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Abstract

We recently demonstrated that menadione (MQ), a redox cycling quinone, mediated the loss of mitochondrial
glutathione/glutathione disulfide redox balance. In this study, we showed that MQ significantly disrupted
cellular pyridine nucleotide (NAD"/NADH, NADP*/NADPH) redox balance that compromised cellular ATP,
mitochondrial respiratory activity, and NADPH-dependent reducing capacity in colonic epithelial cells, a sce-
nario that was exaggerated by low glucose. In the cytosol, MQ induced NAD" loss concurrent with increased
NADP" and NAD kinase activity, but decreased NADPH. In the mitochondria, NADH loss occurred in con-
junction with increased nicotinamide nucleotide transhydrogenase activity and NADP", and decreased NADPH.
These results are consistent with cytosolic NAD"-to-NADP" and mitochondrial NADH-to-NADPH shifts, but
compromised NADPH availability. Thus, despite the sacrifice of NAD*/NADH in favor of NADPH generation,
steady-state NADPH levels were not maintained during MQ challenge. Impairments of cellular bioenergetics
were evidenced by ATP losses and increased mitochondrial O, dependence of pyridine nucleotide oxidation—
reduction; half-maximal oxidation (Psy) was 10-fold higher in low glucose, which was lowered by glutamate or
succinate supplementation. This exaggerated O, dependence is consistent with increased O, diversion to non-
mitochondrial O, consumption by MQ-semiquinone redox cycling secondary to decreased NADPH-dependent
MQ detoxication at low glucose, a situation that was corrected by glucose-sparing mitochondrial substrates.
Antioxid. Redox Signal. 14, 2151-2162.

Introduction

PYRIDINE NUCLEOTIDES collectively comprise of reduced
and oxidized nicotinamide adenine dinucleotide
(NADH/NAD") and reduced and oxidized nicotinamide
adenine dinucleotide phosphate (NADPH/NADP™"). While
NADH/NAD" and NADPH/NADP" possess similar re-
dox potential (~—400mV) capable of participating in simi-
lar redox-dependent cellular processes, each redox couple is
designed to serve different cellular functions. The NADH/
NAD™ couple is central in ATP production through electron
transfer to the mitochondrial respiratory chain, whereas the
NADPH/NADP™ couple functions primarily in biosynthetic
and detoxication reactions. In addition, through the transfer
of reducing equivalents, NADPH regulates the homeostasis of
cellular glutathione/glutathione disulfide (GSH/GSSG) and

thioredoxin/thioredoxin disulfide redox systems (6, 7). Based
on the estimated rate of maximal electron flow through
the NADH/NAD" and NADPH/NADP" couples (36), the
NADH-utilizing mitochondrial respiratory chain and
NADPH-linked redox processes are viewed as representing
high-flux and low-flux electron transfer pathways, respec-
tively (16). As such, perturbations in the cellular NADH and
NADPH status are expected to majorly disrupt ATP genera-
tion and NADPH-dependent detoxication reactions and other
metabolic pathways that are mediated by high-flux (NADH)
and low-flux (NADPH) electron transfers (16).

