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H. L, R.-K. L, R. A. S, E. T, F. X. MG, T. Y, K. H, D. A. G, D. A. G.
M, R. L. S  T. R. B. Dedifferentiated Human Ventricular Cardiac Myocytes Express Inducible
Nitric Oxide Synthase mRNA But Not Protein in Response to IL-1, TNF, IFNc, and LPS. Journal of Molecular and
Cellular Cardiology (1997) 29, 1153–1165. There is evidence that nitric oxide (NO) may mediate some of the
functional myocardial changes caused by bacterial LPS and inflammatory cytokines. The expression of the
inflammatory or inducible NO synthase (iNOS) in human cardiac myocytes, however, has not been well
characterized. Therefore, we treated cultured, dedifferentiated human ventricular cardiac myocytes with the
combination of TNF-a (500 U/ml), IL-1b (30 U/ml), IFNc (100 U/ml), and LPS (E.coli 0111:B4, 10 lg/ml).
Northern blot analysis revealed a ≈4.5 kb transcript for inducible NOS (iNOS) in the stimulated human heart
cells but not in untreated cells. RT-PCR confirmed that iNOS mRNA was only present in stimulated cells. However,
treatment of the myocytes for up to 96 h with cytokines and LPS did not result in NO synthesis as measured by
nitrite+nitrate accumulation in the culture medium, and no iNOS enzymatic activity could be detected in the
cell lysates. Western blot analysis failed to detect iNOS protein. Thus, despite high and persistent levels of iNOS
mRNA in cytokine-treated cells, iNOS protein was absent in this experimental model. GTP-cyclohydrolase I was
induced both at the mRNA and protein levels and resulted in increased biopterin levels, indicating sufficient
amounts of the cofactor tetrahydrobiopterin (BH4) were present, and that the failure to express an inducible
protein was specific to iNOS. To determine if the absence of iNOS protein was due to a novel cardiac iNOS gene
or modified iNOS transcript in human myocytes, we cloned an iNOS cDNA from cytokine-treated myocytes.
Sequencing and expression of the clone revealed a functional iNOS cDNA with >99% identity to other human
iNOS cDNA clones. When human cardiac cells were transduced with a retroviral vector carrying only the coding
region of the human hepatocyte iNOS cDNA, both iNOS mRNA and protein could be detected. In conclusion,
these cells derived from cultured human cardiac myocytes lacked the capacity to express an endogenous iNOS
protein, the basis of which appears to be a cell-specific suppression or failure of iNOS translation.
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express iNOS in response to inflammatory cytokines.Introduction
The NO generated by rodent cardiac iNOS ex-
pression functions in the modulation of contractileThe enzyme nitric oxide synthase (NOS, EC

1.14.13.39) catalyzes the formation of nitric oxide function (Balligand et al., 1993; Balligand et al.,
1994; Brady et al., 1992; Ungureanu-Longrois et(NO) from -arginine resulting in the formation of

-citrulline. Two constitutive isoforms (cNOS) have al., 1995) and cardiotoxicity (Pinsky et al., 1995).
Expression of iNOS at both the transcriptional andbeen cloned from rat (Bredt et al., 1991) and human

(Nakane et al., 1993) brain, and from bovine (Lamas translational levels has been reported by several
laboratories in biopsy specimens of diseased humanet al., 1992; Sessa et al., 1992; Nishida et al., 1992)

and human endothelial cells (Marsden et al., 1992; myocardium (Habib et al., 1996; Haywood et al.,
1996; Lewis et al., 1996). In this study, we sought toJanssens et al., 1992). In contrast to cNOS, inducible

NOS (iNOS) is typically expressed only in cells characterize the capacity of dedifferentiated human
cardiac myocytes to express NOS enzymes and tostimulated with microbes, microbial products, or

cytokines (reviewed by Nussler and Billiar, 1993), complete the molecular identification of any such
enzymes. An iNOS mRNA was identified only uponalthough constitutive iNOS expression has been

described recently in epithelial cells (Guo et al., cytokine+lipopolysaccharide (LPS) stimulation;
however, NOS protein was never identified. cDNA1995). Cytokine-induced iNOS releases large

amounts of NO once it is expressed. Sustained NO cloning and sequencing revealed that the cells ex-
pressed an mRNA identical to previously clonedproduction by iNOS during systemic sepsis results

in septic shock, by causing excessive vasodilation human iNOS cDNAs, and that this cDNA could be
translated into a functional iNOS protein in 293(Kilbourn et al., 1990; Klabunde and Ritger, 1991;

Thiemermann et al., 1993). Several genes, such cells. While the myocytes did not express endo-
genous NOS protein, even in the presence of iNOSas GTP-cyclohydrolase I (GTP-CH) and arginino-

succinate synthetase (AS), are coinduced with iNOS mRNA, iNOS protein expression was detected fol-
lowing transfection of the cells with the humanin some cell types (Werner-Felmayer et al., 1990;

