 appear to
act in a co-ordinated manner to regulate glutathione biosynthesis and
the glutathione redox cycle at different time-points [26] .

Although the baseline expression levels of catalase, Gcle, and Gsta
were suppressed by up to 50% in the Nif2-knockout hearts, as compared
to the wild-type hearts (Zhang and Sano, unpublished observation), the
Nrf2-knockout hearts were phenotypically normal under the unstressed
condition. However, the preconditioning effect of 4-HNE was
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Fig. 8. 4-HNE treatment has no effect on the functional recovery of the left ventricle after ischemia-reperfusion in Langendorff-perfused Nrf2-knockout mouse hearts. 4-HNE (4 mg/
kg) was injected into the ocular vein of each mouse. Langendorff-perfused hearts were subjected to 25 min of total global ischemia, followed by aerobic reperfusion. LVDP, Recovery
of left ventricular developing pressure; LVEDP, diastolic pressure; HR, heart rate; +/-—dP/dt, peak positive/negative dP/de: RPP, rate pressure product. *P<0.05 for HNE-

preconditioned (n=7) vs. contro! hearts (n=7) {unpaired Student's ¢-test).

completely absent in the Nrf2-knockout hearts. These results indicate
that either Nrf2 is dispensable or that the Nrf2 defect is completely
compensated for under the unstressed condition but is indispensable for
the acute adaptive response under conditions of stress. Consistent with
this notion, Nrf2-knockout hearts are prone to progression to terminal
heart failure in response to pressure-overload by TAC[27]. Interestingly,
the recovery of positive and negative dP/d¢ during early reperfusion was
better in the Nrf2-knockout hearts than in the Nrf2-wildtype hearts
(20 min of reperfusion and 10, 20, and 30 min of reperfusion,
respectively) (Supplemental Fig. 4). The recovery of LVDP during early
reperfusion tended to be better in Nrf2-KO mice, although the difference
between Nrf2-wild-type and Nrf2-knockout mice was not statistically
significant. These results strongly suggest that a compensatory
mechanism against oxidative stress is stimulated in Nrf2-KO mice.
However, the cardioprotection observed in the Nrf2-knockout mice was
transient, and the recovery of LV function was similar in the two groups
during late reperfusion (Supplemental Fig. 6). In addition, the finding
that there was no difference in the total LDH activity released into the
perfusate during reperfusion indicates that the extent of irreversible
damage after ischemia-reperfusion is equivalent in Nrf2-wild-type and
Nrf2-knockout mice, at least in these Langendorff-perfused hearts. 4-
HNE pretreatment significantly improved the recovery of LV function
during overall reperfusion, and attenuated LDH release during reperfu-
sion in Nrf2-wildtype mice. Cardiac Nrf-2 was activated in the heart
60 min after the injection of 4-HNE via the retro-orbital vein, Both the
up-regulation of cardiac anti-oxidant enzymes and the cardioprotection
afforded by 4-HNE pretreatment were completely abrogated in the
Nrf2- knockout mice. Therefore, we conclude that Nrf2 is essential for 4-
HNE-induced cardioprotection, despite the differences in the patterns of
LV functional recovery observed between Nrf2-wildtype and Nrf2-
knockout mice. The mechanism by which Nrf2- knockout mice manifest
improved LV function during early reperfusion remains unknown.
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4-HNE is highly reactive so that most of 4-HNE may undergo
nucleophilic addition reactions with electron-rich centers particularly
non-protein and protein thiols and amines in the blood. Thus, we
examined whether sufficient reactive 4-HNE reaches the heart upon
systemic administration using antibodies specific for 4-HNE adduct
proteins and showed that the level of 4-HNE in the heart was
increased at 60 min after the administration of 4-HNE via the retro-
orbital vein. We also demonstrated that cardiac Nrf2 is activated at
60 min after systemic administration of 4-HNE. We concluded that 4-
HNE or 4-HNE conjugate metabolite can reaches the heart upon
systemic administration and stimulate intracellular signaling in the
heart. Notably, not only free 4-HNE but also 4-HNE conjugate
metabolite can stimulate intracellular signaling and increased cell
growth in cultured vascular smooth muscle cells [28].

Several studies have suggested that the generation of aldehydes,
such as 4-HNE, contributes to much of the damage induced by ROS
[29]. The present study intriguingly shows that a sublethal concen-
tration of 4-HNE protects cardiomyocytes from ischemia-reperfusion
injury. An improved understanding of the dual roles of 4-HNE would
facilitate the design of novel strategies for cardioprotection against
oxidative stress [30].
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Takahashi T, Anzai T, Kaneko H, Mano Y, Anzai A, Nagai T,
Kohno T, Maekawa Y, Yoshikawa T, Fukuda K, Ogawa S.
Increased C-reactive protein expression exacerbates left ventricular
dysfunction and remodeling after myocardial infarction. Am J Physiol
Heart Circ Physiol 299: H1795-H1804, 2010. First published Sep-
tember 17, 2010; doi:10.1152/ajpheart.00001.2010.—We previously
reported serum C-reactive protein (CRP) elevation after acute myo-
cardial infarction {MI) to be associated with adverse outcomes includ-
ing cardiac rupture, left ventricular (LV) remodeling, and cardiac
death. Experimental studies have indicated that CRP per se has
various biological actions including proinflammatory and proapop-
totic effects, suggesting a pathogenic role of CRP in the post-MI
remodeling process. We tested the hypothesis that increased CRP
expression would exacerbate adverse LV remodeling after MI via
deleterious effects of CRP. Transgenic mice with human CRP expres-
sion (CRP-Tg) and their transgene-negative littermates (control) un-
derwent left coronary artery ligation. There was no apparent differ-
ence in phenotypic features between CRP-Tg and control mice before
MI. Although mortality and infarct size were similar in the two
groups, CRP-Tg mice showed more LV dilation and worse LV
function with more prominent cardiomyocyte hypertrophy and fibro-
sis in the noninfarcted regions after MI than controls. Histological
evaluation conducted 1 wk post-MI revealed a higher rate of apoptosis
and more macrophage infiltration in the border zones of infarcted
hearts from CRP-Tg mice in relation to increased monocyte chemo-
tactic protein (MCP)-1 expression and matrix metalloproteinase
(MMP)-9 activity. Increased CRP expression exacerbates LV dys-
function and promotes adverse LV remodeling after MI in mice. The
deleterious effect of CRP on post-MI LV remodeling may be associ-
ated with increased apoptotic rates, macrophage infiltration, MCP-1
expression, and MMP-9 activity in the border zone.

macrophage; apoptosis

EARLY REVASCULARIZATION AND pharmacological therapy have
been used to improve clinical outcomes in patients with acute
myocardial infarction (MI). However, in some instances, par-
ticularly in those in which myocardial ischemic damage is too
severe and extensive to allow salvage, adverse left ventricular
(LV) remodeling develops following ML This deleterious
remodeling is characterized by progressive LV dilation and
depressed LV function. In the long-term, the development of
LV remodeling leads to detrimental outcomes such as conges-
tive heart failure and lethal arthythmias. Although the precise mec-
hanisms underlying adverse LV remodeling remain to be deter-
mined, the inflammatory response to myocardial tissue damage

Address for reprint requests and other correspondence: T. Anzai, Div. of
Cardiology, Dept. of Medicine, Keio Univ. School of Medicine, 35 Shinano-
machi, Shinjuku-ku, Tokyo 160-8582, Japan (e-mail: anzai@cpnet.med keio.
ac.jp).

http://www .ajpheart.org

0363-6135/10 Copyright ® 2010 the American Physiological Society

plays a pivotal role in the pathophysiology of the remodeling
process (8).

