
Cytokines and LPS induce iNOS but not Enzyme Activity in Adult
Rat Cardiomyocytes

Jeannette Vásquez-Vivar1,4, Jennifer Whitsett1, Irina Ionova2, Eugene Konorev1, Jacek
Zielonka1,4, Balaraman Kalyanaraman1,4, Yang Shi3, and Galen M. Pieper2,4,5

1 Department of Biophysics, Medical College of Wisconsin, Milwaukee WI 53226

2 Department of Surgery, Transplant Surgery, Medical College of Wisconsin, Milwaukee WI 53226

3 Department of Pediatric Surgery, Medical College of Wisconsin, Milwaukee WI 53226

4 Free Radical Research Center, Medical College of Wisconsin, Milwaukee WI 53226

5 Cardiovascular Research Center, Medical College of Wisconsin, Milwaukee WI 53226

Abstract
There is evidence that nitric oxide (NO) formation in adult cardiomyocytes stimulated with
lipopolysaccharide (LPS) does not commensurate with iNOS levels. Tetrahydrobiopterin (BH4) is a
key factor in the stabilization and NO production by iNOS homodimer. Thus we hypothesized that
BH4 is a limiting factor for NO production in adult cardiomyocytes in response to LPS and cytokines
(TNF-α, IL-1, IFN-γ alone or mixed). It was verified that LPS and cytokines induced iNOS expression
which did not translate into increased nitrite or 14C-citrulline production. This response coincided
with defective BH4 synthesis and low GTP cyclohydrolase activity. Furthermore, supplementation
with BH4 and ascorbate failed to increase iNOS activity. This effect was related to preferential
accumulation of BH2 rather than BH4 in these cells. Uncoupled iNOS activity in stimulated cells
was examined using mitochondrial aconitase activity as an endogenous marker of superoxide anion
radical (O2

•−) formation, and found not to be significantly inhibited. 2-Hydroxyethidium also showed
not to be significantly increased. We conclude that adult cardiomyocytes are an unlikely source of
NO and O2

•− in inflammatory conditions. This finding adds a new and unexpected layer of complexity
to our understanding of the responses of the adult heart to inflammation.
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Introduction
Increased expression of inducible nitric oxide synthase (iNOS) has been demonstrated in
cardiac failure arising from a variety of inflammatory conditions, including human and
experimental animal models of acute cardiac allograft rejection and sepsis. In these conditions,
cytokines (TNF-α, IFN-γ and others) and lipopolysaccharide (LPS) increase iNOS protein
levels in the heart, liver and other tissues [1–3]. Moreover, the specific iNOS mRNA expression
in cardiomyocytes was shown in cells isolated from the hearts of rats receiving LPS [4]. This
data suggested that cardiomyocyte-derived nitric oxide (NO) is important in promoting organ
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damage. Additional studies linked iNOS expression to oxidative stress and apoptosis in
cardiomyocytes [5,6].

It is generally accepted that NO production from iNOS is commensurate with iNOS protein
levels. However, the actual NO bioactivity as a consequence of iNOS upregulation can be
controlled by additional mechanisms. Studies characterizing iNOS properties showed that the
stabilization of the homodimer state of the protein is an absolute requirement for optimal levels
of NO-forming activity. It has been established that iNOS homodimerization depends on
insertion of the heme group [7], while stabilization of the homodimer active form of the enzyme
is dependent on L-arginine and tetrahydrobiopterin (BH4). In the absence of BH4, however,
the iNOS homodimer easily dissociates into inactive monomers [8].

There is limited information regarding the regulation of BH4 levels within adult
cardiomyocytes. The available studies profiling the coordinated regulation of BH4 and iNOS
expression with that of concomitant NO production in cardiomyocytes are derived exclusively
from neonate rat cardiomyocyte preparations. In a recent study, Kalivendi et al [9] showed that
biopterin levels, an index of BH4, were extremely low in adult rat cardiomyocytes even after
stimulation with the same LPS concentration that upregulates iNOS expression. This response
raises questions about the role of iNOS in the mechanisms of heart dysfunction under
inflammatory stimuli. Therefore, it is possible that an upregulation of iNOS without BH4 may
render an inactive iNOS-monomer which results in a lack of NO production.

There are indications that not only is an excess of NO detrimental to cardiac allograft rejection,
but an increase of reactive oxygen species may also be involved [10,11]. It is possible that
upregulation of iNOS in a BH4-deficient environment favors an uncoupled iNOS activity with
or without an increase in reactive oxygen species formation. Clearly, this shift to inhibit iNOS
enzyme activity may have serious implications in defining the role of iNOS in cardiac injury
associated with inflammatory conditions. Therefore, we characterized iNOS expression and
coordinated responses of BH4 and NO bioactivity in adult cardiomyocytes in order to fully
understand their role in cardiomyocyte dysfunction.

Methods
The investigation conforms with 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).

