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Abstract
Fibroblast growth factor 2 (FGF2) consists of multiple protein isoforms (low [LMW] and high
molecular weight [HMW]), which are localized to different cellular compartments, indicating
unique biological activity. We previously showed that the LMW isoform is important in protecting
the heart from myocardial dysfunction associated with ischemia-reperfusion (I/R) injury, but the
roles of the HMW isoforms remain unknown. To elucidate the role of HMW isoforms in I/R and
cardioprotection, hearts from novel mouse models,in which the murine FGF2 HMWs are knocked
out (HMWKO) or the human FGF2 24 kDa HMW isoform is overexpressed (HMW Tg) and their
wildtype (Wt) or non-transgenic (NTg) cohorts were subjected to an ex vivo work-performing
heart model of I/R. There was a significant improvement in post-ischemic recovery of cardiac
function in HMWKO hearts (76±5%, p<0.05) compared to Wt hearts (55±5%), with a
corresponding decrease in HMW Tg function (line 20: 38±6% and line 28: 33±4%, p<0.05)
compared to non-transgenic hearts (68±9%). FGF2 LMW isoform was secreted from Wt and
HMWKO hearts during I/R, and a FGF receptor (FGFR) inhibitor, PD173074 caused a decrease in
cardiac function when administered in I/R in Wt and FGF2 HMWKO hearts (p<0.05), indicating
that FGFR is involved in FGF2 LMW isoform's biological effect in ischemia-reperfusion injury.
Moreover, overexpression of HMW isoform reduced FGFR1 phosphorylation/activation with no
further decrease in the phosphorylation state in the presence of the FGFR inhibitor. Overall, our
data indicate that HMW isoforms have a detrimental role in the development of post-ischemic
myocardial dysfunction.
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Introduction
Fibroblast growth factor-2 (FGF2) is a heparin-binding protein involved in cell growth,
differentiation, and death/survival [1]. FGF2 consists of multiple protein isoforms resulting
from different translational start sites from a single Fgf2 gene [1]. One 18 kDa FGF2 (low
molecular weight isoform [LMW]), is translated from a conventional Kozak AUG start
codon [1]. Several high molecular weight (HMW) isoforms of FGF2 are identified in many
species, including human, rat, bovine, guinea pig, and chicken [2–5]. In mice, there are two
HMW isoforms (21 and 22 kDa) [1], and in humans, there are four HMW isoforms (21,
22.5, 24 and 34 kDa) [1] initiated at CUG start codons. HMW isoforms contain a nuclear
localization signal that targets the HMW isoforms to the nucleus, while the LMW FGF2
isoform is predominantly cytoplasmic [6]. Recent evidence, however, indicates that the
LMW and HMW isoforms are not always localized only to the cytoplasm or nucleus,
respectively [7–9]. In addition to the complexity of their localization, FGF2 isoforms also
display distinct biological activities. In vitro studies using neonatal cardiomyocytes show
that both LMW and HMW FGF2 isoforms increase cell proliferation, but only the HMW
FGF2 isoforms cause binucleation independent of FGFR pathways, possibly by directly
affecting chromatin structure [7, 10]. FGF2 LMW isoform can induce cardioprotection in an
angiogenic-dependent and -independent manner [11–13]. Our previous data indicate that
inhibition of JNK signaling and the apoptotic process is essential to FGF2 LMW isoform-
mediated cardioprotection [13]. However, the function of FGF2 HMW isoforms in
ischemiareperfusion (I/R) injury is currently unknown. Also, unclear is the role that FGF
receptor signaling plays in the effects of each isoform on the post-ischemic heart.

There are two classes of FGF receptor identified on the cell surface. Heparan sulfate
proteoglycans (HSPGs), the low affinity-high capacity receptor class, and FGF receptor
(FGFR), the high affinity-low capacity receptor [14]. In human hearts, FGFR1 and FGFR4
are the predominant FGF receptors [15]. In mouse cardiomyocytes, FGFR1 is present, with
no FGFR4 expression [16]. FGFR1 is highly expressed during cardiac development [17] and
gradually declines, but still is expressed in adult rat hearts [18]. FGFR1 signaling in the
heart leads to developmental cardiomyocyte growth [17], acute cardioprotection after I/R
injury [19], angiogenesis-induced cardioprotection [20], tumorogenesis in myxoma [21], and
proliferation [22]. Both FGF2 isoforms are contain the amino acid sequence that binds to
and activates FGFR (14), but which, if any, endogenous FGF2 isoforms interact with FGFR
to modulate the outcome following cardiac I/R injury remain to be elucidated.

This present study investigates the role of FGF2 HMW isoforms in I/R injury and the
involvement of FGFR in FGF2 LMW isoform's action in cardioprotection. This study
demonstrates that FGF2 HMW isoforms, unlike the LMW isoform, does not protect against
post-ischemic contractile dysfunction. Furthermore, this study establishes that FGFR is
necessary for LMW isoform-mediated cardioprotection during I/R injury.

Materials and Methods
Animals and exclusion criteria

Mice were housed in a pathogen-free facility and handled in accordance with standard use
protocols, animal welfare regulations, and the NIH Guide for the Care and Use of
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Laboratory Animals. All protocols were approved by the University of Cincinnati
Institutional Animal Care and Use Committee. Wildtype (Wt) and FGF2 HMWKO (HMW
isoforms absent) mice were bred on a mixed Black Swiss (50%)/129 (50%) background.
Non-transgenic (NTg) and two lines (20 and 28) of mice overexpressing the human HMW
24 kDa isoform (24 kDa HMW Tg) were bred on a FVB/N background. Wildtype, FGF2
HMWKO, non-transgenic mice and 24 kDa HMW Tg mice were randomly assigned to the
studies. A total of 10 mice were excluded from I/R injury study. Exclusion from the
ischemia-reperfusion study was based on the signs of aortic or pulmonary vein leak in the
working heart preparation. Aortic leak was represented as an aortic pressure <60 mmHg on
Langendorff, retrograde perfusion mode. Pulmonary vein leak was demonstrated as an aortic
flow <2.0 mL/min, low (<4 mmHg) atrial pressure, and a blood gas pO2 >380 mmHg or a
visible leak (i.e., hole in ventricle or atrium) in the heart.