Gross and Levi, 1992; Nakayama et al., 1994; iNOS cDNA driven by a heterologous promoter.
These results suggest that cytokine-induced humanNussler et al., 1994) and are necessary to support

iNOS activity. GTP-CH is the rate-limiting enzyme iNOS expression in these dedifferentiated cardiac
myocytes is also regulated at the translational level.for the synthesis of tetrahydrobiopterin (BH4), an

essential cofactor for iNOS function, and AS is
the rate-limiting enzyme for the conversion of -
citrulline to -arginine. The first iNOS cDNA was
cloned from mouse macrophages (Lowenstein et al., Materials and Methods
1992; Lyons et al., 1992; Xie et al., 1992), and
subsequent iNOS cDNAs, with striking homology Cell cultures
to the murine enzyme, were cloned from rat liver
(Adachi et al., 1993), hepatocytes (Wood et al., Human ventricular cardiac myocytes were isolated,

purified, cultured, and characterized as described1993), vascular smooth muscle cells (Nunokawa
et al., 1993), and glial cells (Galea et al., 1994). earlier (Li et al., 1992; Li et al., 1994). In accordance

with institutional approval, routine myocardialThe capacity of human tissues to express iNOS was
uncertain, until we reported that human hepa- biopsies from children with tetralogy of Fallot (TOF)

were digested by 0.1% collagenase/0.2% trypsintocytes expressed induced NO synthesis (Nussler et
al., 1992), and then cloned the human iNOS cDNA in phosphate buffered saline. The cells were then

purified by dilution cloning, and cultured in Iscove’s(Geller et al., 1993b) and gene (Chartrain et al.,
1994). Near identical cDNAs were later cloned modified Dulbecco’s medium (IMDM) containing

10% fetal calf serum (FCS), 0.1 m b-mer-from chondrocytes (Charles et al., 1993), the colon
cancer cell line DLD-1 (Sherman et al., 1993), and captoethanol, 0.40 m -arginine, 100 U/ml peni-

cillin, and 100 lg/ml streptomycin at 37°C in athe glioblastoma cell line A-172 (Hokari et al.,
1994). iNOS expression in all these human cell 95% air and 5% carbon dioxide incubator (Li et

al., 1992). Culture media were free of measurabletypes was associated with detectable NO synthesis.
Rodent cardiac myocytes have been shown to endotoxin as analyzed by the Limulus amoebocyte
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assay. Light microscopy showed that the cells de- 50 ll containing 10 m TRIS-HCl (pH 8.3 at 25°C),
50 m KCl, 200 l each dNTP, 1.5 m MgCl2rived from human cardiac myocytes were mostly

rectangular in shape and 40×80 lm in size. Using and 1.25 units Taq DNA polymerase (Perkin-Elmer
Cetus; Norwalk CT, USA) with the following con-monoclonal antibodies, the myocytes possessed im-

munoreactivity for sarcomeric myosin, human ditions: 30 cycles of 1 min 94°C (denature), 2 min
57°C (annealing), and 3 min 72°C (extension).ventricular myosin light chain 1, human vent-

ricular myosin b-heavy chain (Li et al., 1992; Li et PCR-products were visualized on 2% agarose gels
containing ethidium bromide. For Northern blotal., 1994), and myoglobin; however, they lacked

factor VIII, fibroblast surface protein, and acetylated analysis, 20 lg of total RNA was electrophoresed
on a 0.9% agarose gel under denaturing conditionsLDL-uptake. Transmission electron microscopy

showed sarcomeres of disorganized myofibrils. Cell and blotted to nylon-membranes (GeneScreen; Du-
Pont-NEN, Boston, MA, USA) as previously de-purity was 98% by light microscopy in every cell

preparation used. Cells grown to confluency be- scribed, (Geller et al., 1993a). A 2.3 kb fragment of
the human hepatocyte iNOS cDNA (Nussler et al.,tween passages three and five in fresh growth media

were treated for up to 96 h with a combination of 1992), a 0.7 kb Not I/Hind III fragment of rat GTP-
CH I cDNA (Hatakeyama et al., 1992), and a 1.3 kbrecombinant human TNF-a (500 U/ml) (Genzyme;

Cambridge MA, USA), recombinant human IL-1b fragment of the AS cDNA (Morris et al., 1989) were
used as probes. All blots shown are representative of(30 U/ml) (Cistron; Pine Brook NJ, USA), re-

combinant human IFN-c (100 U/ml) (Genzyme), at least three separate experiments yielding similar
results.and LPS (10 lg/ml E. coli 0111:B4) (Sigma; St.