Isolation of adult rat cardiomyocytes
Adult rat ventricular cardiomyocytes were isolated from male Sprague–Dawley adult rats
(160–180 g). Animals were given heparin (150 U) intraperitoneally and anesthetized with
sodium pentobarbital (50 mg/kg), i.p. The heart was excised and mounted on an aortic cannula
and perfused with a buffer (pH 7.4) containing (in mM): NaCl, 110; HEPES, 25; glucose, 11;
creatine, 5; taurine, 20; KCl, 2.6; MgSO4, 1.2; and KH2PO4, 1.2. The perfusion buffer was
saturated with 100% oxygen and maintained at 37 °C. After 8 min of perfusion with Ca2+-free
buffer, the perfusion was continued by recirculation of 60 ml of buffer supplemented with type
II collagenase (250 U/ml) and CaCl2 (50 μM). After 25 min, the ventricular tissue was minced
and incubated for 5 min in a recirculating medium with BSA (1%) and deoxyribonuclease (20
mg/ml). Cells were carefully released from chunks of tissue by gentle pipetting and then filtered
through a 100 μm nylon cell strainer. Cell suspension was washed twice and resuspended in a
CaCl2-containing buffer in which CaCl2 was consecutively increased from 0.2 to 0.5 mM. To
isolate cardiomyocytes, the cell suspension was layered over BSA solution (4%) in a buffer
containing CaCl2 (1mM). Cardiomyocytes were allowed to settle, and then plated on to 100-
mm plates pre-coated with laminin (Invitrogen, Carlsbad, CA). For in vitro culture, Media 199
supplemented with BSA (0.2 %), insulin (10 nM), creatine (5 mM), L-carnitine (2 mM), taurine
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(5 mM), penicillin (100 units/ml), and streptomycin (100 mg/ml) was used. After 2 hr intact
cardiomyocytes adhered to the culture plates and damaged cells were washed away with the
medium change. Cardiomyocytes (>90% rod-shape phenotype) were cultured under these
conditions for 24–48 hr before stimulation with cytokines.

Cytokine and LPS stimulation
Adult rat ventricular cardiomyocytes were maintained in 95% air-5% CO2 in a humidified
incubator at 37°C and treated for 12 and 24 hr with cytokines or LPS at the indicated
concentrations. All cytokines were purchased from R&D Systems (Minneapolis, MN) and LPS
(serotype O6:B11) was from Sigma Chemical Co. (St. Louis, MO).

Reverse transcriptase-PCR (RT-PCR) analysis
Total cellular RNA was isolated by using 1 ml of TRIzol® reagent (Invitrogen, Carlsbad, CA)
per 100-mm cardiomyocyte culture plate according to the manufacturer’s protocol.
Complementary DNA was synthesized from total RNA (1 μg) and random hexamers primers
by using SuperScript® III First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad,
CA) according to the manufacturer’s directions. The iNOS primers used for these analyses
were: forward (5′-3′): CACCTTGGAGTTTCACCCAGT and reverse (5′-3′):
TGTTTGTAGCGCTGTGTGTCA. PCR conditions include: denaturation (94°C for 1 min);
annealing (60°C for 1 min); extension (72°C for 1.5 min); number of cycles (30). PCR reactions
were performed in a 25-μl volume containing cDNA (1 μl), sequence-specific primers (25
pmol) and Platinum® PCR SuperMix High Fidelity (25 μl) (Invitrogen, Carlsbad, CA). The
PCR product (328 bp) was resolved by 1% TAE-agarose gel electrophoresis and densitometric
analysis was performed using Alpha Imager (Alpha Innotech Corp, San Leandro, CA).

Western Blot Analysis
Adult rat ventricular myocytes were lysed in RIPA buffer supplemented with
phenylmethanesulphonylfluoride (PMSF 1 mM), sodium orthovanadate (1 mM), sodium
fluoride (1 mM), and protease inhibitor cocktail (Roche, Basel, Switzerland). Proteins were
applied onto SDS-PAGE system and protein separation was determined with the help of
prestained protein molecular weight markers (precision plus protein, dual color, BioRad,
Hercules, CA), followed by transfer to nitrocellulose. Membranes were probed with specific
antibodies for iNOS (1:1000), eNOS (1:1000), and B-actin (1:500) obtained from Santa Cruz
Biotechnology (Santa Cruz, CA); or GAPDH (1:1000, Bioscience Research Reagents) and
GTPCH (1:200) at 4°C overnight. Immunoblots were developed with ECL Plus Western
Blotting Detection System (Amersham, Buckinghamshire, United Kingdom) following the
manufacturer’s recommendations.

For the analysis of iNOS dimer, cardiomyocytes were lysed in buffer containing protease
inhibitors (Complete™, Roche) with and without the addition of L-arginine (2 mM) and BH4
(10 μM). After incubation for 30 min in ice bath, cells were syringe-lysed and spun down to
eliminate cell debris. Cell lysate proteins were prepared in Laemmli buffer without boiling and
resolved in 7.5% SDS-PAGE run at 4°C.