Recent studies from our laboratory have demonstrated that
treatment of HT29 and NCM460 colonic epithelial cells with
menadione (MQ), a redox cycling quinone, induced a signif-
icant loss of cellular and mitochondrial GSH/GSSG redox
balance (9) that was associated with oxidative damage to
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mitochondrial DNA (8), and activation of mitochondrial
apoptotic signaling. Given that the control of GSH/GSSG re-
dox homeostasis is intricately tied to NADPH/NADP" redox
status, we sought, in this study, to investigate the effect of
MQ on cytosolic and mitochondrial NADPH/NADP" and
NADH/NAD" and to define the metabolic impact of a dis-
rupted pyridine nucleotide status in terms of cellular ATP
status and reducing capacity, and mitochondrial respira-
tory (oxidation-reduction) activity. Given that glucose is a
central metabolic substrate in NADH and NADPH mainte-
nance, we further examined the influence of low glucose on
MQ-induced pyridine nucleotide changes. Activities of vari-
ous NADH- and NADPH-generating enzymes, such as
NADP"/NAD"-dependent isocitrate dehydrogenase (ICDH)
(14, 19), glucose-6-phosphate dehydrogenase (G6PDH) (13),
malic enzyme (ME) (27), NAD kinase (NADK) (25), and
mitochondria-associated transhydrogenase (nicotinamide nu-
cleotide transhydrogenase [NNT]) (11), previously shown to
maintain NADH/NADPH levels, were also determined.
Our working hypothesis, as summarized in Figure 1, pro-
posed that the high rate of NADPH consumption in MQ me-
tabolism in HT29 cells through either a one-electron reduction
in MQ-semiquinone (5Q°) redox cycling or a two-electron re-
duction in MQ-to-hydroquinone (HQ) formation would im-
pose a considerable demand on cellular NADPH supply. This
NADPH drain would cause a series of acute metabolic
compensations in favor of NADPH generation, including
NAD*/NADH-to-NADP"/NADPH conversion and stimula-
tion of NADPH-generating enzyme activities. The consequent
shifts in pyridine nucleotide status are expected to perturb
mitochondrial bioenergetics and cellular supply of reducing
equivalents. The results of the current study support our hy-
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FIG.1. MQ metabolism through a one-electron reduction
in MQ-SQ’ redox cycling or NQO1-catalyzed two-electron
reduction in MQ-to-HQ formation imposes a high demand
on cellular NADPH supply. NADPH drain results in met-
abolic responses that support NADPH generation, such as
the sacrifice of the NAD"/NADH redox pools in favor of
NADP* and NADPH generation and the stimulation of ac-
tivities of NADPH-generating enzymes. MQ, menadione;
SQ°, semiquinone radical; HQ, hydroquinone; NQOI,
NAD(P)H quinone oxidoreductase, also known as DT di-
aphorase; O,", superoxide; G6PDH, glucose 6-phosphate
dehydrogenase; ME, malic enzyme; ICDH, isocitrate dehy-
drogenase; NADK, NAD kinase.
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pothesis that MQ-mediated cytosolic and mitochondrial pyri-
dine nucleotide changes that favor NADPH production.
Decreases in cellular ATP occurred concurrently with the
sacrifice of mitochondrial NADH, and excessive MOQ-
induced NADPH and O, utilization resulted in overall de-
creases in cellular reducing capacity and associated GSH/GSSG
imbalance, and compromised mitochondrial oxidation-reduc-
tion activity, respectively. The dramatic exaggeration in NADH
and NADPH loss and mitochondrial impairment under glu-
cose-limiting conditions underscore the importance of this
central substrate in intermediary metabolism and pyridine
nucleotide redox homeostasis in colonic epithelial cells.

Materials and Methods
Materials

The following chemicals were from Sigma Chemical
Company: Brij 35, lysolecithin, 3-acetylpyridine adenine
nucleotide, glutathione, glutathione disulfide, iodoacetic acid,
isocitrate, NAD*, NADH, NADP*, NADPH, acetyl coen-
zyme A, a-ketoglutaric acid, malate, glucose-6-phosphate, MQ,
alcohol dehydrogenase, G6PDH, phenazine ethosulfate, Tris-
HCl, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide, nicotinamide, glutamate, dicumarol, and succinate.
Antibiotic/antimycotic, trypsin, L-glutamine, McCoys” me-
dium, and Dulbecco’s modified essential medium (DMEM)
were from Gibco Corporation, and fetal bovine serum (FBS)
was from Atlanta Biologicals. The protein dye assay kit was
from Biorad Corporation. All other chemicals were of reagent
grade and were purchased from local sources.

Methodss

HT29cell culture and cell incubations. HT29 cell line, a
human colon epithelial cell line derived from the adenocar-
cinoma of the colon of a female Caucasian (40), was purchased
from American Type Culture Collection. Cells were grown in
McCoy’s medium supplemented with penicillin (100
units/ml), streptomycin (100 units/ml), and 10% FBS. The
McCoy’s medium contains 3 g/1 (18.3 mM) glucose, the stan-
dard and normal glucose concentration for optimal HT29 cell
growth in culture. HT29 cells were maintained at 37°C in 5%
CO, humidified incubator. Unless otherwise stated, confluent
cells in T75 flasks were harvested and were seeded at the
specified densities the day before, and on the day of the ex-
periment, media were replaced by serum-free DMEM to
avoid serum antioxidant effects. Cells were incubated for
different periods of time with MQ at final concentrations of
50 or 200 uM without significant cell death. Glucose effects
were examined using medium concentrations of 3, 0.75, or
0.2g/1, which corresponded to 18.3, 4.6, or 1.2mM, respec-
tively. Glucose uptake measurements demonstrated that cell-
associated glucose levels were equivalent to these medium
glucose concentrations (data not shown).