Generation of FGF2 HMW knockout (HMWKO) mice
The FGF2 HMWKO mice were generated on by Drs. Ming Zhou and Mohamad Azhar in
the Doetschman laboratory [23, 24] and utilized the “Tag & Exchange” procedure [13] as
shown in Figure 1A. Briefly, a 14-bp oligo DNA (5'-CTA GTC TAG ACT AG-3'), which
contained stop codons (TAG) in all 3 reading frames and which would cause a frame-shift
between the ATG and the two upstream CTG start sites, was ligated to the Sma I site. The
insertion caused a frame-shift of the HMW isoforms reading frame and kept only the LMW
isoform reading frame. This manipulation resulted in an ablation of the FGF2 HMW
isoforms.

Generation of transgenic (Tg) mice overexpressing human FGF2 24 kDa HMW isoform
The human FGF2 24 kDa HMW (line 20 and 28) transgenic mice were generated by Dr.
Douglas Coffin in the Doetschman laboratory [23] as shown in Figure 1B. Briefly, the AUG
and first 2 CUG codons of the human Fgf2 cDNA (provided by R. Florkiewicz), were point-
mutated, leaving only the human FGF2 24 kDa HMW isoform. The mutated vector was
ligated to the 3' end of the phosphoglycerate kinase (PGK) promoter with an SV40 intron
and poly A sequence at the downstream end of the cDNA. The chimeric gene was injected
into the pronuclei of FVB/N strain fertilized mouse oocytes by the Transgenic Mouse
Service Facility of the University of Cincinnati. Founder mice harboring the transgene were
identified by PCR.

Isolated work-performing heart model of global low-flow ischemia (see online supplement)
Age- (10–12 weeks) and sex-matched Wt, FGF2 HMWKO, NTg and human FGF2 24 kDa
HMW Tg mice were anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and
heparinized (5000U/kg, i.p.) to protect the heart against microthrombi. The isolated work-
performing heart preparation and global low-flow ischemia protocol were performed as
previously described [13]. The low-flow ischemia resulted in a 90% reduction in coronary
flow, with a constant infusion of 95% O2 and 5% CO2 into the modified Krebs-Henseleit
perfusate.

Pharmacological agents
1-t-Butyl-3-(6-(3,5-dimethoxyphenyl)-2-(4-diethylaminobutylamino)-pyrido[2,3-d]
pyrimidin-7-yl)urea (PD173074), a FGF receptor (FGFR) inhibitor, which prevents the
autophosphorylation of FGFR [25], was a gift generously donated from Pfizer, New York,
NY. This inhibitor has been shown to be extremely selective for FGFR and VEGFR2, with
IC50 over 1000-fold higher for the receptors for insulin (IGF), epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF), and several serine/threonine kinases and
other kinases including Src [25]. PD173074 was dissolved in DMSO and diluted in Kreb's
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solution to obtain a final concentration of 25 nmol/L. The 25 nM concentration was chosen
as it has been shown to inhibit FGFR without inhibiting VEGFR2 receptors [25] and also
inhibited FGFR without causing any adverse cardiac effect (i.e, cardiac dysrhythm). PD
173074 was administered 15 minutes prior to and for the first 15 minutes of ischemia and
the last 15 minutes of ischemia and first 15 minutes of reperfusion. DMSO as vehicle
treatment was administrated at the same length and time points as PD173074.

Myocardial infarction
Infarct size was determined by the histochemical stain, 2, 3, 5-triphenyltetrazolium chloride
(TTC) which delineates viable versus necrotic tissue [26], as previously described by our lab
[12, 13] (see online supplement).

Creatine kinase release in coronary effluent
The coronary effluent was collected at designated time points of baseline, ischemia and
reperfusion (Figure S1, see online supplement) and protease inhibitor tablets were added to
the collected coronary effluent. The amount of creatine kinase (CK) was determined using a
CK Reagent Set. Creatine kinase release was normalized to coronary flow (mL/min) and
heart weight (g) and represented as U/min*g.

Detection of FGF2 release in coronary effluent (see online supplement)
Quantitative determination of FGF2 in coronary effluent at various time points of baseline/
equilibration, ischemia, and reperfusion (Figure S1, see online supplement) was performed
by ELISA as previous described by our lab [12, 13] and according to the Quantikine human
FGF2 immunoassay. FGF2 concentration (pg/mL) in coronary effluent was normalized for
coronary flow rate (mL/min) and heart weight (g) and depicted as pg/min/g.

Nuclear and cytosolic preparation for detection of FGF2 isoforms (see online supplement)
Nuclear and cytosolic preparation of non-ischemic Wt, LMWKO and HMWKO hearts were
prepared as described by Fryer and colleagues [27], and protein concentration was
determined via a Bio-Rad Lowry protein assay.

FGF2 extraction and immunoblotting (see online supplement)
Snap-frozen, non-ischemic hearts were homogenized in homogenization buffer. FGF2 was
extracted as previously described [12, 13]. Expression of FGF2 was determined by Western
immunoblotting against FGF2 antibody. The purity of the cytosolic and nuclear fractions
was determined by the enrichment of β-actin (cytosolic fraction) and histone-1 (nuclear
fraction).