C-reactive protein (CRP) is a major acute-phase inflamma-
tory reactant produced predominantly in the liver. We previ-
ously reported that marked serum CRP elevation after acute MI
is associated with adverse outcomes such as cardiac rupture,
LV remodeling, LV mural thrombosis, and cardiac death (2, 3,
29). In addition, the CRP level in the acute phase of Ml is a
powerful independent marker of heart failure and long-term
mortality (28). Although the CRP level is reportedly a signif-
icant risk factor for cardiovascular disease (23, 24), CRP has
been regarded as simply a prognostic marker in clinical set-
tings. However, recent experimental studies have indicated that
CRP per se has various biological actions, including proinflam-
matory, thrombogenic, atherogenic, and proapoptotic effects
6, 7,9, 10, 22, 26, 32, 33), suggesting a pathogenic role of
CRP in the inflammatory response and myocardial tissue dam-
age associated with LV remodeling after MI. Therefore, we
hypothesized that increased CRP expression would have del-
eterious effects on adverse LV remodeling after ML

To examine the direct in vivo involvement of CRP in the
adverse remodeling process following MI, we generated trans-
genic mice with human CRP expression (CRP-Tg). Large
anterior wall MIs were then induced in CRP-Tg mice and their
transgene-negative littermates. We assessed survival, infarct
size, and LV size and function after M. We then sought to
determine the mechanisms by which increased CRP expression
might accelerate adverse LV remodeling after ML

METHODS

Generation and characterization of CRP-Tg mice. The study pro-
tocol was approved by the Institutional Animal Care and Use Com-
mittee at Keio University School of Medicine (No. 050015), and
animal use and care were in accordance with Institutional and Na-
tional Institutes of Health (NIH) guidelines. To generate transgenic
mice with ubiquitous expression of human CRP, human CRP cDNA
was inserted into the unique EcoRI site between the CAG (modified
chicken B-actin promoter with CMV-IE enhancer) promoter and
3'-flanking sequence of the rabbit B-globin gene of the pCAGGS
expression vector 4797 (Fig. 1A). The pronuclei of fertilized eggs
from hyperovulated C57BL/6 mice were microinjected with this DNA
construct. Founder animals were identified and crossbred with wild-
type mice of the same strain. Gene presence was confirmed using
genomic DNA purified from clipped tail tips (Fig. 1B8); gene expres-
sion in the heart was confirmed by real-time RT-PCR with primers for
human CRP (forward: GCTGGTTATTGTGCTGTCTC; reverse:
CAGTTCAGGACATTAGGACTGAAG). Protein expression of hu-
man CRP in the heart was also confirmed by Westem blotting of LV
homogenates with antibodies recognizing human CRP (Sigma-Al-
drich, St. Louis, MO; Fig. 1C). Human CRP expression in various
organ tissues, including heart, lung, and liver, was determined by
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immunohistochemistry (Fig. 1D). Blood sampling was taken, and the
serum was stored at —80°C when animals were euthanized. Serum
CRP levels were measured by latex agglutination immunoassay using
the Nanopia CRP kit (Sekisui Medical, Tokyo, Japan). The detection
limit of this assay was 0.1 ml/dL. Blood pressures were measured in
awake animals by the tail-cuff method using the BP-98A system
(Softron; Tokyo, Japan). Mice were housed with free access to food
and water and exposed to 12-h:12-h light-dark cycles.

MI1. Male CRP-Tg mice (3 to 4 mo old; » = 59) and their
age-matched, male transgene-negative littermates (control; n = 63)
were used for the study. MI was induced by permanent ligation of the
left coronary artery as described previously (13, 30). Briefly, mice
were anesthetized with ketamine and xylazine, intubated, and con-
nected to a rodent ventilator. The chest cavity was opened through the
fourth intercostal space to expose the heart. Suture (7-0 silk) was tied
around the proximal left coronary artery. Complete occlusion of the
vessel was confirmed by the presence of myocardial blanching in the
perfusion bed, and subsequently by histological assessment.

Survival study. Mis were induced in the CRP-Tg and control mice
in a randomized, blinded fashion. This study was designed to deter-
mine the 5-wk survival of mice following MI; therefore, mice that did
not survive the surgical procedure were not included in the analysis.

Histology. After hearts were arrested in diastole, excised, and
rinsed with saline, they were fixed in Formalin and embedded in
paraffin. The sections from apex, mid-LV, and base were stained with
hematoxylin and eosin and Masson’s trichrome. Infarct size was
determined as the mean percent of infarct lengths divided by total LV
circumferences in the three sections. Myocyte hypertrophy in the
noninfarcted septum was assessed by measuring the mean myocyte
cross-sectional area. The percent area of fibrosis within the remote and
MI regions of the LV was also computed. In a subset of mice
euthanized at | and 5 wk after MI, the atria and right ventricle were
removed from the heart and the LV was opened by a long-axis
incision. The LV was then laid flat on the plate. The endocardial and
epicardial surfaces were photographed by a digital camera. Infarct size
was measured as the ratio of infarct area to total LV area by
planimetry as previously described (4). Infarct size was also assessed
in a subgroup of animals euthanized at 24 h after MI to avoid
differences in hypertrophy of the noninfarcted wall that might result
from differences in human CRP expression. Hearts were excised and
immersed in 1% agarose and sectioned perpendicular to the long axis
into |-mm-thick slices and stained with 1.0% 2,3,5-triphenyltetrazo-
lium chloride (TTC) for 10 min at 37°C to delineate the infarct area
from the noninfarcted viable area. Each slice was weighed and
photographed, and the LV area and the area of infarction for each slice
were determined by planimetry as described previously (30).

Echocardiography. Echocardiography was performed with a 12-
MHz probe (EnVisor; Philips Medical Systems, Andover, MA) in
mice before MI and 1 or 5 wk after MI. Animals were anesthetized
with an intraperitoneal injection of tribromoethanol (125 wgfg). A
parasternal short-axis view was obtained as a guide for LV M-mode
imaging at the papillary muscle level. LV dimensions, including
end-diastole diameter, end-systole diameter, and wall thickness, were
measured using the leading-edge methed on three consecutive cardiac
cycles. The LV ejection fraction (EF) was calculated using the
area-length method as described previously (30).

Hemodynamics. LV pressure was measured in intact mice 5 wk
after MI (n = 10 for the control group; n = 9 for the CRP-Tg group).
Mice were anesthetized with an intraperitoneal injection of pentobar-
bital sodium (80 pg/g) and connected to a rodent ventilator after
endotracheal intubation. A [.4F micromanometer catheter (Millar
Instruments, Houston, TX) was inserted via the right carotid artery
and advanced into the LV. Peak rates of LV pressurec development
(LV +dP/df) and relaxation (LV —dP/dr) were measured using
analysis software (PowerLab; ADInstruments, Colorado Springs,
CO). Ten sequential beats were averaged for each measurement.

CRP EXACERBATES LV REMODELING AFTER MI

TUNEL staining. To evaluate the extent of apoptosis in infarcted
hearts, TUNEL assays were performed on sectioned LV samples
using the CardioTACS In Situ Apoptosis Detection Kit (R&D Sys-
tems, Minneapolis, MN) as previously described (30). Images of six
to eight contiguous sections across the LV wall were obtained at the
midventricle level to measure the number of TUNEL-positive cardiac
myocyte nuclei in the noninfarcted remote, peri-infarct border, and
infarct zones. Digital images were evaluated using NIH Image to
count TUNEL-positive stained nuclei and the total number of nuclej
in a nuclease pretreated section from the same region. The area of each
section was planimetered to calculate the average density of nuclei
(nuclei per squared micrometers), the TUNEL-positive stained nuclei
(per squared micrometers), and the rate of TUNEL-positive nuclei (per 10°
nuclei).

Quantitative real-time PCR. Total RNA was isolated by acid-
phenol extraction in the presence of chaotropic salts (TRIzol; Invitrogen,
Carlsbad, CA) and subsequent isopropanol-ethanol precipitation as
described previously (18, 27). Real-time RT-PCR of each sample was
carried out with a TagMan RNA PCR kit and ABI Prism 7500
Sequence Detection System (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. Expression of the house-
keeping gene GAPDH was used for normalization. Bel-2, Bel-xL,
Bax, and Bad assays were purchased as preoptimized Kits from
Applied Biosystems.

Immunohistochemical studies. Immunohistochemical studies were
performed employing immunoperoxidase methods (18, 20). Hearts
were fixed in Formalin, embedded in paraffin, and cut into 5-pm-thick
cross sections. The sections were stained with antibodies against
F4/80 (Novus Biological, Littleton, CO; dilution 1:50) for monocyte-
derived macrophages, monocyte chemotactic protein (MCP)-1 (Hy-
cult Biotech; Uden, The Netherlands; dilution 1:50), matrix metallo-
proteinase (MMP)-9 (Abcam, Cambridge, MA; dilution 1:100), and
human CRP (Epitomics; Burlingame, CA; dilution 1:100). Because
antibodies against neutrophils (Abcam; dilution 1:100) crossreacted
with phagocytic macrophages, neutrophils were counted in the sec-
tions stained with hematoxylin and eosin by morphological assess-
ment. For quantitative analysis, the number of positive cells was
counted per field for five random fields and expressed as the number
per squared millimeters.

