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Previous studics have shown that endogenous nitric oxide (NO) potentiates glycolysis in the
cytokine-activated murine microvascular endothelial cells (MME). In the present study we
investigate the influence of NO on the expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), an enzyme of the glycolytic pathway. Activation of MME with TNF-o and IFN-y
resulted in a strong elevation of GAPDH mRNA levels. This effect was impaired in the presence
of L-NMMA, the inhibitor of NO synthesis. We discuss the possibility that NO-mediated
clevation of GAPDH mRNA levels may compensate for NO-mediated inhibition of GAPDH
enzymaltic activity, representing another adaptive mechanism which protects cells producing large
amounts of NO against its cytotoxic effects. e 1995 Academic press, Inc.

Cytokine-inducible nitric oxide synthase (iINOS) is responsible for the production of
abundant amounts of NO during inflammation. Under these conditions NO released by cytokine-
activated cells acts as a potent cytotoxic agent against some bacteria, viruses, protozoa or tumor
cells (1). Cytotoxicity of NO results in part from its interactions with the centers of iron sulfur
clusters in the mitochondrial electron transport chain (2, 3). As a consequence, the production of
energy which is required for vital cellular processes is strongly impaired and Lo survive cells might
increase utilization of glycolysis to meet their energy demands. However, GAPDH, one of the
glycolytic pathway enzymes, is also inhibited by NO or its derivatives (4 - 6). The inhibition of
both energy sources: respiratory chain and glycolysis, is probably responsible for the cytotoxic

effects of NO against pathogens (3). However, the inhibition of energy production by NO may
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also contribute 1o self-destruction of NO-generating cells, as it was shown in the case of pancreatic
f-cells damaged during inflammatory states (7).

It has been suggested that cytokines which stimulate cells to produce large amounts of NO
simultancously activate mechanisms of defence against its cytotoxicity (3). Among the best
described mechanisms of self-protection is elevated expression of superoxide dismutase which
decomposcs superoxide suppressing the formation of highly toxic peroxynitrite (8). However, the
mechanisms which might be utilized by cells to counteract the NO-mediated impairment of energy
production arc largely unknown.

The conscquences of the inhibition of mitochondrial respiration might resemble those of
hypoxic stress. Among mammalian cells which arc generally hypoxia-sensitive, endothelial cells
arc relatively tolerant to decreases in oxygen concentration although the mechanisms by which they
adapt their metabolic functions are unclear (9). Recently Graven ct al. have shown that the unique
response of endothelial cells to hypoxia is characterized by up-regulation of mRNA for a set of
proteins including GAPDH (10). We examined whether a similar process takes place in cytokine-

stimulated MME, which are resistant to cndogenously produced NO.

MATERIALS AND METHODS

Reagents. Recombinant human TNF-o was purchased from R&D Systems (Minncapolis, MN)
and recombinant murinc [FN-y from Life Technologies Ltd.(Paisley, UK). DMEM, RPMI 1640,
RPMI 1640 Select Amine Kit, fetal calf serum (FCS) were purchased from Life Technologies Lid.
(Paisley, UK). a-32P-dCTP was obtained from Amersham Life Science, (Little Chalfont, UK).
Unless indicated otherwise all remaining reagents were purchased from Sigma Chemicals Co.,
(St. Louis, MO).

Maintenance of cells. Murine brain microvascular endothelial cells (MME) were a gift from

Dr. R. Auerbach (Madison, WI). They were grown in medium consisting of DMEM, 20% FCS.
cndothelial cell growth supplement (30 ug/mL), 2 mM glutamine and antibiotics.

Nitrite assay. MME were cultured in 6-well plates in 1 mL of culturc medium. For experiments
the medium was replaced with RPMI 1640 containing 5% FCS, 10 mM HEPES, antibiotics and
factors indicated for each experiment. Nitrite concentration in the medium was determined after
24 h by a microplate assay as described previously (11). Bricfly, 80 uL aliquots of the culture
medium were incubated with equal volumes of Griess reagent at room temperature for 10 minutes
and then the absorbance at 540 nm was measured using ELISA rcader. Nitrite concentration was
determined using dilutions of sodium nitrite in water as a standard.

Counting of cells. Cells were released from plates with trypsin, washed once with RPMI 1640,
centrifuged, resuspended in 0.5 mL of PBS, and counted in heamocytometer in the presence of
Trypan Blue.