Immunohistochemistry for FGF2 localization
Immunohistochemistry on paraffin-embedded tissue sections was done as described
previously [24]. Briefly, non-ischemic Wt, LMWKO and HMWKO adult hearts were fixed
overnight at 4°C in 4% paraformaldehyde. Freshly fixed tissue was processed and embedded
in paraffin, and sectioned at 7 μm in a microtome. Immunohistochemistry was carried out
using LSAB+ System-HRP Kit (DakoCytomation, CA), following the recommended
standard protocol of the manufacturer. Antigen retrieval occurred by boiling tissue sections
in a microwave oven in Target Retrieval Solution (DakoCytomation, CA) for 40 minutes.
Tissue sections were incubated rabbit polyclonal FGF2 antibody (Santa Cruz Biotechnology
Inc, CA) (1:50 dilution) overnight at 4°C. This FGF2 antibody had been shown to cross-
react to both the LMW and HMW isoforms of FGF2 [24]. For control staining, IgG isotype
control (Pierce, IL) was used instead of the primary antibody. All tissue sections were
counterstained by hematoxylin, and analyzed using bright-field optics with a Zeiss Axio
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Imager M1 microscope (Carl Zeiss Microimaging, Inc., Thornwood, NY). Images were
captured using similar magnification and light intensity and by using an AxioVision 4.6.3
imaging software (Carl Zeiss Microimaging, Inc., Thornwood, NY).

Whole heart preparation to detect FGFR activation (see online supplement)
Snap-frozen DMSO- and PD173074-treated ischemic-reperfused Wt and FGF2 HMWKO,
as well as NTg and FGF2 24 kDa HMW Tg hearts were homogenized as previously
described by our laboratory [13]. The homogenate was centrifuged at 13,000g for 15
minutes and the supernatant collected. Protein concentration was determined via Lowry
protein assay.

Western immunoblotting for FGFR1 and FGFR4 expression and phosphorylation
Activation of FGFR1 and FGFR4 were determined via Western blot analysis. The blots
were incubated with primary antibody (1:500) against phospho-FGFR. Total expression
levels of FGFR1 and FGFR4 were performed by stripping the blot and incubating with
primary antibody (1:500) against total FGFR1 or FGFR4. The activation (i.e.,
phosphorylation) of FGFR expression was visualized by ECL and densitometry of protein
bands were quantitated using a Fluorchem 8800 gel imager.

Statistical analysis
All values in the text and figures were represented as mean±SEM of n independent
experiments. Percent recovery of cardiac function, infarct size, vascular density,
immunoblotting, and CK release were subjected to one-way analysis of variance (ANOVA)
followed by Students' t-test. Pharmacological treatment studies were subjected to a two-way
ANOVA following by Students't-test. Probabilities of 0.05 or less (p<0.05) were considered
statistically significant.

Results
Cardiac characterization of mice deficient in or overexpressing the FGF2 HMW isoforms

A gross characterization of hearts was performed to determine whether ablation of only the
FGF2 HMW isoforms (FGF2 HMWKO) or overexpression of the human FGF2 24 kDa
HMW isoform (FGF2 24 kDa HMW Tg) affected cardiac growth, cardiac vasculogenesis
and angiogenesis or the expression of the endogenous protein isoforms of FGF2, thereby
influencing the outcomes following I/R injury. There was no significant difference in heart
weight-to-body weight ratio (mg/g) between Wt (6.1±0.4) and HMWKO (6.0±0.4) mice or
between NTg (5.0±0.1) and 24 kDa Tg (line 20: 5.2±0.1 and line 28: 4.9±0.1) animals,
indicating that neither ablation of the HMW nor overexpression of the human FGF2 24 kDa
HMW isoform altered cardiac growth or induced spontaneous cardiac hypertrophy.

No significant alteration in vasculogenesis or angiogenesis was detected in any of the
groups. There was no significant difference in the number of smooth muscle-containing
blood vessels per square millimeter (mm2) between Wt (8.6±0.2) and FGF2 HMWKO
(8.8±0.4) hearts or between NTg (10.3±0.7) and 24 kDa HMW Tg hearts (line 20: 9.6±0.4
and line 28: 9.2±0.6). Also, the cardiac capillary density was similar in FGF2 HMWKO
(54.0 ±10.6) and Wt (57.3±8.6) groups as well as in NTg (49.8±13.7) and 24 kDa Tg (line
20: 53.7 ±8.79 and line 28: 51.5±11.0) hearts.

Ablation of the HMW FGF2 isoform resulted in a significantly increased amount of FGF2
LMW isoform present (Figure 1C and D). In hearts overexpressing the human 24 kDa
HMW isoform, the endogenous murine 18, 21 and 22 kDa FGF2 isoforms were not different
compared to NTg hearts, demonstrating that overexpression of the FGF2 HMW isoforms did
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not affect the expression of endogenous FGF2 isoforms (Figure 1E and F). No FGF2 HMW
isoforms were detected in FGF2 HMWKO mice (Figure 1C).

Concerns that the human 24 kDa isoform of FGF2 may have different effects from
endogenous murine HMW isoforms are addressed by previously work of Gualandris and
colleagues [28] in which this group demonstrated that human 24, 22.5 and 22 kDa HMW
isoforms, expressed in murine fibroblasts, localized to the nucleus and induced growth in
fibroblasts similar to those normally expressing endogenous FGF2 HMW isoforms.