Western blot analysis. LV samples were homogenized with lysis
buffer containing 1% Triton X-100 and protease inhibitors. After
centrifugation at 16,000 g for 30 min at 4°C, the supernatants were
collected. Western blot analysis was performed as previously de-
scribed (30). Equal quantities of proteins from LV samples were
loaded on gels. Antibodies to MCP-1 (Abcam) and uncleaved and
cleaved caspase-3 (Cell Signaling Technology, Danvers, MA) were
used. After membranes were probed with primary antibodies, they
were stripped of bound immunoglobulins and reprobed with anti-
mouse GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) to
correct for protein loading. The bands on the X-ray film were
quantified by scanning densitometry with the Image) software and
expressed as a percentage of the control.

Zymograply. Gelatin zymography was performed to assess the
activities of MMP-2 and MMP-9. Equal volumes of tissue extract
from LV samples (10 pg of protein) were loaded on 10% SDS-
polyacrylamide gels containing 1 mg/ml of gelatin (Novex Zymogram
Gels; Invitrogen). The gels were incubated in renaturing buffer (2.5%
Triton X-100) and then incubated in developing buffer at 37°C for 24
h (30 mM Tris-HC], 10 mM CaCl,). The gels were stained with 0.3%
Coomassie Blue. Areas of protease activity appear as clear bands
against a dark blue background where the protease has digested the
gelatin substrate.

Serum MCP-1 measurement. Serum MCP-1 levels were measured
by quantitative sandwich enzyme tmmunoassay technigue using the
Quantikine kit (R&D Systems) according to the manufacturer’s in-
struction.
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Table I. Morphometric data of control and CRP-Tg mice non-MI and post-MI
Non-MI Post-MI

Control CRP-Tg Control CRP-Tg ANOVA
n 8 8 14 14
BW, g 288 +23 280 2.1 302 £ 3.1 294 £38 ns
LV + RV, mg 118 = 13 112 %8 158 + 15* 182 * 14*} P < 0.0001
(LV + RV)/BW, mg/g 4.1+x04 40*04 3307 6.3 £0.9*¢ P < 0.0001
Lung, mg 160 * 21 161 12 174 * 16 203 + 31*f P = 0.0001
Lung/BW, mg/g 56+07 58+05 58+08 7.0 £ 1.4%+ P = 0003
Liver, mg 1,285 = 171 1,244 = 153 1,199 = 91 1,176 = 153 ns
Liver/BW, mg/g 448 +56 445 +43 40.0 =38 402 £46 P =002

Values are means * SD; n, number of animals studied. CRP-Tg, transgenic mice with human C-reactive protein expression; MI, myocardial infarction; BW,
body weight; LV, left ventricle; RV, right ventricle; ns, not significant. *P < 0.03, non-MI vs. post-MI; P < 0.05, post-MI CRP-Tg vs. post-MI control

(Bonferroni's test).

Statistical analysis. Results are presented as counts or means *
SD. Group comparisons were made using the Student’s t-test (two
tailed), the Mann-Whitney U test or the one-way ANOVA with
Bonferroni’s post hoc test for continuous data. Survival curves were
computed using the Kaplan-Meier method and compared using the log
rank test. The null hypothesis was rejected if P < 0.05. Analyses
were performed using the GraphPad Prism (GraphPad software; San
Diego, CA).
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RESULTS

Characterization of CRP-Tg. There were no differences in
phenotypic features including general appearance, body
weight, and organ weights between control and CRP-Tg mice
in the non-MI setting (Table 1). Systolic blood pressures
measured by the tail-cuff method were similar in control and

Human CRP
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Fig. 1. Generation and characterization of transgenic mice with human C-reactive protein (CRP) expression (CRP-Tg) mice. A: human CRP cDNA was inserted
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into the unique EcoRI site between the CAG (modified chicken B-actin promoter with CMV-IE enhancer) promoter and 3'-flanking sequence of the rabbit
B-globin gene of the pCAGGS expression vector. B: gene expression was confirmed by RT-PCR using genomic DNA extracted from clipped tails. Lane I is
the positive control. Lanes 2-5 are samples negative for the CRP transgene, and lanes 6-9 from positive samples. C: Wester blotting of left ventricular (LV)
homogenates showed marked protein expression of human CRP in LV samples from CRP-Tg mice but not in those from control mice. D~F: immunohisto-
chemical studies confirmed local expression of human CRP (stained in brown) in sections from heart (D, 200%), liver (E, 400%), and lung (F, 400 ).
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CRP-Tg mice before MI (control, 106 = 6 mmHg; CRP-Tg,
105 = 9 mmHg, n = 10 for each group; P = 0.77). Heart rates
were also similar in control and CRP-Tg mice (control, 574 *
84 beats/min; CRP-Tg, 575 % 56 beats/min, n = 10 for each
group; P = 0.96). Serum CRP levels were 32 = 7 mg/l in
non-MI CRP-Tg mice (n = 8), whereas CRP was undetectable
in serum from control mice. Histological examination in the
hearts from CRP-Tg mice identified cardiac myocytes and
endothelial cells as a main source of human CRP (Fig. 1D). No
pathological abnormalities such as inflammation, hypertrophy,
and fibrosis were seen in the hearts from non-MI CRP-Tg
mice, which were indistinguishable from those from control
mice. The count of neutrophils in the hearts was not different
between control and CRP-Tg mice (control, 15 * 6 cells/mm?;
CRP-Tg, 16 * 6 cells/mm?, n = 6 for each group; P = 0.81).
The count of macrophages in the hearts was also comparable
between the two groups (control, 4 * 4 cells/mm?, CRP-Tg,
5 = 3 cellsy'mm?, n = 6 for each group; P = 0.68).
Mortality and infarct size do not differ between control and
CRP-Tg mice after MI. A total of 86 mice (45 controls and 41
CRP-Tg) underwent surgery for the survival study. Eleven
mice (5 controls and 6 CRP-Tg) died of surgical complications:
five mice (3 controls and 2 CRP-Tg) died before coronary
ligation, three mice (2 controls and 1 CRP-Tg) died after
coronary ligation but before extubation, and three mice (0
controls and 3 CRP-Tg) died immediately after extubation. The
remaining 75 mice, consisting of 40 controls and 35 CRP-Tg
mice, were included in the survival study. Kaplan-Meier anal-
ysis revealed that survival 5 wk after MI did not differ between
the two groups (Fig. 2A4). All animals had anterior wall MI at
necropsy. LV rupture was found in six control mice and five

CRP EXACERBATES LV REMODELING AFTER MI

CRP-Tg mice. Serum CRP levels were 43 * 17 mg/l in the
CRP-Tg mice that were euthanized 5 wk post-MI (n = 14).

We measured infarct sizes at 1 and 5 wk following MI using
two approaches: /1) the ratio of infarct area to total LV area in
the LV samples that were cut and opened and 2) the ratio of
infarct lengths to total LV circumferences in the LV cross
sections. Infarct size as assessed by either approach was com-
parable between the two groups (Fig. 2, D and E). Serum CRP
levels were 51 £ 20 mg/l in the CRP-Tg mice that were
euthanized 1 wk post-MI (n 10). In addition, a separate
group of animals were euthanized 24 h after MI to assess
infarct size by TTC staining. Histological examination showed
infarct size to be similar in the two groups (P = 0.85; Fig. 2,
C and F). Infarct size was consistent with our previous data
obtained using the same procedure (30). These results indicate
that infarct size is not affected by human CRP expression in
mice.

CRP-Tg mice have more prominent cardiac hypertrophy and
fibrosis in the noninfarcted regions after MI than controls. As
shown in Table I, there was no group difference in body
weight 5 wk after MI. The left and right ventricle weight and
the left and right ventricle-to-body weight ratio were increased
after MI, and these parameters were significantly higher in
post-MI CRP-Tg mice than in post-MI controls. The lung
weight and the lung-to-body weight ratio were higher in
post-MI CRP-Tg mice than in post-MI controls. These data
suggest that cardiac hypertrophy and lung congestion associ-
ated with MI are more pronounced in CRP-Tg mice.