Total biopterin and tetrahydrobiopterin measurements
Total intracellular biopterin content was measured in cardiomyocyte cell lysates in 0.1 M HCl
and oxidized with KI/I2 reagent for 1 hr at room temperature. Quantification was performed
by HPLC with fluorescence detection as described previously [9]. In addition, differential
quantification of BH4, BH2 and ascorbate was performed by HPLC with electrochemical
detection as previously described [12]. Cell pellets were lysed in 150 μl of 50 mM phosphate
buffer (pH. 2.6) containing 0.1 mM DTPA and freshly added 1 mM DTE. Samples were
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centrifuged at 12,500 rpm for 10 min at 4°C, and supernatants were analyzed on an HPLC
system ESA Biosciences CoulArray® system, Model 582 and 542 (ESA, Chelmford, MA).
Multi-channel coulometric detection was set between 0–600 mV. Intracellular concentrations
were calculated using authentic BH4, BH2 and ascorbate (10–100 nM) as standards and
normalized to protein content.

2-Hydroxyethidium measurements
Cardiomyocytes in 100 mm diameter culture dishes were washed twice with DPBS and
incubated for 20 min with 10 μM HE in culture media. Cells were washed with ice cold DPBS,
and syringe lysed in 0.25 ml DPBS containing 0.1% Triton X-100. Cell debris was spun down
and an aliquot of supernatant was removed for protein quantification. Another aliquot was
incubated with 0.2 M HClO4 in methanol solution for 1 h on ice. After pelleting proteins an
aliquot of the supernatant was combined with 1M phosphate buffer pH 2.6 following by
centrifugation for 15 min at 14,000 rpm at 4°C. Supernatants were injected onto a Synergi
Polar-RP column (Phenomenex, 4μ, 250mm×4.6 mm) and analyzed by electrochemical
detection as described [13]. All the reagents, additions and incubations were performed
protected from light exposure to avoid unspecific product formation.

Biochemical Assays
iNOS activity—Nitrite was quantified in the culture media collected after treatments with
cytokines. The media was collected and filtered through 10 kDa molecular mass cut-off filters
(Millipore, Billerica, MA) at 14000 rpm for 30 min. Aliquots (20 μl) were reacted with KI
reagent to release NO, and detected with a Nitric Oxide Analyzer (Sievers Instruments, Inc.,
Boulder, CO). L-citrulline formation was tested in syringe cell lysates in HEPES buffer
containing protease inhibitors (Complete™, Roche supplemented with sodium orthovanadate).
An aliquot (50 μl) cell lysate was incubated with a reaction mix containing 14C-L-arginine,
NADPH (0.1 mM); BSA (0.1 mg/ml) with and without BH4 (10 μM) in HEPES buffer (50
mM, pH 7.4) at 37 ºC. Concentration of L-citrulline was calculated by scintillation counting
after separation in a cationic exchange Dowex column.

GTP cyclohydrolase I (GTPCH) Activity—Cells were suspended in Tris-HCl (50 mM)
buffer pH 7.4 containing PMSF (1 mM) and protease inhibitors cocktail (Roche). Aliquots
were assayed for activity as described previously [9]. Briefly, cell lysates were incubated with
1 mM GTP, 50 μg/ml bovine serum albumin, and 1 mM dithiothreitol in 50 mM Tris-HCl pH
7.4 in a total volume of 200 μl. After incubation (60 min,37°C), the reaction was stopped by
cooling down in ice-water bath and by the addition of 5 N HCl. Next, samples were oxidized
with 2% KI/1% I2 solution at room temperature. After 60 min the reaction was stopped by
addition of ascorbate. Following treatment with 5 U alkaline phosphatase, neopterin content
was analyzed by HPLC using a C18 reverse phase column (C18-kromasil, Alltech) eluted with
water:0.1% TFA (1:1) at a flow of 1 ml/min. Neopterin was detected by fluorescence with
λexc of 350 and λem of 440 nm. Authentic neopterin was used as standard.

Aconitase activity—Cardiomyocytes were permeabilized with a cold phosphate saline
solution containing citrate (5 mM), DTPA (0.1 mM) and Triton X-100 (0.2%). The sample
was incubated on ice for 10 min followed by centrifugation at 750 g for 15 min at 4°C to remove
cell debris. Enzyme activity was measured following the formation of cis-aconitate from
isocitrate for 2 min at 240 nm and the concentration calculated using an extinction coefficient
of 3.6 mM−1cm−1. The assay was performed at room temperature in Tris-HCl buffer (100 mM,
pH 8.0) containing DL-isocitrate (20 mM). Blanks were performed in the presence of the
aconitase inhibitor isofluorocitrate (5 mM).
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Statistical analysis—Results are expressed as means±S.D. All of the statistics consisted of
ANOVA by Kruskal-Wallis with Dunn’s post test for selected comparisons. Significance was
set at P<0.05.