Louis MO, USA), or were left untreated (controls).
When the effects of transforming growth factor
beta (TGF-b) were being evaluated, the monoclonal Nitrite+Nitrate measurements in cell culture

supernatantsantihuman TGF-b antibody (anti-TGF-b1, b2, b3;
Genzyme) was added simultaneously with the cyto-

Following cytokine treatment, cell culture super-kines. Anti-TGFb was used at a concentration of
30 lg/ml to block TGF-b activity. RAW 264.7 cells natants were collected from each plate at various

time points and nitrite+nitrate, the stable end-were cultured and stimulated with LPS (10 lg/
ml) as described previously (Nussler et al., 1994). products of NO breakdown were measured using

an automated HPLC procedure, where nitrate isHuman hepatocytes were isolated, cultured, and
treated with cytokines and LPS as described earlier converted to nitrite in an in-line copper-coated

cadmium column, and then nitrite is detected based(Nussler et al., 1992).
on the Griess reaction (Green et al., 1982). Oc-
casionally, cell culture supernatants were directly
subjected to the Griess reaction to quantify nitriteIdentification of mRNA by RT-PCR and Northern analysis
levels only.

Total RNA was isolated from the myocytes using
RNAzol B (Biotecx Laboratories; Houston TX, USA)
according to a modified procedure by Chomczynski iNOS enzyme activity in crude cytosolic fractions from

human cardiac myocytesand Sacchi (1987). First strand cDNA was reverse
transcribed from 2 lg of total RNA in a total volume

To obtain crude cytosolic fractions from RAW 264.7of 10 ll with 200 units of Moloney murine leukemia
virus (MMLV) reverse transcriptase (GIBCO BRL) at cells, human hepatocytes, and human cardiac myo-

cytes, cells were collected and resuspended in buffer37°C for 60 min. To distinguish between poly-
merase chain reaction (PCR) products originating containing 20 m TES, 2 m DL-dithiothreitol,

10% glycerol, antipain (25 lg/ml), aprotininfrom mRNA or from genomic DNA, reverse tran-
scription was also performed in the absence of (25 lg/ml), chymostatin (25 lg/ml), leupeptin

(25 lg/ml), pepstatin A (10 lg/ml), phenanthrolinereverse transcriptase. PCR primers were designed,
based on the human hepatocyte iNOS cDNA (50 l), phenylmethylsulfonyl fluoride (100 l),

BH4 (5 l), FMN (10 l), and FAD (10 l). Thesequence (Geller et al., 1993b). The sense primer
was 5′-AAA TCC AGA TAA GTG ACA-3′ and the cells were then lysed with three sequences of freeze–

thawing and centrifuged at 100 000× g for 60 minantisense primer was 5′-TGA ACG TCC AGG TTT
AGA-3′. To test efficacy of reverse transcription, at 4°C. Total protein content for the cytosolic frac-

tion was determined by the Lowry method (LowryRT-PCR was performed for b-actin mRNA. All PCR
reactions were carried out in a total volume of et al., 1951), using bovine serum albumin as the
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standard. iNOS enzymatic activity in cytosol pre- Isolation of cytokine-induced heart cell iNOS cDNA and
sequence analysisparations from RAW 264.7 cells and from human

cardiac myocytes was measured by the conversion
Polyadenylated RNA was isolated using oligo(dT)-of radiolabeled -arginine to -citrulline (Chenais et

al., 1991). The reaction buffer contained 20 m cellulose (Collaborative Biomedical Products, Bec-
ton Dickinson Labware; Bedford, MA, USA). ATES, the aforementioned protease-inhibitors, 2 m

DL-dithiothreitol, 10% glycerol, 5 l BH4, 5 l Lambda-ZAP II phage cDNA library (Stratagene;
La Jolla, CA, USA) was then constructed by oligo(dT)FAD, 5 l FMN, 2.5 m NADPH, and 25 l -

arginine. One assay mix consisted of 46 ll reaction and random priming. Recombinants smaller than
1 kb were excluded. Approximately 1 millionbuffer, 4 ll L-[2,3,4,5-3H] arginine-monohy-

drochloride (Amersham International plc, UK; spe- plaques were screened by plaque hybridization with
a 2.3 kb fragment of the human hepatocyte iNOScific activity = 1.0 mCi/ml) and 50 ll of cytosol.

Arginase activity was inhibited with 60 m L-va- as a probe. The filters were first prehybridized in SSC
containing 0.1% ficoll 400 (Sigma), 0.1% polyvinyl-line. NG-monomethyl--arginine (NMA) was added

to the reaction wells where indicated. These samples pyrrolidone (Sigma), and 0.1% BSA. Further pre-
hybridization, hybridization, washes, and auto-were passed over a cationic exchange column

(Polypore Sulfopropyl 10 micron, 2.1×30 mm; Ap- radiography were performed as described for the
Northern analysis. Positive plaques were isolatedplied Biosystems Inc., Foster City, CA, USA) to

separate -arginine, -citrulline, and -ornithine. during the first screening and then purified by two
additional screening rounds. Plasmids (pBluescript)The eluate was monitored by a radioactive flow

detector (Radiomatic Flow One Beta A100; INUS containing the insert were rescued by superinfection
with the helper f1 bacteriophage according to theSystems Inc., Foster City, CA, USA). Enzyme activity

is expressed as pmol per mg protein per h (pmol/ manufacturer’s instructions. The oligonucleotide
sequences of the plasmid inserts were determinedmg/h) of NMA inhibitable -citrulline formation in

the presence of -valine. in the sense and antisense DNA strands by the
Sanger dideoxy chain termination technique using
internal overlapping primers, Sequenase 2.0, and
the Genesis 2000 system (DuPont). Sequence dataGTP-CH activity and biopterin levels in crude cytosolic

fractions from human cardiac myocytes were analyzed using software from the University
of Wisconsin Genetics Computer Group.