Effect of ablation or overexpression of the FGF2 HMW isoforms in post-ischemic
myocardial function

Hearts from wildtype (Wt), FGF2 HMWKO, non-transgenic (NTg), and two lines of FGF2
24 kDa HMW Tg mice were subjected to 60 minutes global low-flow ischemia and 120
minutes reperfusion. There was a significant increase in post-ischemic recovery of
contractile function in FGF2 HMWKO hearts (76±5%) compared to Wt hearts (55±5%,
p<0.05, Figure 2A) and in post-ischemic recovery of diastolic function (HMWKO: 60±4%
vs. Wt: 46±6%). Following I/R injury, there was a significant improvement in systolic and
diastolic function in FGF2 HMWKO hearts compared to Wt hearts (p<0.05, Table 1, Series
1). On the other hand, there was a significant decrease in post-ischemic recovery of
contractile function in 24 kDa HMW Tg (line 20: 38±6% and line 28: 33±4%) compared to
NTg hearts (68±9%, p<0.05, Figure 2B) and in post-ischemic recovery of relaxation
function in 24 kDa HMW Tg (line 20: 36±1% and line 28: 36±2%) compared to NTg hearts
(52±6%). This result demonstrating that the HMW isoform of FGF2 is not cardioprotective
is supported by our previous work in which only the murine HMW isoforms (i.e., LMWKO
hearts) lead to a poorer recovery of post-ischemic cardiac function compared to wildtype
hearts [13]. Other cardiac function parameters were also significantly decreased in ischemic-
reperfused 24 kDa HMW Tg hearts compared to ischemic-reperfused NTg hearts (Table 1,
Series 2). Since transgenic and knockout mice were generated on different genetic
backgrounds (FVBN and 129/Black Swiss, respectively), care was taken to compare each
group to its wildtype littermates, as strain differences in mice have been shown to impact
susceptibility to ischemic injury [29].

These data suggest that the increased amounts of LMW FGF2 in the absence of HMW FGF2
most likely play a protective role in preventing myocardial dysfunction during
ischemiareperfusion injury. Conversely, overexpressing HMW FGF2, while keeping LMW
FGF2 at levels normally expressed in the myocardium, results in lowered recovery.

Effect of FGF2 HMW isoforms on myocardial cell injury after ischemia-reperfusion injury
Myocardial infarct size was measured following I/R. There was no difference between Wt
(39±2%) and FGF2 HMWKO (34±2%) or NTg (31± 3%) and 24 kDa HMW Tg (line 20:
33±1% and line 28: 35±3%) (see Figure S2, online supplement).

Myocardial cell injury, indicated as CK release, was measured at designated time points of
baseline (equilibration), ischemia, and reperfusion (Figure S1, see online supplement). CK
release was significantly increased during early reperfusion in all groups compared to their
baseline cohorts (Table S1 and S2, see online supplement). Yet, there was no difference in
CK release at early reperfusion between Wt and FGF2 HMWKO or NTg and human FGF2
24 kDa HMW Tg groups. Furthermore, our previous published results showed that
myocardial infarction and creatine kinase release were significantly decreased in FGF2 Tg
hearts overexpressing all FGF2 isoforms (LMW and HMW) [12] compared to the hearts
expressing only the high molecular isoforms of FGF2 (LMWKO) [13] and Wt hearts.
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Therefore, these data suggest that all FGF2 isoforms are necessary to protect the heart from
myocardial infarction and cell injury.

The localization and secretion of FGF2 LMW and HMW isoforms in non-ischemic and
ischemic-reperfused hearts

The localization of the FGF2 LMW isoform is not well-defined; most studies demonstrate a
cytosolic location, yet more recent studies also show a nuclear location [7–9]. FGF2 HMW
isoforms are localized to the nucleus [30], but recent evidence indicates that the HMW
isoforms can be released out of the cell through vesicle shedding [9]. With the
compartmentalization of the FGF2 isoforms to multiple sites in the cell, elucidating the
localization of the FGF2 LMW and HMW isoform will allow a greater understanding of the
subcellular targets of FGF2 isoform signaling. Furthermore, which of these FGF2 isoforms
act in a paracrine/autocrine manner (i.e., activate FGFRs) or act in an intracrine fashion
during I/R is also unknown.

The localization of the LMW and HMW isoforms of FGF2 in non-ischemic Wt, FGF2
LMWKO (only HMW isoforms present) and FGF2 HMWKO (only LMW isoform present)
hearts was identified. Western immunoblot data showed that the HMW isoforms were
localized only to the nucleus in Wt and LMWKO hearts; whereas, the LMW isoform was
found in the cytoplasm as well as in the nucleus in Wt and FGF2 HMWKO hearts (Figure
3A). Confirmation of the localization of the LMW and HMW protein isoforms of FGF2
occurred via immunohistochemistry on non-ischemic Wt, LMWKO, and HMWKO hearts
(Figure 3B). The LMW isoform, using the HMWKO heart, was detected in the cytosol and
nucleus (Figure 3B, last panel); whereas, the HMW isoform, using the LMWKO heart, was
identified in the nucleus (Figure 3B, middle panel). These results are consistent with those
of other investigators who identified the LMW isoform in both cytoplasm and nucleus and
HMW isoforms were localized only to the nucleus [1]. This localization may indicate as
well as dictate the unique activity of FGF2 LMW and HMW isoforms in I/R injury.

Coronary effluent samples, collected at various time points during baseline and reperfusion
from Wt, LMWKO, and HMWKO hearts, demonstrated that secretion of the HMW
isoforms did not occur in the FGF2 LMWKO hearts (Table 2), which suggests that the
HMW effects in the heart are most likely due to intracrine signaling. In the FGF2 HMWKO
hearts, the LMW isoform was secreted out of the cell during ischemia-reperfusion injury
(Table 2), suggesting that it may act through FGFR to elicit its activity.