Results
Induction of iNOS expression in adult cardiomyocyte

The iNOS gene expression was demonstrated by RT-PCR assay in primary culture adult
cardiomyocytes. Cells were stimulated for 12 or 24 hr with cytokines at concentrations that
have been previously shown to cause cardiomyocyte dysfunction [14–20]. Both TNF-α (20
ng/ml) or IL-1β (20 ng/ml) alone or in combination for 12 hr potently increased iNOS mRNA
levels whereas IFN-γ (50 ng/ml) was less effective (Fig. 1A). These findings confirm that iNOS
mRNA induction in adult cardiomyocytes follows a similar trend to that shown previously
using neonatal cardiomyocytes [21,22]. A robust increase in iNOS protein expression was also
detected after 12 hr incubation with IL-1α (0.125 ng/ml) and IFN-γ (20 ng/ml), with a
comparable response induced by IL-1α alone (Fig. 1B). Also high iNOS was induced by LPS
(1, 25 and 50 μg/ml) alone or in combination with IFN-γ (20 ng/ml) (Fig. 1B and 1C). This
response was abolished by co-treatment with the protein synthesis inhibitor cycloheximide
indicating that iNOS is the product of new protein synthesis. The specificity of the antibody
for iNOS was demonstrated by comparing the responses with recombinant iNOS protein (Fig.
1C). Additionally, cardiomyocytes proteins do not react with antibodies against eNOS that
produce a strong signal in endothelial cells extracts (Fig. 1D). It was also verified that at 24 hr
post-stimulation, similar levels of iNOS protein were found (data not shown), indicating that
the majority of iNOS expression occurs before 12 hr with little or no changes thereafter.

iNOS activity in stimulated cardiomyocytes
iNOS activity was assessed by measuring the accumulation of nitrite in the culture media after
12 hr incubation of adult cardiomyocytes with LPS or cytokines alone or in combination. As
shown in Figure 2, neither LPS nor cytokines were able to significantly increase iNOS activity
over control levels despite an upregulation of iNOS protein expression. Since nitrite can be
converted to other nitrogen species, we examined the conversion of 14C-L-arginine to 14C-L-
citrulline as an additional, but more direct method for assessing iNOS activity. Similarly,
increases in citrulline generation were insignificant upon stimulation with either LPS or
cytokines as above. Exceedingly high LPS concentrations (25 μg/ml) stimulated activity only
~ 4 fmol citrulline/min/mg protein higher than control non-stimulated cells (Fig. 2). This level
of activity is remarkably low considering that purified iNOS protein presents a specific activity
of ~300 nmoles/min/mg protein and higher [23]. To illustrate this point further, we found that
RAW264.7 cells stimulated with LPS for the same time and dose dramatically increased
citrulline production to ~2000 fmol/min/mg protein. Collectively, these results indicate that
inflammatory mediators increase iNOS expression in adult rat ventricular myocytes, but they
fail to stimulate NO-producing activity to significant levels.

iNOS dimeric and monomeric distribution
The lack of significant increases in iNOS activity may be explained by the destabilization of
the dimeric state of iNOS protein. Thus, iNOS monomer:dimer distribution in cytokine-
stimulated cardiomyocytes was examined. To minimize potential changes in dimer-monomer
during cellular protein extraction, the lysis buffer was supplemented or not with L-arginine
and BH4. All of the conditions tested showed significant levels of iNOS monomers (Fig. 3)
which could explain the lack of enzyme activity. Therefore, since dimer formation and
stabilization requires optimal amounts of heme, substrate and BH4, limiting the supply of any
of these cofactors will likely produce inactive iNOS monomers.
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Changes in total biopterin, tetrahydrobiopterin and ascorbate in LPS and cytokine-
stimulated cardiomyocytes

The role of BH4 in the lack of activity and preferential iNOS monomer distribution was
examined in adult cardiomyocytes stimulated with LPS and cytokines. Total biopterin
measurements represent the sum of the concentrations of BH4 and other redox forms and are
taken as a general index for increased synthesis of BH4. The analysis of biopterin by HPLC
with fluorescence showed that IFN-γ (20 ng/ml) or IL-1α (0.125 ng/ml) alone or a combination
were equally efficient at increasing total biopterin from 1.25±0.3 to ~5.5 pmoles/mg protein
(Fig. 4A). Likewise, treatment with LPS alone or in combination with IFN-γ increased total
biopterin to ~3 pmoles/mg protein. In RAW264.7 cells, however, the same treatment induced
a much stronger increase in biopterin production (Fig. 4B) indicating that the responses in adult
cardiomyocytes are marginal. To further examine the effects of cytokine stimulation on BH4
synthesis, we directly quantified BH4 levels using HPLC with electrochemical detection
(HPLC-EC) [12]. This analysis showed negligible increases in BH4 levels in cardiomyocytes
treated with TNF-α or IFN-γ alone or a combination (Table 1). Collectively, our data indicate
that adult cardiomyocytes are BH4-deficient under basal conditions and that cytokines and/or
LPS fail to stimulate BH4 production.