Histological evaluation revealed the cross-sectional area of
cardiac myocytes in the noninfarcted intraventricular septum
was increased 5 wk after MI, and the increase in cardiomyo-
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Fig. 2. A: seventy-five mice (40 controls and 35 CRP-Tg mice) that recovered from surgery were subjected to the survival study. Kaplan-Meier curve analysis
demonstrated that mortality at 5 wk did not differ between the 2 groups (log rank, P = 0.28). B: transverse sections of LV at the midventricular level from a
control mouse and a CRP-Tg mouse 1 wk after myocardial infarction (MI); Masson’s trichrome. C: representative pictures of sliced LV cross sections obtained
from a control mouse and a CRP-Tg mouse 24 h after MI. Necrotic tissues (white) are distinct from viable tissues (red); 1% triphenyltetrazolium chloride (TTC).
D: there was no group difference in infarct size | and 5 wk after M1 as assessed by the ratio of infarct area to total LV area in LV samples. £: no group difference
in infarct size was found as assessed by the ratio of infarct lengths to total LV circumferences in LV cross sections. F: histological examination by TTC staining

showed infarct size to be similar in the 2 groups 24 h after MI.
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Table 2. Echocardiographic data of control and CRP-Tg mice before and after MI
Pre-M1 Post-MI
Control CRP-Tg Control CRP-Tg ANOVA

n 17 14 17 14
HR, beats/min 485 * 56 454 = 43 492 = 50 475 £53 ns
LVEDD, mm 33x03 32%03 5.2 £ 0.5* 5.8 £ 0.4%F P < 0.0001
LVESD, mm 1.7£03 1.6 +03 4.6 £ 0.6 52 £0.4%F P < 0.0001
AWth, mm 0.69 = 0.04 0.69 = 0.04 042 *007* 0.40 £ 0.05* P < 0.0001
PWth, mm 0.68 = 0.04 0.68 = 0.05 0.59 £ 0.08* 0.55 £0.08* P < 0.0001
LVEF, % 67 %6 67 £8 19 £ 5% I3 = 3%§ P < 0.0001

Values are means * SD; n, number of animals studied. HR, heart rate; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic
diameter; AWth, anterior wall thickness; PWth, posterior wall thickness; LVEF, left ventricular ejection fraction. *P < 0.05, post-MI vs. pre-MI; P < 0.05,

post-MI CRP-Tg vs. post-MI control (Bonferroni's test).

cyte cross-sectional area was greater in CRP-Tg mice than in
controls (non-MI control, 270 * 12 wm?; non-MI CRP-Tg,
268 * 16 um?; Ml control, 389 * 25 pm?; MI CRP-Tg, 474 +
62 wm?, n = 6 for each group; P < 0.05 from one-way
ANOVA with Bonferroni’s test). Staining with Masson’s
trichrome showed cardiac fibrosis in the noninfarcted intraven-
tricular septum to be enhanced in CRP-Tg mice than in
controls 5 wk after MI (control, 0.17 * 0.05%; CRP-Tg,
0.29 = 0.07%, n = 6 for each group; P = 0.01), whereas there
was no group difference in percent area of fibrosis in the infarct
region (control, 84.8 * 2.4%; CRP-Tg, 85.6 = 4.3%, n = 6 for
each group; P = 0.68).

CRP-Tg mice have more LV dilation and worse LV function
after MI than controls. Table 2 shows echocardiographic
findings before MI and 5 wk after MI. Before MI, there were
no differences in heart rate, LV dimensions, wall thickness, or
LV function between CRP-Tg and control mice. Five weeks
after MI, heart rates did not change. Both anterior and posterior
wall thickness decreased to the same extent in both groups.
However, LV end-diastolic and end-systolic diameters were
larger in CRP-Tg mice, indicating increased chamber dilation.
In addition, CRP-Tg mice had lower LV EFs than control mice.
To investigate the effects of increased CRP expression on LV
remodeling and function at an earlier time point, a different
group of animals underwent echocardiography 1 wk after ML
When compared with that of control mice, CRP-Tg mice had
larger LV end-diastolic diameter (control, 4.4 * 0.4 mm, n =
11; CRP-Tg, 5.3 * 0.4 mm, n = 10; P < 0.0001) and LV
end-systolic diameter (control, 3.7 = 0.5 mm, n 11; CRP-
Tg, 4.6 £ 0.4 mm, n = 10; P = 0.0002) and lower LV EFs
(control, 21 * 5%, n = 11; CRP-Tg, 15 = 4%, n = 10; P =
0.009). Therefore, the differences in LV size and function
between the two groups were already apparent 1 wk after MI.
These data suggest that increased CRP expression is associated
with more LV dilation and worse LV function after MIL.

Hemodynamic measurements were conducted 5 wk after
MI. Heart rate, aortic pressure, and LV systolic and end-
diastolic pressures did not differ between the CRP-Tg and
control groups (Table 3). LV +dP/dt was lower in the CRP-Tg
group than in the control group (P = 0.006). LV —dP/dt was
also reduced in CRP-Tg mice (P = 0.002). These data indicate
that increased CRP expression adversely affects LV contrac-
tility and relaxation after ML

Increased apoptosis in the border zones of infarcted hearts
from CRP-Tg mice. There were very few TUNEL-positive
nuclei in LV sections from uninfarcted mice, and no group
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difference in the number of TUNEL-positive nuclei was found
(control, 12 = 5 nuclei per 10° cells; CRP-Tg, 14 * 6 nuclei
per 10° cells, n = 6 for each group; P = 0.46). This finding
indicates that myocardial apoptosis is not induced by human
CRP expression in mice under physiological conditions. At 1
wk post-MI, TUNEL-positive nuclei were observed more fre-
quently in the border and infarct zones than in the remote zones
in the both groups, which is consistent with our previous
findings (30). The rate of myocardial apoptosis in the border
zone was higher in the CRP-Tg group than in the control group
1 wk after MI induction (control, 596 * 275 nuclei per 10°
cells; CRP-Tg, 1,434 * 789 nuclei per 10° cells, n = 6 for each
group; P = 0.03), whereas the apoptotic rates in the remote and
the infarct zones were similar in the two groups (remote:
control, 50 * 12 nuclei per 10° cells, and CRP-Tg, 63 * 24
nuclei per 103 cells, n = 6 for each group, P = 0.57; and
infarct: control, 723 * 314 nuclei per 10° cells, and CRP-Tg,
781 *+ 435 nuclei per 10 cells, n = 6 for each group, P = 0.81;
Fig. 3, A-C). We also assessed expression of apoptosis-related
genes such as Bcl-2, Bcl-xL, Bax, and Bad in homogenates
from the remote, the border, and the infarct zones by real-time
RT-PCR (n = 6 for each group). Bcl-2 expression in the border
zone was decreased by 41% in the CRP-Tg group compared
with the control group (P < 0.05; Fig. 3D). Bcl-2 expression
was lower in the infarct zone than in the remote zone, but no
group difference in Bcl-2 levels was found in the infarct zone.
In contrast, Bax expression in the border zone was increased by
56% in the CRP-Tg group (P < 0.05; Fig. 3E). Bax expression

Table 3. Hemodynamic data of control and CRP-Tg mice
after MI

Control CRP-Tg
n 10 9
HR, beats/min 402 =73 Y13 £ TS
SBP, mmHg 81 £ 10 76 =8
DBP, mmHg 559 49+ 38
LVSP, mmHg 82+ 11 8 *x7
LVEDP, mmHg 11 x4 13+3
LV +dP/dr, mmHg/s 3,788 * 656 2,974 = 509*
LV —dP/dr, mmHg/s —2,890 = 480 -2,230 * 143*