GTP-CH enzymatic activity was assayed as de-
scribed earlier (Hatakeyama et al., 1989); and the
levels of total intracellular biopterins and reduced Expression of human hepatocyte and cardiac iNOS

cDNAs in human embryonic kidney 293 cellsforms of biopterin were determined using the
method of Fukushima and Nixon (1980).

Full-length iNOS cDNA clones from hepatocytes
and cardiac myocytes were each ligated into the
expression plasmid pCIS (Genentech). The DNA wasSDS-PAGE and Western blotting
transiently transfected into human 293 embryonic
kidney cells American type culture collectionCytosolic proteins (100 lg) from RAW 264.7 cells,

human hepatocytes, and human cardiac myocytes (ATCC) using lipofectamine (GIBCO BRL), with a
ratio of 1:20 DNA:lipofectamine. The cells werewere separated by 8% SDS-PAGE and elec-

trophoretically transferred to nitrocellulose mem- incubated with the lipofectamine and DNA mixture
for 8 h and then fresh media was added. The cellbranes (Schleicher & Schuell; Keene, NH, USA).

Blots were incubated for 1 h with a monoclonal culture supernatants were assayed for nitrite ac-
cumulation using the Griess reaction 72 h followingiNOS antibody (dilution 1:2000) (Transduction

Laboratories; Lexington KY, USA) directed against transfection.
a C-terminal 21 kDa protein fragment of mouse
macrophage iNOS followed by the secondary anti-
body (goat-anti-mouse IgG, conjugated with horse- Expression of human iNOS in human cardiac myocytes

using a retroviral vector containing the coding region ofradish peroxidase, dilution 1:1000) (Schleicher &
Schuell) for 1 h at room temperature. Membranes the iNOS cDNA
were developed with the ECL-detection detection
system (DuPont-NEN) and exposed to a film for A retroviral vector containing the coding region of

the human hepatocyte iNOS cDNA along with a2–20 min.
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Figure 1 Induction of iNOS and GTP-cyclohydrolase mRNA in human cardiac myocytes treated with cytokines and
LPS. Northern blot analysis of total RNA from cultured human cardiac myocytes after treatment with the cytokines
TNF-a (500 U/ml), IL-1b (30 U/ml), IFNc (100 U/ml), and LPS (E. coli 0111:B4, 10 lg/ml), referred to as cytokine mix
(CM), or medium alone (controls) for up to 48 h. At the depicted time points, total RNA was extracted from the
myocytes and Northern blotting was performed as described in Materials and Methods. iNOS, inducible NOS; GTP-CH,
GTP-cyclohydrolase I; 18 s, 18 s ribosomal RNA. Blot is representative of five separate experiments.

neomycin resistance gene (DFG-iNOS) was con- time point examined), but increased in abundance
and reached maximum levels between 8 and 12 h.structed and high-titer viral supernatant was isol-

ated as described earlier (Tzeng et al., 1996). The induced 4.5 kb mRNA persisted at increased
levels for at least 48 h (Fig. 1) and often persistedMyocytes were transduced with DFG-iNOS or with a

control retrovirus carrying both the b-galactosidase for up to 96 h, the latest time point examined in any
experiment (data not shown). No single cytokine orand neomycin-resistance genes (Bag-lacZ). The

myocytes were placed in G418 (500 lg/ml) to select LPS alone at the concentrations studied induced
detectable iNOS mRNA (data not shown). Un-for cells expressing viral transgenes. After the se-

lection process was completed, DFG-iNOS and Bag- stimulated cells had no detectable iNOS mRNA
at any time point. Whilst probing for GTP-CH inlacZ infected myocytes were assayed for nitrite

production in the presence or absence of 100 l cytokine treated-myocytes, a single ≈3.6 kb band
was found (Fig. 1, middle panel) which cor-BH4 using the Griess reaction. Total RNA and cyto-

solic proteins were isolated from the transduced responded with human GTP-CH (Gütlich et al.,
1994). GTP-CH mRNA was detected as early as 4 hcells as described earlier in this section for Northern

and Western blotting. following cytokine treatment and persisted for at
least 48 h. No GTP-CH mRNA was detected in
untreated myocytes at any time point. As mRNA
was not detectable in any of the conditions testedResults
in the myocytes (data not shown).