GTPCH activity in adult cardiomyocytes
The enzyme activity of GTP cyclohydrolase I (GTPCH) was determined in order to explain
the absence of BH4 in adult cardiomyocytes. Cells treated with LPS did not increase GTPCH
activity over control values of <0.25 pmol/h/mg protein (not shown). The low GTPCH activity,
however, did not correlate with expression levels of GTPCH protein that is found constitutively
expressed in the cells. The treatment with LPS or IFN/IL-1 did not stimulate GTPCH
expression in adult cardiomyocytes. In contrast, the same treatments increased GTPCH protein
expression levels in RAW267.4 (Fig. 5B). Therefore, low BH4 levels in adult cardiomyocytes
can not be attributed to deficient expression of GTPCH protein but by the fact this protein is
found mostly inactive.

Supplementation of adult cardiomyocytes with BH4
The possibility of increasing cardiomyocyte BH4 content to stimulate iNOS activity was
examined in cardiomyocytes pre-treated with BH4 (10 μM) and ascorbate (75 μM) 6 hr prior
to stimulation with cytokines or LPS for 12 hr. The intracellular concentration of BH4, BH2
and ascorbate at the end of the incubation period was determined by HPLC with
electrochemical detection (HPLC-EC). This analysis showed a significant but modest increase
in BH4 compared to the marked accumulation of the oxidized metabolite, 7,8 dihydrobiopterin
(BH2), in all of the treatments (Table 2). Interestingly, iNOS activity was not increased in cells
treated with BH4 and ascorbate upon stimulation with LPS or cytokines (not shown). This
result may be explained by the disproportional accumulation of BH2 which does not sustain
NOS activity.

These findings contradict other studies reporting increased BH4 levels and NO production in
endothelial cells [24] and hearts [25] upon supplementation with the same BH4 concentrations
used here. This difference is likely due to the significant accumulation of BH2 in adult
cardiomyocytes. The exact reason for increased BH2 accumulation in isolated cardiomyocytes,
however, is not clear. It has been hypothesized that oxidative stress may increase the formation
of BH2 via stimulated oxidation of BH4. Since ascorbate protects cells from oxidative stress
and stabilizes BH4 [26], its effect on cardiomyocytes was examined. As shown in Table 2,
supplementation of cardiomyocytes with ascorbate for 6 hours increased intracellular ascorbate
levels by >50-fold but did not decrease BH2 accumulation. Therefore the significant
accumulation of BH2 in adult cardiomyocytes is unlikely due to a direct non-enzymatic
oxidation of BH4.
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BH4 deficiency and superoxide formation from iNOS expressing cardiomyocytes
Increased expression of iNOS dissociated from BH4 upregulation could potentially promote
uncoupled iNOS activity. This was examined by following mitochondrial aconitase which is
recognized as a target for superoxide causing loss of aconitase activity [27]. Cardiomyocytes
treated with LPS or IFN-γ (20 ng/ml) and IL-1α (0.125 ng/ml) did not significantly alter
mitochondrial aconitase activity suggesting that iNOS is not uncoupled to form superoxide
under these conditions (Fig. 6). It was also shown that these cells do not show changes in their
normal rod-shape phenotype.

A more specific assay for superoxide with hydroethidine (HE) has been developed that is based
on the detection of 2-hydroxyethidium (2-OHE+), the specific product of the reaction of
superoxide with HE [28]. The 2-OHE+ can be analyzed by HPLC-EC with improved
sensitivity. Thus we analyzed the products of HE in cell lysates from cardiomyocytes treated
as described in the previous experiments followed by incubation with HE. It was shown that
cardiomyocytes fail to increase 2-OHE+ formation while HE was preferentially oxidized to
ethidium (E+) and ethidium dimers (E+-E+) (Fig. 6C). We conclude that stimulation of
cardiomyocytes with LPS and TNF/IFN is not conducive to stimulate superoxide production
in the cells.

Discussion
It has been thought that increased expression of iNOS protein and NO production in
cardiomyocytes initiates a cascade of events leading to myocyte dysfunction and/or injury.
Here we show, however, that adult cardiomyocytes stimulated with different agonists (i.e. LPS
or cytokines) have a defective capacity to generate NO despite a robust increase in iNOS
expression. This response involves a deficient BH4 synthesis due to lack of GTPCH activity.
These findings clearly indicate the necessity to reconsider the role of iNOS in adult
cardiomyocytes in response to inflammatory mediators.