Values are means * SDj; n, number of animals studied. SBP, systolic blood
pressure; DBP, diastolic blood pressure; LVSP, left ventricular systolic pres-
sure; LVEDP, left ventricular end-diastolic pressure; LV +dP/ds, left ventric-
ular positive change in pressure over time; LV —dP/dr, left ventricular negative
change in pressure over time. *P < 0.01, CRP-Tg vs. control (Student’s
unpaired r-test, 2-tails).
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Fig. 3. A and B: photomicrographs showing blue-stained nuclei (apoptotic) in section of left ventricle from the border zone of a control mouse (A) and a CRP-Tg
mouse (B); TUNEL staining, 400X. C: TUNEL-positive nuclei were more frequently observed in the border and the infarct zones than in the remote zones.
Apoptotic rate in the border zone was higher in CRP-Tg mice than in control mice | wk after MI. D: real time RT-PCR showed Bcl-2 expression in the border
zone to be lower in CRP-Tg mice than in control mice. Bcl-2 expression was lower in the infarct zone than in the remote zone, but no group difference in Bcl-2
levels was found in the infarct zone. E: Bax expression in the border zone was higher in CRP-Tg mice than in control mice. Bax expression was higher in the
infarct zone than in the remote zone, but no group difference in Bax levels was found in the infarct zone. Expression of the housekeeping gene GAPDH was
used for normalization. F: Western blotting of border zone samples for uncleaved caspase-3 and cleaved (active) caspase-3. Increased cleaved caspase-3 content
was found in border zone samples from CRP-Tg mice compared with control mice; total caspase-3 was unchanged. G: quantification of immunoblotting showed
that cleaved caspase-3 expression was higher in border zone samples from CRP-Tg mice compared with control mice. Values are normalized against the

corresponding GAPDH levels. Data are means % SD; n = 6 for both groups. *P < 0.05, border CRP-Tg vs. border control; tP < 0.05, border vs. remote; infarct
vs. remote (nonparametric test).

was higher in the infarct zone than in the remote zone, but no  remote region of 1-wk old infarcted hearts. Immunohistochem-
group difference in Bax levels was found in the infarct zone. ical studies revealed infiltrating macrophages, as demonstrated
There were no significant group differences in border zone by staining with anti-F4/80 antibodies, were predominantly
Bcl-xL expression (control, 1.7 = 0.8 arbitrary unit; CRP-Tg, found in the border and the infarct zones. More abundant
1.0 = 0.4 arbitrary unit; P = 0.05) and Bad expression macrophages (brown stained) were observed in the border
(control, 2.7 % 0.7 arbitrary unit; CRP-Tg, 4.5 % 2.1 arbitrary  zones of infarcted hearts from CRP-Tg mice compared with
unit; P = 0.11). These data suggest that alterations in Bcl-2and  those from controls (P = 0.01; Fig. 4, A-C), although the
Bax expression are associated with promotion of apoptosis in  number of macrophages in the infarct zone was comparable
the border zones of infarcted hearts from CRP-Tg mice. In  between the two groups (P = 0.30). The infiltration of neutro-
addition, Western blot analysis showed protein content of phils in the border and the infarct zones, which was a relatively
cleaved (active form) caspase-3 to be increased in the border low percentage of infiltrating inflammatory cells at 1 wk
zone samples from CRP-Tg mice compared with those from  post-MI, was similar in the two groups (border: control, 66 *
control mice (P = 0.02; Fig. 3, F and G); the sum of uncleaved 18 cells/mm?, and CRP-Tg, 65 *+ 11 cells/mm?, P = 0.85; and

and cleaved caspase-3 levels was unchanged. infarct: control, 64 * 10 cells/mm? and CRP-Tg 73 *+ 10
Increased macrophage infiltration, MCP-1 expression, and ~ cells/mm?, n = 6 for each group, P = 0.43).
MMP-9 activity in the border zones of infarcted hearts from Increased MCP-1 expression in the border zones of in-

CRP-Tg mice. In histological studies, apparent inflammation  farcted hearts from CRP-Tg mice. Immunohistochemical stud-
was seen in the border and the infarct areas but not in the ies identified macrophages infiltrating in the border and the
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Fig. 4. Immunohistochemical studies stained with antibodies against F4/80 (macrophages), monocyte chemotactic protein (MCP)-1, and matrix metalloproteinase
(MMP)-9. A and B: representative photomicrographs showing brown-stained F4/80 positive cells in a section of the border zone from a control mouse (A) and
a CRP-Tg mouse (B), 400X. C: infiltration of F4/80 positive cells was more abundant in the border zones of CRP-Tg mice than in those of control mice | wk
after MI. D and E: representative photomicrographs showing brown-stained MCP-1 positive cells in a section of the border zone from a control mouse (D) and
a CRP-Tg mouse (E), 400X. F: MCP-1 expression was predominantly found in infiltrating macrophages in the border and infarct zones. More MCP-1 positive
cells were seen in the border zones of infarcted hearts from CRP-Tg mice than those from control mice. G and H: representative photomicrographs showing
brown-stained MMP-9 positive cells in a section of the border zone from a control mouse (G) and a CRP-Tg mouse (), 400X. I: MMP-9 expression was
predominantly found in leucocytes and macrophages infiltrating in the border and infarct zones. MMP-9 positive cells were more frequently observed in the
infarct zone than in the border zones. More MMP-9 positive cells were seen in the border zones of infarcted hearts from CRP-Tg mice than those from control
mice. Data are means = SD; n = 6 for each group. *P < 0.05, border CRP-Tg vs. border control; P < 0.03, infarct vs. border (Bonferroni’s test).

infarct zones as a main source of MCP-1 (brown stained; Fig.
4, D and E). More MCP-1 positive cells were seen in the border
zones of infarcted hearts from CRP-Tg mice than those from
control mice, although there was no group difference in the
number of MCP-1 positive cells in the infarct zone (Fig. 4F).
Western blot analysis also showed MCP-1 protein expression
to be increased by 1.5-fold in the border zones, but not in the
infarct zone, of infarcted hearts from CRP-Tg mice compared
with those from control mice (P < 0.05; Fig. 5). MCP-1
expression in remote zone samples was too weak to be detected
as clear bands by immunoblotting (data not shown). Serum
MCP-1 levels at 1 wk following MI were similar in the two
groups (control, 56 * 24 pg/ml; CRP-Tg, 62 £ 23 pg/ml, n =
6 for each group; P = 0.64).

Increased MMP-9 activity in the infarct and the border
zones of infarcted hearts from CRP-Tg mice. Immunohisto-
chemical studies revealed that MMP-9 expression (brown
stained) was predominantly found in leucocytes and macro-
phages infiltrating in the border and the infarct zones (Fig. 4, G
and H). MMP-9 expression was more frequently observed in

the infarct zone than in the border zones. In addition, more
MMP-9 positive cells were found in the border zones of
infarcted hearts from CRP-Tg mice than those from control
mice (Fig. 4/). Gelatin zymography showed MMP-9 activity to
be higher in border and infarct zones samples from CRP-Tg
mice than in those from control mice at 1 wk following MI
(Fig. 6, A~C). Although MMP-2 activity was enhanced in the
border and the infarct zones of infarcted hearts, no group differ-
ence in MMP-2 activity was found in either region (Fig. 6D).

DISCUSSION

We found that CRP-Tg mice showed greater LV dilation and
had poorer LV function with more prominent cardiomyocyte
hypertrophy and fibrosis in the viable intraventricular septum
after MI than control mice, although survival and infarct size
were similar in the two groups. This adverse effect of CRP on
LV remodeling was already apparent 1 wk after MI, suggesting
a pathogenic role of CRP in the early phase of the post-MI
remodeling process. The current study also showed higher
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Fig. 5. Western blotting for MCP-1. A: increased MCP-1 expression was found
in border zone samples from CRP-Tg mice than those from control mice.
B: quantification of immunoblotting results showed the MCP-1 content to be
1.5-fold higher in border zone samples from CRP-Tg mice than in those from
control mice. No group difference was found in infarct zone samples. Values
are normalized against the corresponding GAPDH levels. Data are means *
SD; n = 6 for each group. *P < 0.05, CRP-Tg vs. control (nonparametric test).

apoptotic rates, more macrophage infiltration, and increased
MCP-1 expression and MMP-9 activity in the border zones of
infarcted hearts from CRP-Tg mice.

CRP is an acute-phase reactant, which responds to various
pathological stimuli including infection, inflammation, tissue
damage, and neoplasm. Recent experimental studies indicate
that CRP per se has multiple biological activities that may be
involved in the pathophysiology of various cardiovascular
diseases. For instance, CRP induces expressions of adhesion
molecules and chemokines such as MCP-1 in in vitro studies
(10). CRP reportedly induces apoptosis in human vascular
smooth muscle cells as well as rat cardiac myocytes (6, 33).