Detection of iNOS, GTP-CH, and AS mRNA

Representative Northern blots of cardiac myocyte
total RNA are shown in Figure 1. Probing with a Detection of iNOS mRNA in cultured human cardiac

myocytes by reverse transcription PCR2.3 kb fragment of the human hepatocyte iNOS
cDNA, a ≈4.5 kb transcript was detected in cells

To determine if untreated myocytes express lowtreated with the combination of TNF-a, IL-1b, IFN-
c, and LPS (Fig. 1, top panel). The transcript was levels of iNOS mRNA, RT-PCR was performed. A

389-bp PCR product of the expected size for iNOSbarely detectable after 4 h of treatment (the earliest
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Figure 3 Nitrite+nitrate release by human cardiac
myocytes as a measure of iNOS activity. Nitrite+nitrate
levels were measured in myocyte cell culture super-
natants 4, 8, 12, 24, 48, 72, and 96 h after treatment
of human cardiac myocytes with the cytokines TNF-a
(500 U/ml), IL-1b (30 U/ml), IFNc (100 U/ml), and LPS
(E. coli 0111:B4, 10 lg/ml), referred to as cytokine mix
(CM), or medium alone (controls). Values represent the
mean ± ... (n=5–8) of five separate experiments.
Β = Control myocytes; Μ = Myocytes + CM; Ε =
RAW 264.7 + LPS.

product spanned two introns, a PCR product ori-
ginating from contaminating genomic DNA would
have been larger in size. Human cardiac myocyte
RNA that had not been reverse-transcribed did
not generate an iNOS PCR product. The results,
therefore, reflected iNOS mRNA detection and not
amplification of genomic DNA. When RNA from
untreated cells was analyzed, no iNOS PCR product
was detected (Fig. 2, top panel). Stimulated human
hepatocytes (Nussler et al., 1992) served as an
additional positive control for iNOS mRNA. We also
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examined the cardiac cells for the expression of the
Figure 2 Detection of iNOS mRNA in human cardiac

endothelial or the neuronal cNOS isoforms by RT-myocytes by RT-PCR. RT-PCR analysis was performed on
PCR and found no evidence of mRNA for either ofRNA isolated from cultured human cardiac myocytes

after treatment with the cytokines TNF-a (500 U/ml), IL- these isoforms, in either stimulated or unstimulated
1b (30 U/ml), IFNc (100 U/ml), and LPS (E. coli 0111: cells (data not shown).
B4, 10 lg/ml), referred to as cytokine mix (CM), or with
medium only (controls). Reverse transcription and PCR
reactions were carried out as described in Materials and
Methods. Top panel: Total RNA was reverse transcribed

Nitrite+nitrate production by human cardiac myocytesand 100 ng cDNA was amplified in each reaction. RNA
from cytokine-treated hepatocytes known to contain
iNOS mRNA served as positive control. A 389 bp iNOS In near-confluent cultures of human cardiac
PCR product was detected in cytokine-treated cells but myocytes, no significant accumulation ofnot in untreated (control) cells. Bottom panel: RT-PCR

nitrite+nitrate, the stable endproducts of NO syn-for b-actin, proving all RNA specimens were of some
thesis, could be measured following 4 to 96 h ofpairable quality. Representative of five separate ex-

periments. cytokine and LPS stimulation (Fig. 3). Sup-
plementation with BH4 or sepiapterin and prolonged
incubation with cytokines and LPS, as well aswas amplified from cytokine and LPS-treated cul-

tured human cardiac myocytes (Fig. 2, top panel). human recombinant granulocyte-macrophage col-
ony stimulating factor (GM-CSF; Sigma), did notRT-PCR analysis for b-actin was performed on the

same cDNAs (Fig. 2, bottom panel) and showed result in nitrite+nitrate accumulation (data not
shown). Higher concentrations of cytokinescomparable efficiency between all samples. Because

the primers were designed so that the amplified (1000 U/ml IL-1b, 2000 U/ml TNF-a, and 500 U/
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Table 1 Enzyme activity of iNOS and GTP-cyclohydrolase (GTP-CH) in cultured human cardiac
myocytes. Cells were treated with the cytokines TNF-a (500 U/ml), IL-1b (30 U/ml), IFNc (100 U/
ml), and LPS (E. coli 0111:B4, SIGMA, 10 lg/ml) here referred to as the cytokine mix (CM). RAW
264.7 cells treated with LPS for 24 h served as positive control. Crude cytosolic fractions were
obtained from cell lysates at the depicted time points and assays were performed as described in
Materials and Methods

RAW 264.7 Myocytes Myocytes Myocytes Myocytes
Cell type treatment LPS 24 h Control CM 12 h CM 24 h CM 96 h

iNOS (pmol/h/mg) 15010±580∗ 0† 0 0 0
GTP-CH (pmol/h/mg) N.D.‡ 35.4±1.4§ N.D. 80.5±3.5 69.8±2.7
Total biopterin N.D. 0 N.D. 350¶ N.D.
(pmol/mg)
Reduced biopterin N.D. 0 N.D. 246¶ N.D.
(pmol/mg)

∗ Result represents mean ± ... of three separate experiments; †0 = below lower limits of detection; ‡N.D. =
not determined; §Results represent mean ± .. of triplicate measurements of one of two separate experiments;
¶Results represent mean of duplicate measurements of one experiment.