Extraction and assay of total oxidized and reduced pyri-
dine nucleotides. Cellular NAD", NADP', NADH, and
NADPH were determined in cell lysates prepared by a single
extraction procedure (37). HT29 cells (5%10°) in DMEM con-
taining 1.2 or 18.3 mM glucose were exposed to 50 or 200 uM
MQ for 30 or 60 min. Thereafter, cells were washed in phosphate-
buffered saline and scrapped into extraction buffer containing
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20 mM NaHCO;, 100 mM Nay,COs, and 10 mM nicotinamide.
The cells were quickly frozen in liquid nitrogen and thawed in
at 37°C. Cell extracts were centrifuged (12,000 g, 4°C) and
divided into two aliquots. Total contents of NADH plus
NAD" and NADPH plus NADP" were determined in the first
aliquots by specific enzyme cycling assays (24, 41). The second
aliquot was heated at 60°C, 30 min in the dark to selectively
decompose NAD' and NADP™ followed by NADH and
NADPH determination (24, 41). Concentrations of NAD" and
NADP" were represented by the difference between the
values of the heated and unheated samples. The final con-
centrations were calculated based on reaction velocities of
known standards. All measurements were performed in the
dark within 1h after preparation of cell extracts.

Determination of cytosolic and mitochondrial pyridine
nucleotides

Cell incubations and digitonin fractionation. HT29 cells
(1x107cells/ml) were suspended in round-bottom flasks in
Krebs-Henseleit-bicarbonate buffer, pH 7.4, containing 1.2 or
18.3 mM glucose (9). After 30 min equilibration at 37°C, cells
were treated with 50 or 200 uM MQ. At designated times,
500 ul aliquots (5x10° cells) were sampled for digitonin frac-
tionation (2) in the presence of 0.2 M KCN to stabilize the
pyridine nucleotides as nicotinamide-cyanide derivatives
(17). Separation of cytosolic and mitochondrial fractions was
performed in 1.5ml microfuge tubes containing, from the
bottom, 100 ul 10% glycerol-KCN, 500 pl silicone oil-mineral
oil mixture (4/1, v/v), and 100 ul 1.2 mg/ml digitonin solution
(2). Cell aliquots were rapidly mixed with the digitonin layer
and centrifuged for 3min at 14,000 g. The supernatants (cy-
tosolic fractions) were mixed 1-to-1, and the bottom mito-
chondrial layers were diluted 1-to-3 with 0.2 M KCN.
Nicotinamide-cyanide derivatives were quantified by high-
performance liquid chromatography (HPLC) (17).

HPLC analyses. Samples were further derivatized on ice
(5min) with 0.2 M KCN buffer containing 0.06 M KOH and
1mM bathophenanthroline-disulfonic acid. Mitochondrial
samples were extracted with chloroform, and DNA was re-
moved in the lipid-free extracts by centrifugal filtration at
14,000 ¢ (Amicon Ultra filters; Millipore Corporation). The
filtrates were mixed with 0.2 M ammonium acetate/4%(v:v)
MeOH, pH 6.0, and the derivatives were separated on a re-
versed-phase C18 column (250x4.6mm) and detected at
328nm (Gilson 118 UV/Vis detector). Pyridine nucleotide
levels were quantified by comparison to standards. Mi-
tochondrial samples were analyzed immediately after deriv-
atization due to nucleotide decay upon storage, whereas more
stable cytosolic nucleotides were frozen in liquid nitrogen for
next-day analyses. HPLC determination of GSH and GSSG
levels in cytosolic and mitochondrial fractions were as pre-
viously described (9, 29).

ATP determination. Cellular ATP contents were deter-
mined using a luciferin/luciferase bioluminescence Promega
kit according to the manufacturer’s protocol. HT29 cells
(1x10* were seeded in 96-well plates. The next day, the media
were replaced by FBS-free DMEM containing different glucose
concentrations, and the cells were exposed to 50 or 200 M MQ
for 30 min; in time course experiments MQ treatment was for
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0-60min. Mitochondria- and glycolysis-derived ATP were
determined in the presence of antimycin A (2uM) and
2-deoxyglucose (2DG), respectively. Molar ratios of 2.5-to-1 of
2DG-to-glucose were used. At designated times, incubation
media were removed and equal volumes of lysis buffer con-
taining the luciferase reagent were added to cell monolayers.
After 20 min of incubation, luminescence signals proportional
to ATP concentrations were quantified using a BMG-Fluostar
Optima plate reader. Six-to-eight replicates were conducted
for four to six separate cell preparations. ATP contents are
expressed as percent relative to controls (100%).