A

Control

CRP EXACERBATES LV REMODELING AFTER MI

CRP was also reported to attenuate survival, differentiation,
and the functions of endothelial progenitor cells (32). CRP-Tg
mice that constitutively produce human CRP provide a useful
model for studying the biological activities of human CRP
in vivo. Some investigators using a crossbreeding method have
reported that human CRP expression accelerates the progres-
sion of atherosclerosis in apoE-deficient mice (22, 26), al-
though conflicting data have been presented by other labora-
tories (12, 14, 31).

In acute MI, CRP peaks at 2 to 3 days after the onset, and the
peak level is a strong predictor of adverse clinical outcomes (2,
3, 29). Although the pathogenic importance of CRP remains
undetermined in the acute MI setting, CRP colocalizes with
activated complement in human infarcted tissues (15). Griselli
et al. (9) reported that injection of human CRP after coronary
artery occlusion increases infarct size in rats. In the present
study, however, increased CRP expression did not affect in-
farct size in our transgenic mouse model. This difference may
be explained by the different species (mouse vs. rat) used, the
different experimental conditions (transgene expression vs.
protein injection), and the extent of infarct size. The average
infarct size was ~50% in our study, whereas it was 17% for the
vehicle-treated group and 25% for the CRP-treated group in
their study (9). It is noteworthy that, in our study, increased
CRP expression was associated with more LV dilation and
worse LV function after MI without altering infarct size. To
our knowledge, no study has shown direct in vivo effects of
CRP on the development of adverse LV remodeling after MI.
We therefore asked how increased CRP expression could
modulate the post-MI inflammatory response and healing pro-
cess as well as apoptosis, which might be responsible for
deterioration of cardiac remodeling after MI in our CRP-Tg
mice.

The post-MI inflammatory response plays a critical role in
the pathophysiology of infarct expansion and LV remodeling
(8). We previously reported post-MI peripheral monocytosis to
be associated with LV dysfunction and LV aneurysm (17) and
that granulocyte-macrophage colony-stimulating factor induc-
tion in a rat MI model resulted in exaggerated LV remodeling
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with increased infiltration of monocyte-derived macrophages
and dendritic cells and impaired reparative fibrosis in the
infarcted area (18, 20). In the present study, immunohisto-
chemical studies have shown more pronounced macrophage
infiltration in the border zones of infarcted hearts from CRP-Tg
mice than in those from control mice. In addition, MCP-1
expression was predominantly found in infiltrating macro-
phages. Western blot analysis also showed MCP-1 expression
in the border zones to be increased in CRP-Tg mice. These
results indicate that increased CRP expression intensifies the
inflammatory response after MI through local macrophage
infiltration and activation, although the precise mechanisms by
which CRP enhances this infiltration and activation in the
present context remain uncertain. A recent clinical study with
endomyocardial biopsies has shown the evidence for colocal-
ization of CRP with complements and macrophages in the
myocardium of patients with dilated cardiomyopathy (34).
Since CRP is reported to upregulate MCP-1-mediated chemo-
taxis in human monocytes (10), CRP might be directly in-
volved in increased macrophage infiltration and activation
around the necrotic tissues.

Myocardial apoptosis is one of the key factors contributing
to the progression of LV remodeling and heart failure after MI
(21, 25). Moreover, apoptosis of cardiac myocytes is reported
to peak during the first several days following MI in the
ischemic area (5, 16), which is consistent with our previous
data showing that myocardial apoptosis frequently occurs in
the infarct border zone in the early phase after MI (30). In the
present study, apoptotic rates were higher in the border zones
of infarcted hearts from CRP-Tg mice compared with those
from control mice, where proapoptotic gene expression profiles
were noted. One report showed that CRP induces ischemia-
related apoptosis of cardiac myocytes in vitro (33). Thus
increased CRP expression may promote the development of
LV remodeling after MI through increased apoptosis in the
border zone.

MMPs, major regulators of extracellular matrix degradation,
have been shown to be involved in the pathogenesis of LV
remodeling after ML Several studies in genetically manipu-
lated mice documented that gelatinases such as MMP-2 and
MMP-9 play a critical role in the remodeling process and
contributing to LV rupture (11, 19). MMP-9 is predominately
found in leukocytes and macrophages in infarcted regions and
targeted deletion of MMP-9 prevents LV rupture in the acute
MI setting (11). In the present study, more infiltrating macro-
phages with increased MMP-9 expression were seen in the
border zones of infarcted hearts from CRP-Tg mice compared
with those from control mice. Moreover, MMP zymography
showed increased MMP-9 activity in the border and the infarct
zones of infarcted hearts from CRP-Tg mice. Abe et al. (1)
have demonstrated that CRP increases gene expression and
activity of MMP-9 in human macrophages, suggesting a direct
effect of CRP on MMP-9 activity in macrophages. Thus
increased MMP-9 activity in association with macrophages
infiltration in CRP-Tg mice may impair the healing process
after MI, resulting in adverse LV remodeling.

The current study provides the first evidence for the direct
in vivo effect of human CRP on the post-MI remodeling
process in an animal model. Although there is considerable
variability among species with respect to the biological and
pathological functions of CRP, one would assume that CRP

H1803

partially involves in the pathogenesis of the post-MI remodel-
ing process in human hearts. Further studies are needed to
confirm this deleterious effect of CRP on adverse LV remod-
eling in a clinical post-MI setting.

In conclusion, increased human CRP expression exacerbates
LV dysfunction and adverse LV remodeling after MI without
affecting infarct size in mice.
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Approximately half of older patients with congestive heart failure have normal left ventricular (LV) systolic
but abnormal LV diastolic function. In mammalian hearts, aging is associated with LV diastolic dysfunction.
Caloric restriction (CR) is expected to retard cellular senescence and to attenuate the physiological decline in
organ function. Therefore, the aim of the present study was to investigate the impact of long-term CR on
cardiac senescence, in particular the effect of CR on LV diastolic dysfunction associated with aging. Male 8-

Keywords: month-old Fischer344 rats were divided into ad libitum fed and CR (40% energy reduction) groups. LV
Aging function was evaluated by echocardiography and cardiac senescence was compared between the two groups
Autophagy at the age of 30-month-old. (1) Echocardiography showed similar LV systolic function, but better LV diastolic
Calcium function in the CR group. (2) Histological analysis revealed that CR attenuated the accumulation of
Cardiac function senescence-associated B-galactosidase and lipofuscin and reduced myocyte apoptosis. (3) In measurements
Nutrition

of [Ca?*; transients, the time to 50% relaxation was significantly smaller in the CR group, whereas F/Fo was
similar. (4) CR attenuated the decrease in sarcoplasmic reticulum calcium ATPase 2 protein with aging. (5) CR
suppressed the mammalian target of rapamycin (mTOR) pathway and increased the ratio of conjugated to
cytosolic light chain 3, suggesting that autophagy is enhanced in the CR hearts. In conclusion, CR improves
diastolic function in the senescent myocardium by amelioration of the age-associated deterioration in

intracellular Ca®>* handling. Enhanced autophagy via the suppression of mTOR during CR may retard cardiac
senescence.

Sarcoplasmic reticulum

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction increased myocardial stiffness. This impairment in diastolic function

contributes, in part, to the increased incidence of CHF in the elderly
The clinical problem of congestive heart failure (CHF) is increasing [2].

in developed countries confronted with an aging society [1,2]. The
morbidity of CHF increases with aging, as does mortality. Interest-
ingly, approximately half of older patients with CHF show normal LV
systolic but abnormal LV diastolic function. Recent studies have
revealed that the prognosis of CHF associated with LV diastolic
dysfunction is similar to that associated with LV systolic dysfunction
[3]. However, therapeutic strategies aimed at improving LV diastolic

Caloric restriction (CR) is the established intervention for which
anti-aging effects have been proven scientifically [7,8]. CR can retard
cellular senescence and attenuate the physiological decline in organ
function. Hearts become more susceptible to various stresses with
aging (5,6,9]. We have demonstrated that short-term (4 weeks) and
prolonged (6 months) CR confers cardioprotection in aged and
middle-aged rats, respectively [9,10]. These results indicate that CR

dysfunction have not been established. In mammalian hearts, aging is
associated with impaired cardiac relaxation [4-6]. Senescent cardio-
myocytes are characterized by prolonged relaxation, diminished
contraction velocity, a decrease in [B-adrenergic response, and
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retards cardiac senescence from the aspect of myocardial ischemic
tolerance.