The involvement of FGFR in protection against myocardial dysfunction
To determine whether the secreted FGF2 LMW isoform acts through FGFR to elicit
cardioprotection, Wt and FGF2 HMWKO hearts were subjected to 60 minutes of global,
low-flow ischemia and 120 minutes of reperfusion, and treated with vehicle (DMSO) or
PD173074 (25 nM), a FGFR inhibitor that binds the tyrosine kinase motif on the FGFR and
inhibits the tyrosine kinase activity of FGFR [25]. Following I/R injury, there was
significantly less systolic and diastolic dysfunction in ischemic-reperfused, DMSO-treated
FGF2 HMWKO vs. DMSO-treated Wt hearts (p<0.05, Table 1, Series 3). Furthermore,
there was a significant increase in post-ischemic recovery of contractile function in DMSO-
treated FGF2 HMWKO hearts (90±6%) vs. DMSO-treated Wt (47±5%) hearts (p<0.05,
Figure 4). With similar FGF2 LMW isoform release in Wt and FGF2 HMWKO hearts
observed (Table 2), the cardioprotective effect in FGF2 HMWKO hearts was not only due to
the presence of FGF2 LMW isoform, but also due to the absence of FGF2 HMW isoforms.
After PD173074 treatment, percent recovery of post-ischemic contractile function was
significantly attenuated in Wt (34±3%), and FGF2 HMWKO (31±3%) hearts (p<0.05,
Figure 4), indicating that FGFR is involved in I/R injury and the cardioprotective effect of
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FGF2. Most likely, it is the released FGF2 LMW isoform in FGF2 HMWKO hearts that acts
on FGFR and elicits cardioprotection.

Effect of FGFR inhibition on myocardial cell injury
Myocardial infarct size was measured after 60 minutes global, low-flow ischemia and 120
minutes reperfusion. There was no difference in DMSO-treated groups: Wt (26±6%) and
FGF2 HMWKO (28±3%) (see Figure S3, online supplement). Following FGFR inhibition,
there was a significant increase in myocardial infarct size in both Wt (36±2%) and FGF2
HMWKO (42±1%, p<0.05) compared to DMSO-treated cohorts (see Figure S3, online
supplement). Creatine kinase release was measured from coronary effluent at designated
time points of baseline, ischemia and reperfusion (Figure S1, see online supplement). There
was no significant difference in CK release between vehicle-treated Wt and FGF2 HMWKO
hearts (Table S3, see online supplement). Following PD173074 treatment, creatine kinase
release was slightly, but significantly, increased in Wt vs. its vehicle cohort at baseline level
(p<0.05, Table S3, see online supplement), but no difference in early reperfusion. There was
no difference in creatine kinase release between PD173074-treated FGF2 HMWKO and
vehicle-treated FGF2 HMWKO hearts. This evidence suggests that inhibition of FGFR
resulted in increased myocardial cell damage independent of FGF2 isoforms.

Effect of FGFR inhibition on FGFR activation
PD173074 abolishes FGFR activation by binding the tyrosine kinase cleft to inhibit FGFR
autophosphorylation [25]. To determine whether this concentration of PD173074 blocked
FGFR phosphorylation in Wt and FGF2 HMWKO and NTg and HMW Tg mouse hearts
subjected to I/R injury, Western immunoblotting was performed. Phosphorylation of FGFR1
was significantly decreased in PD173074-treated Wt, FGF2 HMWKO and NTg hearts
compared to their vehicle (DMSO)-treated cohorts (p<0.05, Figures 5A, 5B, and Figure 6A).
Overexpression of the human 24 kDa HMW Tg hearts resulted in reduced FGFR1
phosphorylation and treatment with the FGFR inhibitor to HMW Tg hearts had no further
decrease in receptor phosphorylation (Figure 6A). In addition, there was no difference in
FGFR1 expression between DMSO-treated Wt and FGF2 HMWKO hearts and NTg and
HMW Tg hearts (Figures 5A, 5C, and Figure 6B). Cardiac expression of FGFR4 was not
observed (data not shown). These findings suggest that the activation of FGFR1, the subtype
of FGFR expressed on rodent hearts [16], and ultimately the cardiac actions of FGF2 were
reduced by overexpression of the human 24 kDa HMW isoform or by 25 nM PD173074, the
selective FGFR inhibitor.

Discussion
Our previous data suggest that the FGF2 LMW isoform is important for protecting the heart
from post-ischemic cardiac dysfunction and this protection involved the MKK7/JNK
pathway [13]. The roles of FGF HMW isoforms in I/R injury are currently unknown. The
present study characterizes for the first time the results of ablation or overexpression of the
HMW isoforms of FGF2 in a mouse model, and demonstrates that FGF2 HMW isoforms
play an opposite role to the LMW isoform in cardiac ischemia-reperfusion injury. Ablation
of FGF2 HMW isoforms resulted in a protective effect against myocardial dysfunction, and
overexpression of the human HMW 24 kDa isoform lead to a poorer recovery of cardiac
function following I/R injury (Figure 2, Table 1, Series 1 and 2), demonstrating that the
HMW isoforms are deleterious in I/R injury. This effect observed in FGF2 HMWKO hearts
may not only be due to the increased presence of the cardioprotective isoform (the LMW
isoform), but also due to the absence of the injurious isoforms (the HMW isoforms). The
data suggest that both explanations may contribute to the observed phenotype, as the percent
recovery of post-ischemic cardiac function in FGF2 HMWKO hearts (with the presence of
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only the LMW isoform) was greater than in wildtype hearts, indicating that the LMW
isoform is protective. Alternately, an opposing role for HMW FGF2 in the development of
cardiac dysfunction is established in the ischemicreperfused hearts overexpressing the
human FGF2 24 kDa HMW isoform, which had a significant decrease in percent recovery of
post-ischemic cardiac function (Figure 2B, Table 1, Series 2) compared to NTg hearts,
indicating that that HMW isoforms are injurious. The HMW Tg findings presented here
support previously published data from our lab, which demonstrated that mice only
expressing the HMW isoforms (LMWKO) recovered to a lesser degree than their wildtype
cohorts [13] and suggest that the nuclear-targeted FGF2 HMW isoforms have a deleterious
role in myocardial I/R injury. These studies suggest that the LMW and the HMW isoforms
might work in opposition during I/R injury to modulate cardiac function. It has been
speculated that HMW and LMW FGF2 may serve different functions by controlling each
other's biological activity [30, 31], a supposition supported by our work here showing an
increase in total LMW FGF2 protein in the absence of HMW FGF2, as well as the finding
that overexpression of HMW FGF2 reduces FGFR1 activation, through which LMW FGF2
cardioprotection from I/R injury is mediated.