There are few studies on the relationship between BH4 synthetic enzymes and NO production
in adult cardiomyocytes. Early studies reported that both iNOS and GTPCH mRNA were found
in cardiomyocytes isolated from LPS-treated adult rats. Two fragments consisting of 1.1 and
3.5 Kb were identified for GTPCH mRNA but no information on GTPCH protein levels and
enzyme activity was provided [29]. GTPCH is the first enzyme in the de novo biosynthetic
pathway of BH4 and is thought to regulate the production of BH4. It has been shown that high
GCH-gene expression follows enhanced enzyme activity and consequently increased BH4
production in several cell types including neonatal cardiomyocytes [30]. Inflammatory
mediators such as LPS and cytokines are potent inducers of GTPCH, but this response is
distinctively repressed in adult cardiomyocytes. These cells have been shown to express
constitutive levels of GTPCH protein with low enzyme activity that is not stimulated by LPS
[9]. These observations are further confirmed in this study by showing that adult
cardiomyocytes stimulated with LPS and various combinations of cytokines did not increase
GTPCH protein levels and enzyme activity. In contrast, RAW264.7 cells increased GTPCH
expression several folds which also translated into a much higher activity than that detected in
cardiomyocytes. The exact mechanisms limiting GTPCH activity in adult cardiomyocytes,
however, are not currently known.

One possibility to explain the refractoriness of the BH4 synthetic pathway to LPS or cytokines
treatment is that adult cardiomyocytes express a splice variant of GTPCH which causes loss
of enzyme activity [31]. Alternative splicing of pre-mRNA transcripts have been implicated
in the differential regulation of some protein levels in cardiomyocytes during differentiation.
Since neonatal cardiomyocytes are able to increase biopterin production upon stimulation with
LPS and cytokines, it is possible that expression of GTPCH variant forms to decrease BH4
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levels is part of their maturation process. Recent reports indicate that GTPCH activity is
extremely sensitive to variant expression causing significant loss of activity [31]. This
possibility is consistent with the detection of constitutive GTPCH protein levels but low
activity. Allosteric regulation is another mechanism important in the tuning of GTPCH activity.
In hepatocytes this mechanism is essential to efficiently increase BH4 production upon
phenylalanine load or terminate enzyme activation as BH4 levels increase several fold over
basal levels. This allosteric regulation is mediated by the partner protein GTP cyclohydrolase
feedback regulatory protein (GFRP) [32,33]. Previous studies have identified GFRP mRNA
in the heart [34] suggesting that a possible mechanism for the low levels of BH4 takes place
via GFRP-mediated inhibition of GTPCH. This regulation, however, is mediated by the binding
of either BH4 or BH2 [32]. We show that formation of BH4 and biopterin levels are very low
which makes it more challenging to consider a role for GFRP in the allosteric inhibition of
GTPCH activity in adult cardiomyocytes.

Concentrations of BH4 were measured by two independent HPLC methods. One using
fluorescence detection of total biopterin (BH4+ BH2+ biopterin) after oxidation of the
(BH4+BH2) to biopterin by KI/I2 reagent in acidified cell lysates. The other applies
electrochemical detection to directly quantify BH4 and BH2 but not biopterin, which is not
electrochemically active in the 0–450 mV serial coularray working range. In this case, cell
lysates are prepared in acidic media and supplemented with DTPA as a metal chelator and DTE
as a reducing agent to prevent the degradation of the cofactor. While these two methods agree
in that cardiomyocytes present low biopterin and BH4 levels, the electrochemical method
indicated that BH4 levels are negligible. Since recovery of BH4 in cell extracts was shown to
be >98%, we hypothesize that the differences between the two methodologies may be
consequent of biopterin accumulated in the cells. The most salient information, however, is
that BH4 levels in adult cardiomyocytes are low in order of 0.01–1.5 pmoles/mg protein, which
agrees well with the low levels of cofactor published in mouse-enriched myocytes preparation
(0.4±0.3 pmol/mg protein) [25]. Also using the same electrochemical technique, we obtain
values of ~2–3 pmoles/mg protein both in intact rat and mouse heart (unpublished results)
which agrees favorably with the values reported previously for rat heart [35].

Increased iNOS monomers in adult cardiomyocytes can be explained by the limited production
of BH4 that destabilizes iNOS quaternary protein resulting in lack of NO-forming activity.
This behavior is analogous to iNOS expression in a NIH3T3 cell system which is deficient in
BH4 [36]. Under these conditions, iNOS presents low enzyme activity simultaneous with
increased monomer formation as shown by gel-filtration chromatography in conjunction with
Western blot analysis. While it is recognized that BH4-deficient iNOS monomers lack the
capacity to increase NO formation, it is not known if they retain the capability of reducing
oxygen to generate superoxide anion (O2

•−) from iNOS expressed in activated macrophages
has been radical. Release of O2

•− from iNOS expressed in activated macrophages has been
linked to limiting L-arginine availability [37] but the specific role of BH4 was not addressed
in these studies. The critical role of BH4 in the regulation of oxygen activation by NOS has
been clearly established [38,39]. Thus, we anticipated that adult cardiomyocytes represent an
important scenario that could favor the uncoupling of iNOS. Using the activity of aconitase as
an endogenous reporter for O2

•− production from iNOS, we did not find evidence to support
uncoupled iNOS activity in any of the treatments. It is possible to argue that aconitase
inactivation may be less sensitive to O2

•− from extra-mitochondrial origin (i.e. iNOS) which
may not be as efficient as intra- mitochondrial O2