In addition, recent clinical studies have demonstrated that CR,
when accompanied by significant body weight loss, has cardiac-
specific effects that ameliorate LV diastolic function in healthy
subjects [11,12], as well as in patients with type 2 diabetes mellitus
(T2DM) [13]. Thus, clinical application of CR and the development of
CR mimetics that can replicate the effects of CR have considerable
potential as novel therapeutic approaches for the treatment of
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patients with diastolic dysfunction. However, the exact mechanism(s)
by which CR improves cardiac diastolic dysfunction remains un-
known. Furthermore, how long-term CR modulates cardiac senes-
cence has not been fully evaluated.

Therefore, the aim of the present study was to investigate the
impact of long-term CR, which started at the age of 8-month-old and
continued till the age of 30-month-old, on cardiac senescence, in
particular the effects of CR on cardiac diastolic dysfunction associated
with aging. Our results strongly suggest that long-term CR improves
diastolic function in the senescent myocardium by ameliorating the
age-associated deterioration in myocyte relaxation. Furthermore, our
results indicate that attenuation of the decrease in sarcoplasmic
reticulum calcium ATPase (SERCA) 2 with aging and enhanced
autophagic flux are associated with functional improvements in the
aged heart.

2. Materials and methods

All procedures in the present study conformed to the principles
outlined in the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996) and were approved by the Institutional Animal
Care and Use Committee of Keio University School of Medicine.

2.1. CR protocols

Seven-month-old male Fischer344 rats were obtained from
Charles-River Japan. Rats were housed in individual cages according
to institutional protocols at Keio University Experimental Animal
Centre and fed ad libitum for 2 weeks with a modified semipurified
diet A (Oriental Yeast Co.) (Supplemental Table 1). The average caloric
intake was calculated from daily food intake over this 2-week period.
After weaning, rats at the age of 8-month-old were randomly divided
into two groups: AL rats (n = 24) continued to be fed ad libitum with
control diet A, whereas CR rats (n = 20) were fed first with 90% of the
average caloric intake during the 2-week run-in period (10%
restriction), followed by 60% of the average caloric intake (40%
energy reduction) till the age of 30-month-old using modified
semipurified diets B and C. Modified semipurified diets B and C
comprised the same calorie per weight, but were enriched in vitamins
and minerals by 11% and 67%, respectively, compared with diet A
(Supplemental Table 1). We reduced the daily calorie intake by
decreasing food weight to 90% and 60% in the modified semipurified
diets B and C, respectively. Three-month-old rats were used as the
young controls (YC).

2.2, Echocardiography

At the age of 29-month-old, rats were anesthetized with 1.5%
isoflurane inhalation and were anchored to a positionable platform in
the supine position. Short axis echocardiography and Doppler
echocardiographic measurements from the apical 4-chamber view
were performed using the Vevo2100 echocardiography (VisualSo-
nics). To obtain tissue Doppler imaging (TDI), sample volume was
placed at the septal side of the mitral annulus and early (E’) and late
(A’) diastolic mitral annular velocities were measured.

2.3, Histological examination

Senescence-associated R-galactosidase and lipofuscin were
assessed in fresh frozen tissue sections. Briefly, cryostat sections
were fixed in 3% formaldehyde and washed in phosphate-buffered
saline (PBS) at room temperature. Slides were immersed in freshly
prepared B-galactosidase staining solution [1 mg/mL X-gal in
dimethylformamide, 40 mM citric acid, sodium phosphate (pH 6.0),
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM
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NaCl, and 2 mM MgCly] and incubated at 37 °C overnight. Stained
slides were washed with PBS and counterstained with nuclear fast
red. Other frozen tissue sections were fixed with 3% formaldehyde and
viewed immediately by fluorescence microscopy with a 590 nm filter
to assess autofluorescence of the myocardium [14]. Apoptotic
cardiomyocytes were assessed using the ApopTag [n Situ Apoptosis
Detection Kit (Serologicals). Tissue sections were also stained with
4 6-diamidino-2-phenylindole (DAPI) to visualize nuclei. Percentage
of TUNEL-positive myocytes was calculated by counting 10,000 nuclei
in each group. Part of the heart was fixed overnight in 10% formatin at
4°C, dehydrated with 70% ethanol, mounted in paraffin, and sectioned
(5 um). Sections were stained with Hematoxylin and Eosin, Masson's
trichrome, and Picrosirius red (for fibrosis). The proportion of the
fibrotic area was determined in slides stained with Picrosirius red
using a BIOREVO fluorescence microscope (BZ-9000, Keyence).

2.4. Lipofuscin assay

Heart tissue was ground in liquid nitrogen and homogenized in
chloroform-methanol (1:20, w:v). After centrifugation, the chloro-
form-rich layer was mixed with the methanol. The fluorescence in this
fraction was measured at an excitation wavelength of 350 nm and
emission wavelength of 485nm using a spectrofluorimeter [15).

Fluorescence intensity at 485 nm was expressed as units/100 mg
tissue,

2.5, fsolation of cardiomyocytes

Ventricular cardiomyocytes were isolated from AL and CR rats as
described previously [16] (n =6, each). Briefly, hearts were mounted
on a Langendorff apparatus and perfused with Tyrode solution
containing 0.1 mM Ca®*. Type [I collagenase (Worthington) was
then added to the perfusate. After 30 min, the hearts were taken
down, ventricles minced, and myocytes dissociated by trituration.
Subsequently, myocytes were filtered, centrifuged, and resuspended
in MEM containing 1 mM Ca?*. Myocytes were used within 6 h of
isolation,

2.6. Measurement of [Ca®*};

Myocytes were loaded at 22 °C with Fluo-4 AM (10 uM; Molecular
Probes) for 30 min, washed out, and then allowed to sit for a further
30 min to allow for intracellular deesterification. The cell fluorescence
measurement was performed at room temperature using a Zeiss LSM-
510 confocal microscope (5-Live mode). Laser excitation (488 nm)
and emission (543 nm) were used for detecting Fluo-4 fluorescent
signal [17]. Myocytes were incubated with 1.0 mM Ca®* Tyrode
solution and stimulated via platinum electrodes connected to a
stimulator at a frequency of 1 Hz. Contraction amplitude and rates of
contraction and relaxation were recorded online with a video edge-
detection system and data acquisition software as described previ-
ously [17]. SR Ca®* content was evaluated after rapid application of
caffeine (10 mM) [18] and expressed as relative value of baseline F/Fg.

2.7. SERCA activity

SERCA activity was assayed based on a pyruvate/NADH coupled
reaction as described previously [19]. Oxidation of NADH was
assessed at 37 °C in the membranous fractions from heart homoge-
nate according to the difference between the total absorbance and
basal absorbance at a wavelength of 340 nm. SERCA activity was
expressed as nmol ATP/mg protein/min.
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2.8. Western blotting

Total protein was extracted from frozen hearts. Equal amounts of total
proteins (20-40 pg) were subjected to SDS-PAGE [9,10]. The primary
antibodies used in the present study were anti-SERCA2, anti-phospho-
lamban (PLB) (Affinity BioReagents), anti-phosphorylated PLB (Ser'®)
(ThermoSdentific), anti-Na*-Ca®* exchanger (NCX) 1 (Abcam), anti-
troponin |, anti-phosphorylated troponin 1 (Ser*%), anti-Beclin1, anti-
mammalian target of rapamycin (mTOR), anti-phosphorylated mTOR
(Ser®*8), anti-p70 S6 kinase (S6K), anti-phosphorylated S6K (Thr*®?)
(Cell Signaling Technology), anti-p16™“** (Santa Cruz Biotechnology),
anti-light chain (LC) 3 (Medical & Biological Laboratories), and anti-
glyceraldehydes 3-phosphate dehydrogenase (GAPDH) (Chemicon Inter-
national). To assess protein carbony!s, protein extracts were reacted with
2.4-dinitrophenylhydrazine (DNPH) using the Oxyblot kit (Millipore)
with a modification as described previously {20].