Most studies of FGF2 in I/R injury focus on the LMW isoform, which has been shown to be
a cardioprotective molecule both in vivo and in vitro [32]. Until recently, there was no
evidence implicating a role of FGF2 HMW isoforms in I/R injury. Kardami and colleagues
[33, 34] showed that exogenous administration of the recombinant rat FGF2 23 kDa HMW
isoform protected the heart from myocardial dysfunction and reduced myocardial infarction
in the short-term (24 hours post-MI) but not long-term (1–8 weeks post-MI), most likely due
to the post-ischemic hypertrophic response triggered by the FGF2 HMW isoform. Our study
reveals that endogenous HMW isoforms or overexpression of the human 24 kDa HMW
isoform are/is detrimental to the recovery of post-ischemic cardiac function and infarct size
following acute I/R injury. Our findings are opposite of what Kardami and colleagues
observed with the recombinant rat HMW isoform. These differences can be explained as
follows: 1) since FGF2 HMW isoforms and the FGF2 LMW isoform bind to heparan sulfate
proteoglycans with similar affinity, it is likely that the exogenously administered FGF2
HMW isoform can interact with FGFR [35], eliciting a similar cardioprotective effect as the
FGF2 LMW isoform, 2) the FGF2 HMW isoform effects in the myocardium could be
dependent on duration such that in the short term, FGF2 HMW isoforms may elicit a
cardioprotective phenomenon; however, if the expression of FGF2 HMW protein isoforms
are manipulated for a long period of time, the activation status of proteins involved in
cardioprotection or cardiotoxicity might change, causing an opposite effect on post-ischemic
cardiac function, and 3) since the HMW isoform induces a hypertrophic response [33],
cardiac function may decrease because of the cardiac pathology initiated by the hypertrophic
response.

In vitro studies by Kardami and colleagues [35, 36] show that myocytes exogenously treated
with murine FGF2 HMW isoforms or hearts overexpressing the rat FGF2 HMW isoforms
(21–22 kDa) display an increase in cardiomyocyte size. Yet, in our FGF2 mice
overexpressing the human 24 kDa HMW isoform, there was no spontaneous cardiac growth.
This inconsistency in FGF2 HMW isoforms in cardiac hypertrophy may be due to the
models that were used to determine cardiac hypertrophy. In those studies [35, 36], the FGF2
HMW isoforms are given exogenously to cardiomyocytes for two days. In our mouse
models, the human FGF2 24 kDa HMW isoform is overexpressed chronically from birth
which may modulate the activity of other molecules and/or signals. For example, our
unpublished data demonstrated a 2-fold decrease in Fgf1 mRNA level in non-ischemic
FGF2 LMWKO hearts, a significant increase in Fgf6 mRNA level in non-ischemic Fgf2 KO
hearts, and a significant decrease in Fgf13 mRNA level in non-ischemic Fgf2 KO and FGF2
LMWKO hearts. Therefore, in FGF2 HMWKO or 24 kDa HMW Tg hearts, there might be
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alteration in some similar intrinsic mitogenic or angiogenic molecules and that could be the
reason for the inconsistent cardiac anatomy and morphology between our mouse model and
Kardami's observation.

Similar to what our laboratory previously demonstrated [13], there was no significant
difference in myocardial cell injury, measured by TTC staining and CK release, in FGF2
HMWKO hearts compared to Wt hearts (Figure S2 and Table S1, see online supplement).
Also, overexpressing the human FGF2 24 kDa HMW isoform did not alter myocardial cell
injury compared to non-transgenic hearts (Figure S3 and Table S2, see online supplement).
However, our lab has previously shown that ablating both LMW and HMW isoforms of
FGF2 at the same time results in a greater infarct size after I/R [12]. Based on these findings,
neither the LMW nor the HMW isoforms alone protect the heart from cellular injury, but
both are necessary to reduce infarct size in the post-ischemic heart. Evidence indicates that
the effect of the FGF2 HMW isoforms on cell death is related to its concentration given,
such that a high concentration of FGF2 HMW (100 ng/mL) promotes cell growth and
inhibits cell death, while a low concentration of FGF2 HMW (1 ng/mL) promotes cell death
[37]. This dual effect of FGF2 HMW isoforms in cell death may contribute to the absence of
change in myocardial infarction between groups. Furthermore, and consistent with other
studies, the level of myocardial infarction is not always a predictor of post-ischemic
improvement in left ventricular function after I/R injury [38].