•− at inhibiting aconitase [40]. Thus we applied
the cell permeable probe hydroethidine for a more specific detection of superoxide. The
reaction of superoxide with HE generates 2-OHE+ that can be quantified by HPLC with
electrochemical detection [12]. We found that stimulated cardiomyocytes did not increase 2-
OHE+ formation. A significant increase in ethidium (E+) and HE-dimeric products (HE-E+
and E+-E+) however were detected. This result was attributed to the reaction of HE with heme
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proteins including cytochrome c, which has been shown to catalyze the conversion of HE to
other oxidation products in vitro [41,42]. The preferential oxidation of HE to E+ may be a
concern for the lack of 2-OHE+ formation in cardiomyocytes, although a small free unreacted
amount of HE was found in the cells. Additionally, the detection of HE-dimeric products
indicates that the intermediate HE radical is generated. Since the reaction of superoxide with
HE radical precedes the formation of 2-OHE+, we conclude that HE is likely available for
reaction with superoxide. The pattern of HE reactivity in cardiomyocytes, however, is
intriguing as it may reflect both distribution of the probe in the different cell compartments
and also relative abundance of oxidant proteins. A more comprehensive study on the reactions
of HE in cardiomyocytes is underway. In conclusion, although aconitase inactivation does not
categorically exclude the possibility that low levels of O2

•− could be generated from
cardiomyocytes overexpressing iNOS, this data in combination with lack of 2-OHE+ indicates
that this can at least be considered a minor process.

In summary, our study shows that adult cardiomyocytes do not increase NO production despite
the indisputable increase in iNOS protein levels via either cytokine or LPS stimulation. We
have found that this response correlates with defective increases in BH4 cofactor production.
Therefore, adult cardiomyocytes are an unlikely source of high NO production in conditions
associated with inflammatory stimuli in the adult heart. In contrast, previous studies have
shown that neonatal cardiomyocytes exhibit a phenotype commonly seen in inflammatory cells
manifested by significant increases in iNOS expression coupled with increases in both BH4
and NO production. Such a remarkable difference between neonatal and adult cardiomyocytes
needs to be further explored in regard to our current understanding of timing and sources of
NO in the whole heart in vivo. This difference suggests that inflammatory, neonatal and perhaps
stem cells might be better targets than resident adult cardiomyocytes to various inflammatory
signals that occur in several cardiac disease states including myocardial infarction, myocarditis,
cardiac transplant rejection and septic shock.
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Figure 1. Induction of iNOS expression in primary culture adult rat cardiomyoctes
Cells were stimulated with freshly prepared cytokines and/or LPS in M199-supplemented
media for 12 h. (A) RT-PCR analysis of iNOS mRNA levels following stimulation with control;
TNF-α (20 ng/ml); IL-1β (20 ng/ml); IFN-γ (50 ng/ml); TNF-α (20 ng/ml) plus IFN-γ (50 ng/
ml). (B) Western blot analysis of iNOS protein in cardiomyocytes stimulated or not (control)
with; LPS (1 μg/ml); LPS (1 μg/ml) plus IFN-γ (20 ng/ml); LPS (25 μg/ml); IFN-γ (20 ng/ml);
IL-1 (0.125 ng/ml); IFN-γ (20 ng/ml) plus IL-1 (0.125 ng/ml). (C) Western blot analysis of
recombinant iNOS (1.25 μg) and cardiomyocytes stimulated or not (control) with LPS(25 μg/
ml); LPS (50 μg/ml); LPS (50 μg/ml) plus IFN-γ (20 ng/ml); LPS (50 μg/ml) plus IL-1 (0.125
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ng/ml) and LPS (50 μg/ml) plus cycloheximide (CHX, 2 μM). (D) eNOS detection in
cardiomyocytes and human coronary aorta endothelial cells (HAECs). Cardiomyocytes were
treated or not (control) with TNF-α (20 ng/ml); IL-1β (20 ng/ml); IFN-γ (50 ng/ml); TNF-α
(20 ng/ml) plus IFN-γ (50 ng/ml). The increase in iNOS and eNOS protein levels were
estimated by integrated densitometry values taking control values as 1. Results are
representative of at least three experiments, and are expressed as Mean±SD. (†) P<0.05.
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Figure 2. iNOS activity in cytokine and LPS-stimulated adult cardiomyocytes
Enzyme activity was measured by quantifying (A) nitrite and (B) 14C-L citrulline formation
in cardiomyocytes stimulated or not (control) with LPS (1 μg/ml); LPS (1 μg/ml) plus IFN-γ
(20 ng/ml); LPS (25 μg/ml); IFN-γ (20 ng/ml); IL-1α (0.125 ng/ml); IFN-γ (20 ng/ml) plus
IL-1α (0.125 ng/ml). Results are represented as Mean±SD (n=4 nitrite). Citrulline results
represent the average of two experiments.
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Figure 3. Western blot analysis of iNOS monomer:dimer distribution in cytokine-stimulated adult
cardiomyocytes
Cell lysates were prepared in buffer without and with 10 μM BH4 and 2 mM L-arginine.
Cardiomyocytes were stimulated or not (control) with: TNF-α (20 ng/ml); IFN-γ (50 ng/ml);
IL-1β (20 ng/ml); TNF-α (20 ng/ml) plus IFN-γ (50 ng/ml).
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Figure 4. Total biopterin analysis in cytokine and LPS-stimulated adult cardiomyocytes
Quantification of total biopterin (BH4+BH2+biopterin) was performed by HPLC with
fluorescent detection after acid oxidation of cell lysates with KI/I2. (A) Cardiomyocytes were
stimulated or not (control) with: (LPS 1 μg/ml); LPS (1 μg/ml) plus IFN-γ (20 ng/ml); LPS
(25 μg/ml); IFN-γ (20 ng/ml); IL-1α (0.125 ng/ml); IFN-γ (20 ng/ml) plus IL-1α (0.125 ng/
ml). (B) RAW264.7 cells were stimulated or not (control) with: LPS (1 μg/ml); LPS (1 μg/ml)
plus IFN-γ (20 ng/ml); LPS (25 μg/ml); and IFN-γ (20 ng/ml) plus IL-1α (0.125 ng/ml). Results
are represented as Mean±SD (n=4). (†) P<0.05 respect to non-treated controls. ; (‡) P<0.05
with respect to LPS(1).
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Figure 5. Evaluation of GTP cyclohydrolase expression levels in adult cardiomyocytes and
RAW264.7 cells upon stimulation with LPS and cytokines
(A) Cardiomyocytes were stimulated or not (control) with: LPS (10 μg/ml); LPS (25 μg/ml);
LPS (50 μg/ml); LPS (1 μg/ml) plus IFN-γ (20 ng/ml); LPS (1 μg/ml) plus cycloheximide
(CHX, 2 μM); IFN-γ (20 ng/ml) plus IL-1α (0.125 ng/ml). Results are represented as mean
values from two different cardiomyocytes preparations. (B) RAW264.7 cells were stimulated
or not (control) with: LPS (1 μg/ml); LPS (1 μg/ml) plus IFN-γ (20 ng/ml); LPS (25 μg/ml);
IFN-γ (20 ng/ml); IL-1α (0.125 ng/ml); IFN-γ (20 ng/ml) plus IL-1α (0.125 ng/ml). Results
are representative of two independent experiments.
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Figure 6. Superoxide detection by aconitase activity and 2-hydroxyethidium in stimulated adult
cardiomyocytes
Cells treated with LPS (1 μg/ml) or IFN-γ (20 ng/ml) plus IL-1α (0.125 ng/ml) for 12 h were
analyzed for: (A) Rod-shape in contrast phase microscopy and (B) activity of mitochondrial
aconitase. (C) Cells were treated with LPS (25 μg/ml) and TNF/IFN for 12 h and treated with
HE for 20 min to test 2-hydroxyethidium and ethidium formation. Results are expressed as
mean±SD (n=3).
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Table 1
Direct quantification of BH4, BH2 and ascorbate in adult rat cardiomyocytes by HPLC with electrochemical detection.