ml IFN-c) and LPS also failed to stimulate myocyte
nitrite+nitrate production. The typical rapid ac-
cumulation of supernatant nitrite+nitrate in LPS-
and IFN-c-treated RAW 264.7 cells is shown for
comparison (Fig. 3). In addition, TGF-b has been
shown to be involved in the post-transcriptional
downregulation of iNOS expression in RAW 264.7
cells (Pinskey et al., 1994; Vodovotz et al., 1993).
Incubation with an anti-TGF-b antibody did not
result in nitrite accumulation in cytokine- and LPS-
stimulated human cardiac myocytes (unstimulated
3.1±0.4 l/24 h; stimulated 1.5±0.3;
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Figure 4 iNOS protein expression in human cardiac2.6±0.9).
myocytes by Western blot analysis. Lysates collected from
cultured human cardiac myocytes after treatment with
the cytokines TNF-a (500 U/ml), IL-1b (30 U/ml), IFNc
(100 U/ml), and LPS (E. coli 0111:B4, 10 lg/ml), referred

iNOS and GTP-cyclohydrolase I enzyme activities in to as cytokine mix (CM), or medium alone (controls),
human cardiac myocytes were subjected to Western blot analysis as described

in Materials and Methods using a mouse monoclonal
antiMacNOS antibody. Representative of two separateMeasurement of supernatant nitrite+nitrate may
experiments.not have been adequately sensitive to detect iNOS

enzyme activity in the myocytes. Therefore, myo-
significantly in the cytokine-stimulated cells. Basalcyte iNOS activity was assayed by measuring the
GTP-CH activity was measured in unstimulatedcapacity of myocyte lysate to convert radiolabeled
myocytes and may reflect a low level of enzyme

-arginine to -citrulline under optimal conditions
expression. Stimulated cells had a 2–3-fold increase(Table 1). Cytosolic fractions isolated from LPS-
in enzyme activity, indicating that increases in GTP-treated RAW 264.7 cells showed iNOS activity in
CH protein correlated with increased mRNA levels.the nanomole range typical for the high-output

iNOS. However, neither untreated nor cytokine and
LPS-treated human cardiac myocytes had de-
tectable iNOS enzyme activity. Because mRNA for Detection of iNOS protein by western blot analysis
GTP-CH was also induced by cytokine and LPS
treatment, GTP-CH activity and cellular biopterin To determine if non-functional iNOS protein was

present, Western blot analysis was performed (Fig.levels were also measured in treated and untreated
myocytes (Table 1). Total cellular biopterin and 4). Cytosolic fractions from cytokine- and LPS-

treated human hepatocytes revealed an immuno-reduced biopterin levels were both below the lower
limits of detection in resting myocytes, but increased reactive band at about 130 kDa, consistent with
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iNOS protein. However, no such iNOS band could human hepatocyte iNOS cDNA (hepiNOS). Cells
transfected with the empty pCIS plasmid showedbe detected in lysates from either untreated myo-

cytes or from myocytes at three different time points a low basal level of nitrite production (Fig. 5).
Transfection with either the cardiNOS or the hep-after cytokine and LPS treatment.
iNOS plasmid resulted in similar levels of nitrite
production, about 50–100 fold greater than the
transfection control. This nitrite production wasCloning and sequence analysis of a full-length human

cardiac myocyte iNOS cDNA inhibited with 1.0 m NMA (Fig. 5).

To investigate whether the myocytes expressed a
novel non-functional iNOS, or if mutational al- iNOS expression in cardiac myocytes following

transduction with a retroviral vector containing theterations in the cardiac iNOS mRNA could account
for the absence of iNOS protein in human cardiac coding region of iNOS
myocytes, a cardiac iNOS cDNA was isolated,
cloned, and sequenced. A cDNA library from cy- To evaluate the capacity of human cardiac myocytes

to express recombinant human iNOS protein, cellstokine- and LPS-stimulated myocytes was screened
by the plaque hybridization technique. After three were transduced with the DFG-iNOS retroviral vec-

tor that carries only the coding region of the hep-rounds of screening, a total of 13 clones were
isolated. Restriction digest analysis and sequencing iNOS. By Northern blot analysis [Fig. 6(a)], DFG-

iNOS myocytes expressed a single 7.5 kb re-revealed clone #3 to be a 4150 bp iNOS cDNA
consisting of a 234 bp 5′ untranslated region (5′- combinant iNOS transcript which was consistent

with a polycistronic mRNA encoding human iNOS,UTR), an open reading frame of 3459 bps beginning
with the translational start codon (ATG) at bp 235 neoR, and viral sequences. This signal was easily

contrasted from the endogenous cardiac myocyteand ending at the stop codon (TGA) at bp 3696,
and a 454 bp 3′-UTR lacking a polyadenylation iNOS message at 4.5 kb. Western blot analysis of

myocyte cytosol [Fig. 6(b)] revealed the presencesignal or a poly(A)-tail. This cardiac iNOS cDNA
encoded a 1153 amino acids protein with a cal- of iNOS protein in DFG-iNOS infected myocytes

only. No evidence of endogenous or virally encodedculated molecular wt. of 131 kDa. No sequence
variations were found in eight other human cardiac iNOS mRNA was detected in Bag-lacZ transduced

or uninfected control myocytes. Unlike the cyto-iNOS clones which were partially sequenced at their
5′ and 3′ ends. The human cardiac iNOS was nearly kine and LPS-stimulated cells, DFG-iNOS trans-

duced myocytes had the capacity to synthesize NO,identical at the nucleic acid and the amino acid
level to the other human iNOS cDNAs cloned from as revealed by nitrite accumulation of