FGF2 activity is, in part, mediated through its interaction with FGFR [14]. FGFR has been
linked to protection against I/R-induced myocardial dysfunction [19]. The cardioprotective
effect with administration of FGF2 requires an interaction with FGFR as binding to the low
affinity HSPG sites alone is not sufficient for cardioprotection [19]. The present study found
that following FGFR inhibition (PD173074), the improvement observed in post-ischemic
cardiac function was not only inhibited in Wt hearts, but also in FGF2 HMWKO hearts
(Figure 4, Table 1, Series 3). Our current study also demonstrated that upon FGFR
inhibition, there was a significant increase in myocardial infarction and creatine kinase
release in PD-treated Wt and FGF2 HMWKO hearts compared to DMSO-treated cohort
(Figure S4 and Table S3, see online supplement). These findings indicate that FGFR
activation is involved in protecting the heart from myocardial cell death. This evidence
reveals two important conclusions: 1) FGFR is involved in I/R injury in Wt hearts, since the
recovery of post-ischemic cardiac function was significantly decreased and myocardial
infarct size was greatly increased upon FGFR receptor inhibition and 2) the cardioprotective
effect in FGF2 HMWKO hearts is receptor-mediated, since FGFR inhibition completely
abolished the protection. However, whether it is due to the FGF2 LMW isoform's interaction
with FGFR and/or due to the ablation of FGF2 HMW isoforms affecting downstream targets
of FGFR signaling remains to be elucidated. FGF2 HMW isoform activity has been linked
to several signaling pathways [39, 40], including PKC, ERK, and c-JUN, a downstream
substrate of JNK. Preliminary unpublished data from our laboratory suggests that PKC
isoforms and JNK are downregulated in HMW Tg mice, and further studies will determine if
these kinases are responsible for the deleterious effects of the HMW FGF2 isoforms.
Moreover, unpublished preliminary data from our laboratory suggests that in HMWKO
hearts, there may be some level of regulation of sarco(endo)plasmic reticulum calcium
cycling and the contractile apparatus to influence post-ischemic recovery of cardiac function
following I/R injury. Ongoing studies subsequent to the data presented here should further
elucidate this area of FGF2 isoform and cardioprotection research.

This present study has demonstrated that the FGF2 HMW isoforms are localized to the
nucleus, and the LMW isoform is localized both to the cytosol and nucleus of the heart
(Figure 3). Studies show that internalized FGF2 LMW isoform, occurring through a putative
nuclear localization signal or heparan sulfate proteoglycans [41, 42], can stimulate cell
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proliferation and down-regulation of FGFR [43]. Yet, there is evidence of FGF2 HMW
isoform release facilitated by HSP27 [44] or the shedding of membrane vesicles [9] in
endothelial cells, particularly during stress (i.e., tumorogenesis, hypoxia) [45]. Less is
known about whether or which FGF2 isoforms are released during I/R injury to facilitate the
cardioprotective effect. The present study evaluates whether any of the HMW or LMW
effects during ischemia-reperfusion injury are due to secretion of these isoforms, leading to
activation of receptor (paracrine/autocrine model), or interaction directly with intracellular
signaling (intracrine mechanism). Evidence obtained from Wt, FGF2 LMWKO and FGF2
HMWKO coronary effluent samples, collected at various time-points of baseline
equilibration, early reperfusion and late reperfusion, show release of FGF2 LMW isoform
from the heart, but no FGF2 HMW isoforms were detected in coronary effluent during I/R
injury (Table 2). Therefore, the cardioprotective effect in FGF2 HMWKO hearts is most
likely due to the release of the LMW isoform and its interaction with the cell surface
receptor, FGFR. The amount of FGF2 LMW isoform release in FGF2 HMWKO shows no
significant difference to that in Wt hearts; however, the percent recovery of post-ischemic
cardiac function in FGF2 HMWKO hearts is significantly higher compared to Wt hearts,
indicating that beside the interaction between LMW isoform and FGFR, absence of the
FGF2 HMW isoforms elicits cardioprotection through a yet to be determined mechanism.
Davis and colleagues [23] demonstrated that in vascular smooth muscle, the LMW isoform
mediated DNA synthesis in an autocrine fashion and the HMW isoforms induced DNA
synthesis through an intracrine manner. This observation is similar to our current findings
which showed that the LMW and HMW isoforms may act on the heart through different
modes of action. The HMW and LMW FGF2 isoforms are speculated to associate, either
directly or indirectly, in a reciprocal mechanism, controlling each other's biological activity
in a concentration- and/or localization-dependent manner [31, 32]. Therefore, the presence
or absence of the HMW FGF2 isoforms may affect the biological function of the LMW
isoform in the heart as demonstrated in the current study by the alteration in FGF receptor
activation (Figure 6A) or post-ischemic recovery of cardiac function (Figure 2).

In summary, these studies have shown that adjusting the balance of HMW and LMW FGF2,
by either ablating or increasing HMW FGF2 expression, results in altered pos-ischemic
function, with HMW FGF2 playing a detrimental role in recovery. At the same time, we
have confirmed that both LMW and HMW FGF2 isoforms are necessary to protect the heart
from myocardial cell injury/death, as seen in our previous work [12, 13]. The HMW effects
in the heart are most likely due to intracrine signaling, while LMW activity in the heart is
due to its interaction with FGFR. This evidence reveals key roles of FGF2 LMW and HMW
isoforms in I/R injury which may aid in the development of novel strategies for the
reduction of morbidity and mortality from ischemic heart disease. Furthermore, the mouse
models, HMWKO and human 24 kDa HMW Tg, are novel resources that now can be
employed to delineate the roles of the low and high molecular weight protein isoforms of
FGF2 not only in cardiac biology and disease, but in other organ system physiology and
pathophysiology. Unlike other models used to study HMW FGF2, these mice have altered
endogenous expression of these isoforms, allowing a substantially more physiologically
relevant examination of their effects in vivo. This is of particular importance as it becomes
clear that HMW FGF2 has a distinct role to play intracellularly, which is not addressed by
the application of exogenous HMW FGF2.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic for the generation of FGF2 mice. (A) The Tag and Exchange procedure was used
to generate Fgf2 KO and FGF2 HMWKO mice. (B) cDNA construct engineered to
overexpress the human FGF2 24 kDa HMW isoform when driven by the phosphoglycerate
kinase promoter. (C) Representative Western blot of FGF2 isoform expression in Wt, Fgf2
KO and FGF2 LMWKO hearts. (D) Quantitative analysis showing significant increase in the
protein expression of the 18 kDa FGF2 LMW isoform in FGF2 HMWKO (dark gray) and
Wt (black) hearts. (E) Representative Western blot of FGF2 isoform expression in NTg,
FGF2 Tg and FGF2 HMW Tg hearts. (F) Quantitative analysis demonstrating no differences
in the protein expression in endogenous 18 kDa, 21 kDa and 22 kDa mouse FGF2 isoform in
24 kDa Tg (white) and NTg (black) hearts. n=6 for Wt, FGF2 HMWKO hearts, n=6 for
NTg, n=5 for 24 kDa HMW Tg. *p<0.05 vs. Wt hearts.
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Figure 2.
Percent recovery of post-ischemic contractile function in Wt (black bar), Fgf2 KO (gray
bar), FGF2 HMWKO (dark gray bar), NTg (black bar) and 24 kDa Tg (line 20: light gray
bar, line 28: white bar) hearts following I/R injury. Recovery of cardiac function was
calculated as the percent +dP/dt at 120 minutes reperfusion to baseline measure. (A) There
was a significant decrease in Fgf2 KO and an increase in FGF2 HMWKO hearts in recovery
of post-ischemic contractile function compared to Wt hearts. (B) There was a significant
decrease in recovery of post-ischemic contractility in 24 kDa HMW Tg (line 20 and line 28)
hearts compared to NTg hearts. n= 8 for Wt, FGF2 HMWKO hearts, n= 7 for NTg, n=5 for
24 kDa HMW Tg line 20, and n=6 for 24 kDa HMW Tg line 28. *p<0.05 vs. Wt hearts.