RNA preparation and Northern blot analysis. MME were cultured in 94-mm tissue culture plates.
After the cells reached confluence, medium was replaced with RPMI 1640 containing 2% FCS,

10 mM HEPES and antibiotics. The monolayers were incubated with cytokines for a period of
time indicated for each experiment. Total RNA was prepared using phenol extraction method (12).
RNA samples (5 L) were separated electrophoretically in 1% agarose gel under denaturing
conditions (13). RNA was then transferred to Hybond-N membranes (Amersham, UK) according
to the manufacturer's instruction. The blots were baked in 80°C for 2 h, prehybridized overnight
and hybridized to cDNA probes specific for the human GAPDH (ATCC, GenBank/EMBL.:
M17851), murinc macrophage iNOS (a gift from Drs. Q.-W. Xie and C. Nathan, New York,
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NY), murine VCAM-1 (a gift from Dr. L. Osborn, Cambridge, MA) and for 18S rRNA (kindly
provided by N. Bhownick, Athens, GA). The probes werc labeled by the Random Primers DNA
labeling System (Amersham, UK). Hybridizations were performed at 68°C for 24 h. Non-
specifically bound radioactivity was removed by washing the blots in 2 x standard saline solution
(SSC) at room temperature, followed by two subsequent washes in 2 x SSC/0.1% SDS at 68°C
for 30 min. each. The blots were then subjected to autoradiography at -70°C using intensifying
screens.
RESULTS AND DISCUSSION

We have previously demonstrated that the inflammatory cytokines, TNF-o and IFN-y
induce the expression of INOS in MME (11). The iNOS-dependent NO synthesis can be
monitored by measuring the accumulation of nitrite in the culture medium. MME were able 1o
synthesize large quantities of NO for at least 7 days in the continuous presence of cytokines
(Fig. 1). During that time endogenous NO did not affect growth and viability of MME. This
observation indicated presence of protective mechanisms against NO-mediated cytotoxicity in
MME cells. The accumulation of nitrite in MME culture medium was accompanied by increased
synthesis of lactate, the final product of anaerobic glycolysis (14). These processes did not occur
when MME were stimulated with the cytokines in the presence of L-NMMA or in the absence of
arginine, a substrate for NO synthesis. This suggested that substantial amounts of endogenous

NO inhibited mitochondrial respiration in MME and the cells wtilized predominantly glycolytic

pathway to meet their basic cnergy requirements. NO-dependent inhibition of mitochondrial
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Figurc 1. Nitrite accumulation and cell number in a long-term culture of MME. Cells

were seeded on 6-well plates at a density of 1 x 109/well. 24 h later medium was replaced with
RPMI 1640 containing 5% FCS, TNF-a (2 ng/mL) and IFN-y (200 U/mL). Cultur¢ medium
containing the cytokines was replaced daily. Every 24 h media were assayed for nitrite content and
cells were released from plates and counted. Data represent means £ SD of 3 experiments and cach
determination was done in duplicates.
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respiration and a switch to glycolytic pathway was also demonstrated in smooth muscle cclls upon
their treatment with TNF-o and TFN-y (15). However, it has been shown that NO or its
derivatives such as peroxynitritc (ONOQ") inhibits enzymatic activity of GAPDH (6, 16) while it
cnhances utilization of glucose through glycolysis in some cells (15, 17). These apparently
conflicting data could be explained by the existence of regulatory mechanisms, including incrcased
synthesis of GAPDH, compensating for partial inhibition of its enzymatic activity. The incrcased
GAPDH levels could be achicved by the stimulation of its gene transcription and/or increased
stability of GAPDH mRNA.

Although GAPDH gene was for a long time classified as a housekeeping gene, a number of
recent studies demonstrate that its expression is under control of several regulatory mechanisms
(18-20). We found that stimulation of MME with TNF-¢ and IFN-y led to a strong increase in
GAPDH mRNA levels (Fig. 2). The presence of L-NMMA in the culture medium during
incubation of MME with the cytokines strongly limited the increase indicating that NO was
involved in the process (Fig 2). Similar results were obtained when NO synthesis in cytokine-
activated MME was inhibited by a lack of L-arginine in the culture medium (data not shown). The
increase in iNOS mRNA levels in cytokine-activated MME was also diminished by L-NMMA. To
cxclude a possibility that the observed cffect ()fL-NMMA resulted from suppression of the entire
transcription process in MME, we utilized VCAM-1 mRNA levels as an additional control. Unlike

GAPDH- and iNOS-mRNAs, L-NMMA increased the level of mRNA specific for VCAM-1. This
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Figurc 2. Northemn blot analysis of GAPDH, iNOS and VCAM-1 mRNAs in MME cells.
Cells were incubated for 18 h with medium alone (lanc A), with IFN-y (200 U/mL) (lane B),
TNF-a (2 ng/mL) (lanc C), TNF-a in the presence of L-NMMA (1 mM) (lanc D), TNF-a and
IFN-y (lanc E}, TNF-a and IFN-yin the presence of L-NMMA (lane F). Equal loading of wells
with RNA was verificd by hybridization with 188 rRNA-specific cDNA probe.
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result could be expected since it has been shown that NO inhibits VCAM-1 expression in
cndothelial cells (21).