Treatment BH4 (pmol/mg protein) BH2 (pmol/mg protein) Ascorbate (pmol/mg protein)

Control 0.066±0.058 0.0 13.80±2.10
TNF-α 0.039±0.058 0.0 13.23±0.14
IFN-γ 0.057±0.035 0.0 13.83±1.92
IL-1 0.077±0.087 0.0 12.51±1.57

TNF-α + I FN-γ 0.078±0.093 0.0 20.68±1.40

Adult cardiomyocytes were treated with cytokines 12 hr as follows: TNF-α (20 ng/ml); IFN-γ (50 ng/ml); IL-1 (20 ng/ml). Values represent the mean±SD
of at least 3 experiments.
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Table 2
Electrochemical HPLC detection of BH4, BH2 and ascorbate in adult rat cardiomyocytes supplemented with ascorbate
and BH4.

Treatment BH4 (pmol/mg protein) BH2 (pmol/mg protein) Ascorbate (pmol/mg protein)

Control 0.066±0.058 0.0 14.55±0.65
Asc/BH4 1.33±0.71a 104.4±47.6 801.0±315.3a

Asc/BH4 + LPS 0.297±0.092b 172.66±54.3 501.9±58.5
Asc/BH4 + TNF-α + IFN-γ 0.609±0.138b 196.0±21.8 814.0±124.2

Adult cardiomyocytes were pre-treated with ascorbate and BH4 for 6 hr before addition of LPS and cytokines for 12 hr. Conditions include: LPS (1μg/
ml); TNF-α (20 ng/ml); IFN-γ (50 ng/ml); ascorbate (75 μM)/BH4 (10 μM). Values represent the mean±SD of at least 3 experiments.

a
P<0.01 vs control;

b
P<0.05 vs Asc/BH4.
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