Liao et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 November 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(A) Representative Western blot of FGF2 isoform localization in non-ischemic wildtype
(Wt), FGF2 LMWKO and FGF2 HMWKO mouse hearts. In Wt hearts, the LMW, 18 kDa
isoform was localized to the cytosolic (Cy) and nuclear (N) fractions of the heart; whereas,
the HMW, 21 and 22 kDa, isoforms were nuclear localized. In the absence of the LMW
isoform (FGF2 LMWKO), the HMW isoforms were only expressed in the nucleus. In the
absence of the HMW isoforms (FGF2 HMWKO), the LMW isoform was localized in the
cytoplasm and nucleus of the heart. β-actin, a cytosolic protein, used as a measure of
cytosolic fraction enrichment. Histone-1, a nuclear protein, used as a measure of nuclear
fraction enrichment. (B) Localization of FGF2 isoforms via immunohistochemistry in adult
mouse ventricular myocardium. Wildtype (Wt) heart (first panel), FGF2 LMW KO heart
(middle panel), and FGF2 HMWKO heart (last panel). Brown color indicates FGF2, and
blue color marks nuclei that are counterstained by hematoxylin. In wildtype and FGF2
HMWKO (expression of only LMW isoform) hearts, FGF2 is found in both cytoplasm and
nucleus of the cardiomyocytes. FGF2 is detected in FGF2 LMW KO (expression of only
HMW isoforms) hearts. Scale bar in A–C, 50 μm. n=3/group.
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Figure 4.
Percent recovery of post-ischemic cardiac function in Wt (black bar) and FGF2 HMWKO
(dark gray bar) hearts following DMSO (vehicle) or PD173074 (25 nM) treatment.
Inhibition of FGFR with PD173074 (25 nM) completely abolished the FGF2 HMWKO
post-ischemic recovery of contractile function. Recovery of cardiac function was calculated
as the percent +dP/dt at 120 minutes reperfusion to baseline measure. n=6 for vehicle
(DMSO)- and PD173074-treated Wt and FGF2 HMWKO hearts. *p<0.05 vs. vehicle
(DMSO)-treated cohort. #p<0.05 vs. vehicle (DMSO)-treated Wt hearts.
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Figure 5.
FGFR1 activation, as measured by phosphorylation state, in DMSO- and PD173074-treated
mouse hearts. (A) Representative Western blot depicting activation of FGFR1 in vehicle
(DMSO)- and PD173074-treated Wt and FGF2 HMWKO hearts. (B) There was a significant
decrease in FGFR1 phosphorylation in PD173074-treated Wt and HMWKO groups
compared to their vehicle (DMSO)-treated cohorts. (C) FGFR1 expression was not different
in vehicle (DMSO)- and PD173074-treated Wt and FGF2 HMWKO hearts following I/R
injury. n=4/group for Wt and HMWKO. *p<0.05 vs. vehicle (DMSO)-treated cohort.
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Figure 6.
FGFR1 activation, as measured by phosphorylation state, in DMSO- and PD173074-treated
NTg and human 24 kDa HMW Tg mouse hearts. (A) There was a significant decrease in
FGFR1 phosphorylation in the PD173074-treated NTg group compared to its vehicle
(DMSO)-treated cohorts; whereas, there was no difference in the FGFR1 phosphorylation
state in vehicle (DMSO)-treated and PD173074-treated HMW Tg groups. (B) FGFR1
expression was not different in vehicle (DMSO)- and PD173074-treated NTg and FGF2 24
kDa HMW Tg hearts following I/R injury. n= 6 for NTg, n=9 for 24 kDa HMW Tg line 20,
and n=6 for 24 kDa HMW Tg line 28. *p<0.05 vs. vehicle (DMSO)-treated cohort. #p<0.05
vs. NTg.
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Table 2

Level of FGF2 release detected in coronary effluent during baseline, ischemia and reperfusion.

Wildtyoe LMWKO HMWKO

Baseline (Equilibration) 8.3±3.3 not detected (ND) 14.5±4.3

Ischemia (0–30 min) ND ND ND

Early Rep (0–14 min) 10.6±4.0 ND 15.7±3.6

Late Rep (110–120 min) 12.3±4.3 ND 16.8±7.1

Concentration (in pg/min/g heart weight) of FGF2 secreted in coronary effluent from wildtype, hearts deficient of the LMW isoform (LMWKO)
and deficient of HMW isoforms (HMWKO) collected at baseline, ischemia and reperfusion (Rep). ND: not detected. n=4 per group.
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