2.9. Chloroquine treatment

We evaluated the effect of chloroquine, a lysosomal protease
inhibitor, on the expression of LC3-Il using male 20-month-old rats
fed with either AL or CR for 12 months. Alzet osmotic pump was
implanted subcutaneously in the infrascapular region of either AL or CR
rat. Chloroquine (10 mg/kg per day; Sigma) or saline vehicle was
continuously administered for 4 weeks [14]. Three hearts from each
group were used for Western immunoblotting.

2.10. Statistical analysis

Data are presented as the mean + SEM. For intergroup comparisons,
data were analyzed by one-way ANOVA, followed by Student's t tests for
unpaired data with Bonferroni's correction. P<0.05 was considered
significant.

3. Results
3.1. Mortality

During the 22-month observation period, thirteen out of 24 rats in
the AL group and 5 out of 20 rats in the CR group died. Thus, as
expected, mortality was significantly less in the CR group than in the
AL group (P<0.05, Supplemental Fig. 1).

3.2. Echocardiographic findings

Aged hearts in the AL group exhibited an increase in LV mass and
slightly reduced LV systolic parameters (Table 1). Although the E/Aratio
was significantly higher in the AL group than that in the YC group, the
deceleration time of the E wave and isovolumic relaxation time were
longer in the AL group. In addition, TDI showed a remarkable decrease in
peak E' velocity, a modest decrease in peak A’ velocity, and a subsequent
decrease in the E’/A’ ratio in the AL group. These results indicate that LV
diastolic function was severely impaired in aged hearts.

Echocardiographic parameters of LV systolic function were similar
between AL and CR hearts (Table 1). CR attenuated the increase in LV
mass with aging. As expected, long-term CR preserved LV diastolic
function. The E/A ratio was similar between AL and CR hearts, but the
deceleration time of the E wave and isovolumic relaxation time were
significantly shorter in the CR group. TDI showed a higher E velocity
and a greater E‘/A’ ratio in the CR group.

3.3. Body weight and ventricular weight
Since rats were randomly divided into two groups, there was no

difference in body weight (BW) at the age of 8-month-old between AL
and CR [AL: 355+ 5 (n=16) vs. CR: 356 £ 8 (n=14) g: n.s.]. BW at
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Table 1
Echocardiographic parameters.
YC AL CR

LV mass {mg) 587419 691 +21% 616 +12°
(n=5) {(n=38) (n=10)

Ejection fraction (%) 768+22 714+17%  698+15%
(n=5) (n=8) {(n=10)

% Fractional shortening 468417 415+ 18% 399+ 14%
(n=35) (n=38) (n=10)

Peak E velocity (mm/s) 758 £24 825+35 81122
(n=5) {n=56) (n=8)

Deceleration time of the E wave (ms) 376+13 436+£15% 380+13"
(n=5)  (n=6) (n=8)

Peak A velocity (mm/s) 522 +21 445+34 475+23
(n=5) (n=6) (n=8)

E/A ratio 146+006 1.88+007" 1.73+007%
(n=5) {(n=6) (n=8)

Isovolumic relaxation time {ms) 22811 33319 275%17°°
(n=5) (n=8§) (n=8)

Peak E’ velocity {(mm/s) 570419  375+21% 449+27%
(n=5) (n=6) (n=8)

Peak A’ velocity (mm/s) 557+14 467+15% 476 +18*%
(n=5) (n=6) (n=8)

E’/A’ ratio 1034£004 080+004" 094+002°
{n=5) (n=6) (n=8)

E/E’ ratio 13.3+03 22.1+04% 184+£04%"
(n=5) (n=6) (n=8)

Data are the mean + SEM. *P<0.05 vs. the YC group, *P<0.05 vs. the AL group.

LV mass (uncorrected) (mg) = 1.053 x [(LVIDd + LVPWd + IVSd)* — (LVIDd)?].

LV, left ventricular; LVIDd; LV internal diameter (diastole) (mm), LVPWd; LV posterior
wall (diastole) {mm), IVSd: interventricular septum (diastole) {mm), YC, young
controls; AL, rats fed the normal control diet ad libitum; CR, rats fed a caloric-restricted
diet. Because of technical difficulty, Pulse-wave Doppler evaluation was achieved in 6
AL and 8 CR rats.

the age of 30-month-old was significantly heavier in the AL group
than that in the CR group [AL: 348 £ 5 (n=8) vs.CR: 290+ 4 (n=10)
g. P<0.05]. The ventricular weight was also heavier in the AL group
[AL: 1.16 £ 0.02 (n=28) vs. CR: 0.95+£0.02 (n=10) g; P<0.05], but
the ratio of ventricular weight to BW was similar between AL and CR
[AL: 0.326 +:0.009 (n =38} vs. CR: 0.329 £0.006 (n=10) %; n.s.].

3.4. Histological examination and lipofuscin content

Histological analysis revealed that long-term CR significantly
reduced cardiomyocyte size (Figs. 1{A and B)) and attenuated the
accumulation of lipofuscin (Figs. 1(Cand D)) and senescence-associated
B-galactosidase (Fig. 1(E)). Aged AL rats showed an 8-fold increase in
myocardial lipofuscin content, compared with young rats, and CR
attenuated this increase by 40% (Fig. 1(D}). CR also reduced TUNEL-
positive cells (Figs. 2(A and B)). However, the degree in cardiac fibrosis
was similar between AL and CR (Figs. 2(C-E)).

3.5. Measurement of [Ca®™};

We isolated an average of 1x 107 ventricular myocytes, 80% of
which are rod-shaped, from the young heart. In contrast, fewer
isolated ventricular myocytes were obtained from aged rat heart. Of
these, approximately one third were rod-shaped, indicating that aging
atteniuates the myocyte isolation yield. However, we did not find any
difference in the myocyte isolation yield between the AL and CR aged
hearts.

Fig. 3(A) shows the representative Fluo-4 line scan images, their
corresponding {Ca®* ]; transients, and the traces of myocyte contractions
in isolated myocytes obtained from AL and CR rats. There were no
differences in peak amplitude of (Ca®*|; transients, expressed as F/Fo
(Fig. 3(B)) between the two groups. In contrast, cardiomyocytes
obtained from CR rats exhibited better Ca®* uptake. as evidenced by a
significantly decreased time to 50% relaxation (RTse; Fig. 3{C)) and the
tendency for a decrease of the 7 of [Ca*); decline in cardiomyocytes
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Fig. 1. Histological examination. (A) Hematoxylin and Eosin staining. (B) Cross-sectional view of cardiomyocytes in AL and CR rats. (C) Lipofuscin. (D) Myocardial lipofuscin content,
(E) Senescence-associated B-galactosidase. Bar: 50 pm. YC: young controls, AL: rats fed the normal control diet ad libitum, CR: rats fed a caloric-restricted diet. Data are the mean +
SEM. Quantitative data are pooled data from 5 AL hearts and 5 CR hearts. *P<0.05 vs. the YC group. "P<0.05 vs. the AL group.

obtained from CR rats (Fig. 3(D)). Corresponding with these results,
cardiomyocytes obtained from CR rats exhibited better relaxation, as
evidenced by a decreased RTso (Fig. 3(F)), although there was no
difference in fractional shortening between the groups (Fig. 3(E)) These
results suggested that better Ca®* uptake results in better myocyte
relaxation in hearts from CR rats. However, CR did not increase the SR
Ca®* content in the aged heart (Fig. 3(G)).

3.6. SERCA activity

SERCA activity significantly decreased with aging, but CR enhanced
SERCA activity by 30% in the aged heart {YC: 20546 (n=5), AL:
88+5(n=3),CR: 114 £ 6 (n=5) nmol/mg protein/min; P<0.05 YC
vs. AL, P<005 AL vs. CR}.

3.7. Western immunoblotting

The oxyblot analysis demonstrated that protein carbonyls in-
creased with aging and CR attenuated this increase (Fig. 4(A)),
suggesting that long-term CR reduces oxidative stress in the aged
heart.

Expression of senescence markers was compared among three
groups. The expression of p16™“? increased with aging in the AL
group, and this increase was attenuated in the CR group (Figs. 4(B and
C)). In contrast, CR failed to attenuate the decrease in phosphorylated
troponin I at the Ser®>? residue (P-troponin 1) with aging (Figs. 4(B
and D)). It is well known that the expression of SERCA2 protein
decreases with aging and this phenomenon contributes, in part, to
impaired cardiac diastolic dysfunction associated with aging [5,21]. [n
the present study, long-term CR significantly attenuated the decrease
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