56.3±5.0 nmol/mg protein/24 h compared tohepatocytes (Geller et al., 1993b), chondrocytes
(Charles et al., 1993), the colon cancer cell line 18.3±3.3 nmol/mg protein/24 h by control (un-

infected) cells (P<0.01, ANOVA). The iNOS activityDLD-1 (Sherman et al., 1993), and the glioblastoma
cell line A-172 (Hokari et al., 1994). Comparison in the DFG-iNOS cells increased further when the

cultures were supplemented with 100 l BH4 (DFG-of these human iNOS cDNAs showed scattered
single nucleotide substitutions. These cDNAs differ iNOS+ BH4=122.2±10.0 nmol/mg protein/24 h,

control+BH4=21.2±5.7 nmol/mg protein/24 h).at a total of 18 nucleotides throughout the cDNA
sequence, which results in 10 amino acid changes These results demonstrate that these de-

differentiated human cardiac myocytes could gen-(Table 2). None of these variations were located in
highly conserved regions of the polypeptide. erate functional iNOS protein when provided with

a cDNA devoid of either 5′ or 3′ UTRs, and stress
the need for GTP-CH co-induction to provide BH4

to support iNOS activity.Expression of a full-fength iNOS cDNA from human
cardiac myocytes in human embryonic 293 kidney cells

To confirm that the human cardiac iNOS cDNA Discussion
could be processed to yield a functional iNOS en-
zyme, human embryonic 293 kidney cells were iNOS mRNA and protein have been detected in

myocardial specimens obtained from patients withtransfected with an expression plasmid carrying the
full-length cardiac iNOS cDNA (cardiNOS). Another dilated cardiomyopathy, ischemic heart disease, and

valvular heart disease (Habib et al., 1996; Haywoodgroup of 293 cells were simultaneously transfected
with a similar plasmid carrying the full-length et al., 1996; Lewis et al., 1996). However, direct
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Table 2 Summary of differences in the deduced amino acid sequence of human iNOS proteins from cardiac
myocytes (Cardiac), chondrocytes (Chondro), colon carcinoma DLD-1 cells (DLD1), glioblastoma A-172 cells
(Glia), and hepatocytes (Hepato). Differences are shown in large, bold characters

Amino acid position

Source 266 423 439 608 805 831 832 933 966 987

Cardiac H L T S A F L R G A
Chondro R L A S A F L R G A
DLD-1 R L A S A F L R G A
Glia R L A L A F L R G A
Hepato R I A S D S P G A V

expressing iNOS mRNA. No single stimulus induced
iNOS mRNA expression which differs from rat car-
diac myocytes (de Belder et al., 1993; Luss et al.,
1995) and human hepatocytes (Nussler et al.,
1992). Steady-state iNOS mRNA levels in the myo-
cytes peaked at around 8–12 h and remained el-
evated for 96 h, the last time point examined. This
corresponded well with recent findings in rat cardiac
myocytes (de Belder et al., 1993; Luss et al., 1995)
but contrasted with human hepatocytes, in which
iNOS mRNA peaked at 8 h and subsequently de-
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clined to baseline levels by 24 h.
Figure 5 Expression of human iNOS cDNA in human Accumulation of nitrite+nitrate in cell culture
embryonic kidney 293 cells. Liposome-mediated transient

supernatants typically accompanies iNOS ex-transfection with the pCIS expression vector carrying
pression. The lack of a functional iNOS in theseeither the human hepatocyte iNOS (hepiNOS) or the

human cardiac iNOS (cardiNOS) cDNA. Nitric oxide pro- human myocytes was confirmed by iNOS enzyme
duction was measured as nitrite accumulation over 72 h assay and Western blot analysis for iNOS protein.
after transfection and is expressed per mg of cellular Others have recently shown that, although NOSprotein. Values are the mean ± ... (n=3) and are

transcripts may be detected by PCR in a variety ofrepresentative of three separate experiments. Φ =
human cell lines, not all these cell types exhibitnoNMA; Ε=1 m NMA.
NOS activity (Sherman et al., 1993). Galea et al.
(1994) suspected that the discrepancy between theevidence of iNOS expression in human cardiac myo-
presence of iNOS mRNA and protein was probablycytes has not yet been provided. To investigate
caused by an intrinsic translational regulatory sig-whether human cardiac myocytes can express
nal within the iNOS mRNA.iNOS, we utilized a previously described (Li et al.,