Concomitant analyses of the time-courses of nitrite accumulation and changes in GAPDH
mRNA levels in the cytokine-activated MME cells and the influence of L-NMMA on both
processes confirmed the involvement of NO in the regulation of GAPDH mRNA levels (Fig 3).
After 3 h of MME incubation with TNF-a and IFN—y a moderate stimulation of GAPDH mRNA
levels was observed and this process was not inhibited by L-NMMA. Significant increasc in
GAPDH mRNA levels observed after 6 h of stimulation of the cells with cytokine was only
slightly inhibited by the presence of L-NMMA, suggesting that the initial increase resulted dircctly
from the action of TNF-o and/or IFN-y. Strong clevation of GAPDH mRNA levels observed after
12 h was significantly diminished by L-NMMA. After 24 h, the amount of transcript was still very
high but this increase was almost completely abolished by L-NMMA. The time course of changes
in GAPDH mRNA levels and its susceptibility to inhibition by L-NMMA correlated well with the
levels of nitritc accumulation in MME culture medium (Fig. 3B). These results show that the initial
increase in GAPDH mRNA levels caused by cytokines was further potentiated and prolonged due
to NO activity. The possible mechanism of NO-mediated incrcase in GAPDH mRNA levels may

involve either costimulation of transcription or stabilization of GAPDH mRNA.
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Figure 3. Comparison of time-dependence of GAPDH mRNA levels and nitrite accumulation
in MME. (A) Northern blot analysis of GAPDH mRNA. Cells were incubated for indicated
periods of time with medium alone (lane A), with TNF-a (2 ng/mL) and IFN-y (200 U/mL) (lanes
B. D, F, H), TNF-o and IFN-yin the presence of L-NMMA (lanes C, E, G, J). Equal loading of
wells with RNA was verified by hybridization with 18S rRNA-specific cDNA probe. Only the
relevant portions of autoradiogram are shown. (B) Accumulation of nitritc in MME culture
medium. Celis were incubated for indicated periods of time with medium alone, with TNF-a

(2 ng/mL) and IFN-y (200 U/mL), or with TNF-o and [FN-yin the presence of L-NMMA

(1 mM). The amount of nitrite was determined as described in Materials and Methods. Bars
represent means £ SD of § experinients and each determination was done in triplicate.
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The possible role of NO in the regulation of transcription is not well understood. Nitric
oxide, through its intcractions with thiols and transition metals, might modulate the activity of
transcription factors. It has been postulated that NO influcnces the activity of NF-xB and AP-1,
two transcription factors which regulate expression of large number of genes involved in the
response to infection and stress. However, the results of distinct studics are often contradictory.
For cxample Tabuchi ct al. (22) showed that sodium nitroprusside, a donor of NO, inhibited AP-1
activity in vitro in the presence of dithiothreitol (DTT) while Peunova and Enikolopov
demonstrated a synergistic effect of NO doenors on calcium-mediated activation of AP-1 in ncuronal
cells (23). Conflicting reports were also presented in respect to the regulation of NF-xB activity by
NO (21, 24, 25). Since regulatory elements of GAPDH gene are not well characterized, it is
difficult to speculate on a possible mechanism of stimulation of GAPDH genc expression by NO.

Another possible explanation of the stimulatory cffect of NO on GAPDH mRNA levels is
its influence on GAPDH mRNA stability. Recently, Quail and Yeoh demonstrated that GAPDH
mRNA levels might be regulated by post-transcriptional mechanisms dependent on iron status.
Iron deficicncy cvokes more than 2-fold increase in GAPDH mRNA levels in rat liver (26). It has
been well documented that NO plays a direct role in post-transcriptional gene regulation mediated
by iron regulatory protein (IRP). NO activates the RNA binding activity of IRP and mimics the
conscquences of iron starvation influencing translation rate or stability of mRNA encoding proteins
involved in iron uptake, storage and utilization (27, 28).

NO inhibits cnzymatic activity of GAPDH but at the same time its action leads to increase
in GAPDH mRNA levels making possible increased synthesis of this protcin. The overall activity
of GAPDH in cells may therefore remain stable or even increased, thus allowing for the effective
utilization of glycolytic pathway and to maintain sufficient levels of ATP. This mechanism likely
represents another adaptation of cells producing large amounts of NO to become resistant Lo its

cytotoxic effects.
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