Preparation of cell extracts and assay of enzyme activities
and lactate levels. After 30min of MQ treatment, cells
(5%10°) were harvested and resuspended in homogenization
buffer (20mM Hepes, pH 7.4; 0.25 M sucrose; and 1mM
ethylenediaminetetraacetic acid and protease inhibitors) and
frozen in liquid nitrogen. Samples were thawed, sonicated,
and subjected to a 250 g (10min) followed by a 20,000 g
(30min) centrifugation step at 4°C to obtain cytosolic frac-
tions. Mitochondrial pellets collected at this centrifugation
step were taken into 100 ul homogenization buffer. Extracts
were used on the same day or stored at —80°C for enzyme
assays. Activities of cytosolic enzymes—NADP"*-linked ME,
NADP*-linked ICDH, and G6PDH as well as mitochondrial
NAD"- and NADP"-dependent ICDH—were determined
spectrophotometrically by enzyme-coupled assays (3, 10, 27).
NADK activity was determined in a two-step procedure (26),
and kinase activity is expressed as enzyme units; one unit is
the amount of enzyme generating 1umol of NADP" per
minute at 30°C. Intact mitochondria prepared from ~30x10°
cells (15) were used for NNT assay. The transhydrogenase
activity, assayed as reduction of oxidized 3-acetylpyridine
adenine nucleotide by NADPH at 375-400nm, was per-
formed using dual-wavelength spectrophotometry (30). Cy-
tosolic lactate levels were determined by an enzyme-coupled
assay using dual-wavelength spectrophotometry (21).

Oxygen dependence of oxidation—reduction of pyridine
nucleotides. HT29cells (5x10°/ml) were suspended in
modified Gey’s buffer containing 0, 1.2, 4.6, or 18.3 mM glu-
cose and treated with 50 uM MQ. Whenever present, gluta-
mate and succinate were at 10 mM and Dicumarol at 0.1 uM
final concentrations. Oxidation-reduction of mitochondrial
pyridine nucleotides was performed by dual-wavelength
spectrophotometry in an AMINCO DW-2000 spectropho-
tometer (4). Briefly, cells in 5-ml buffer were kept in suspen-
sion by gentle stirring. Solution O, was measured using a
Clark-type O, electrode calibrated with respect to air (21% O5)
or 100% O, that was inserted through the cover of the incu-
bation vessel. The gaseous phase of the vessel was purged
with prepurified argon to allow the cells to become anaerobic
transiently, after which known volumes of 21% O, or 100%-
saturated buffer were added using a Hamilton syringe to
obtain the desired O, concentrations in solutions. Changes in
oxidation-reduction of pyridine nucleotides from anaerobic-
to-aerobic transitions were measured at the wavelength pair
340-375nm, and expressed as Ps, values, defined as the O,
concentrations at half maximal oxidation.

Protein assay. Protein was measured using Bio-Rad As-
say kit according to manufacturer’s protocol.
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Statistical analysis. Results are expressed as mean=+
standard error of the mean. Data were analyzed by one-way
analysis of variance statistical analysis with Bonferroni’s post-
test for multiple comparisons. p < 0.05 was considered sta-
tistically significant.

Results

MQ disrupts pyridine nucleotide status
that is exacerbated by low glucose

The time course of MQ effect on cellular pyridine nucleo-
tides in the presence of 18.3 mM glucose is illustrated in Figure
2A.MQ at 50 and 200 uM equally decreased cellular NADH at
30 and 60 min, whereas significant decreases in NADPH oc-
curred only at 200 uM MQ at 60 min. NAD™" contents were
unaffected at 50 M MQ at all times, but were significantly
lower at 200 uM at 60 min. Cellular NADP" levels were es-
sentially unchanged, although there was a trend toward an
increase at 200 uM at 60 min. Figure 2B shows that at 30 min,
MQ decreased cytosolic NADY; at 200 uM MQ NAD™ levels
were down by 85% (solid bars, panel a). Interestingly, MQ
was without effect on mitochondrial NAD™ regardless of dose
(panel c). In contrast, mitochondrial NADH levels were dose-
dependently sensitive to MQ treatment (panel c), whereas
cytosolic NADH, which was ~3% of mitochondrial values,
remained low without or with MQ exposure (panel a). In
comparison, MQ elicited similar dose-dependent decreases
in cytosolic and mitochondrial NADPH and increases
in NADP™ levels (panels b and d). However, the quantitative
shifts in NADPH and NADP" were consistently greater in the
cytosol.