Several possible mechanisms may explain the1992; Li et al., 1994) cell culture model of purified
discrepancy between iNOS mRNA and iNOS proteinnon-beating neonatal human ventricular cardiac
in the human cardiac myocytes. First, it is possiblemyocytes. These myocytes represent a de-
that the cardiac iNOS cDNA itself could not bedifferentiated cell type which still retains several
translated into functional protein because the car-cardiac myocyte features, including expression of
diac NOS represented a novel non-functional iNOSsarcomeric myosin, human ventricular myosin
gene, or alternative splicing in the myocytes res-light chain I, and b-heavy chain. Upon exposure
ulted in a non-functional mRNA. However, weof these cultured human cardiac myocytes to a
found the cardiac myocyte iNOS cDNA to be nearlymixture of inflammatory cytokines and LPS, iNOS
identical in nucleic acid sequence to other types ofmRNA expression was induced. Unstimulated myo-
human iNOS. Furthermore, the cardiac iNOS cDNAcytes had no detectable iNOS mRNA by either
was successfully processed into functional enzymeNorthern analysis or RT-PCR. Our results indicate
when transfected into human embryonic kidneythat, like rat myocardial tissue and cardiac myo-
293 cells, conclusively demonstrating that the fewcytes (Schulz et al., 1992; de Belder et al., 1993;
nucleotide alterations in the cardiac mRNA did notBalligond et al., 1994; Luss et al., 1995; Pinsky et

al., 1995), human cardiac myocytes are capable of impair translation or the function of the expressed
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TGF-b, which had been shown to modulate post-
transcriptional regulation of iNOS in RAW 264.7
cells (Pinsky et al., 1995; Vodovotz et al., 1993),
was found to be present in the myocytes at the
mRNA level as measured by RT-PCR (H. Luss,
unpublished observation). Pinsky et al. (1995) dem-
onstrated a significant reduction in iNOS mRNA
levels, as well as near-complete elimination of iNOS
protein in cytokine-stimulated rat cardiac myocytes
that were additionally treated with TGF-b, raising
the possibility of both transcriptional and trans-
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Figure 6 Expression of iNOS in human cardiac myocytes. Myocytes were left uninfected (control) or transduced either
with a retrovirus containing the coding region of human iNOS (DFG-iNOS) or the retrovirus containing the LacZ gene
(Bag-lacZ). (a) Northern blot analysis of total RNA from cultured human cardiac myocytes for iNOS. (b) Western blot
analysis of lysates from cultured human cardiac myocytes using a mouse monoclonal antimac NOS antibody.

protein. Another possible mechanism may be that
human cardiac myocytes respond to cytokine and
LPS treatment with a generalized inhibition of pro-
tein synthesis that is not specific for iNOS. In our
experimental model, GTP-CH activity was induced
in cytokine-stimulated cells, with a marked increase
in biopterin levels compared to resting cells. These
changes were coincident with the expression of
GTP-CH mRNA. Thus, GTP-CH protein was pro-
duced while iNOS protein was not. Coinduction of
GTP-CH with iNOS is consistent with reports in
other cell types (Gross and Levi, 1992; Werner- lational influences of TGF-b on iNOS expression.

However, the addition of a neutralizing anti-TGF-bFelmayer et al., 1990; Nakayama et al., 1994).
Compared to the time course of iNOS mRNA in- antibody to the cytokine-treated cardiac cells did not

result in detectable NOS activity, arguing against aduction, GTP-CH was maximal by 4 h and did not
further increase over the time period investigated. role for TGF-b.

The human cardiac myocyte iNOS cDNA is >99%Finally, rapid iNOS protein turnover may occur,
making it difficult to detect iNOS protein. However, identical to other human iNOS cDNAs cloned from

hepatocytes (Geller et al., 1993b), chondrocytesretrovirally transduced cardiac myocytes expressed
detectable iNOS protein. These experiments also (Charles et al., 1993), the colon cancer cell line DLD-

1 (Sherman et al., 1993), and the glioblastoma cellindicate that the myocytes are capable of generating
iNOS protein. The retroviral construct used here line A-172 (Hokari et al., 1994). Only a few scattered

sequence differences are present, which most likelycontained only the coding region; therefore, the
specific impact of the 5′ and 3′ untranslated regions represent genetic polymorphism in humans. The

deduced amino acid sequence shows 81% identity toon the expression of iNOS protein in these cardiac
cells could not be determined. rat and 80% to mouse macrophage iNOS. Sequence

analysis of eight other human cardiac iNOS cDNAThese combined data suggest that iNOS trans-
lation in these human cardiac myocytes is impaired clones provided no evidence for the existence of more

than one iNOS isoform. Thus, the human cardiacdue to cell-specific processes, possibly involving the
untranslated regions of the human iNOS mRNA. iNOS is not a novel isoform.
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Experimental systems to study the responses of transcriptional and translational levels. Selective
inhibition of translation may explain instances ofhuman cardiac myocytes to inflammatory stimuli

are limited. In these studies, we have utilized well- low iNOS expression in some human cells and could
represent an important level of iNOS down-characterized cells derived from ventricular biopsies.

These cells retain many features of normal cardiac regulation.
myocytes but are non-contractile in culture. It is
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