Since glucose is a major contributor to the maintenance
of NADH and NADPH homeostasis, we examined the impact
of low glucose (1.2mM). Figure 3A shows that under low-
glucose conditions, 50 uM MQ elicited significant decreases in
cellular NADH that were similar to those at 18.3 mM glucose;
however, NADH decreases were exaggerated at 200 uM MQ
(15% of basal levels at 30 and 60 min). While NAD™ levels
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were minimally altered by 50 uM MQ, significant loss of
NAD" occurred with 200 uM at both times. The most dra-
matic changes were seen in NADPH levels that were essen-
tially depleted by 60 min, regardless of MQ dose. Concurrent
with MQ-induced NADPH decreases were time-dependent
increases in NADP" levels. Figure 3B shows that MQ-induced
decreased NAD" and NADPH, and increased NADP™" in
the cytosol was highly exaggerated. Notably, NAD"™ and
NADPH decreases at 1.2 mM glucose were achieved at 50 uM
MQ (panels a and b). In the mitochondria, MQ elicited sig-
nificant decreases in NADH and NADPH levels that were
paralleled by increases in NADP* (Fig. 3B, panels c and d),
responses that were exacerbated as compared to 18.3mM
glucose. In contrast to a relatively stable mitochondrial NAD™
pool in the presence of glucose abundance (Fig. 2B), MQ in-
duced a fall in mitochondrial NAD™ at low glucose, achieving
statistical significance at 200 uM MQ (Fig. 3B, panel c). It is
notable that, in the absence of MQ stress, cells in 1.2mM
glucose (Fig. 3B) exhibited lower baseline levels of cytosolic
NADPH and mitochondrial NADH, but higher contents of
mitochondrial NADPH than cells in normal glucose (Fig. 2B);
this indicates that decreased glucose availability per se is a
limiting factor in the metabolic production of cytosolic
NADPH and mitochondrial NADH.

MQ stimulates activities of cytosolic
and mitochondrial NADPH-generating enzymes

The cellular sources of NADPH include NADP*-linked de-
hydrogenases, mitochondria-associated pyridine nucleotide
transhydrogenase, and the pentose phosphate pathway (PPP),
a quantitatively significant supplier of cytosolic NADPH (3, 18,
32). Given that MQ metabolism is associated with increased
demand for NADPH (Fig. 1), activities of various NADPH-
generating systems were determined (Table 1). The results
show that the most notable change was the increase in NADK
activity that occurred at both MQ doses and at all glucose lev-
els; this increase in kinase activity is consistent with elevating

FIG. 2. MQ-induced changes in
NADH/NAD" and NADPH/NADP*
contents in HT29 cells under normal
glucose conditions. (A) Time
course of pyridine nucleotide
changes. Cells (5x10°) were treated
0 with 50 or 200 uM MQ for 30 and
60min in 3g/1 glucose. At desig-
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dards. Results are mean -+ SEM for

5 cell preparations. *p < 0.05 versus untreated controls (zero time); *p < 0.05 versus 50 uM MQ. (B) Changes in cytosolic (a, b)
and mitochondrial (¢, d NADH/NAD" and NADPH/NADP™. Cells (5x10°) were incubated with 50 or 200 xuM MQ in 3 g/1
(18.3 mM) glucose for 30 min. At the end of the incubation, cytosolic and mitochondrial fractions were prepared by digitonin
fractionation as described in the Methods section. KCN (0.2 M) was added to stabilize the pyridine nucleotides as nicotin-
amide-cyanide derivatives, which were separated by high-performance liquid chromatography. Nucleotide contents were
quantified by comparison to authentic standards derivatized in the same manner. Results are expressed as nmol per 5x10°
cells and are mean & SEM for four cell preparations. *p < 0.05 versus untreated controls. SEM, standard error of the mean.
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NADK activity itself was attenuated with decreasing glucose.
The activity of G6PDH was significantly elevated at 200 uM
MQ, whereas cytosolic NADP*-linked ICDH and ME were
minimally altered from untreated controls. Neither mitochon-
drial NAD" or NADP"-dependent ICDH activities were much
affected by MQ or glucose status although there was a trend
toward higher activities of NAD*-ICDH with decreasing glu-
cose. In comparison, NNT activity increased at both MQ doses,
achieving significance at 200 uM MQ at low glucose. These
results suggest that NNT-mediated NADH-to-NADPH trans-
hydrogenation and the pentose phosphate shunt were impor-
tant pathways in NADPH generation during MQ challenge.

MQ and low glucose disrupts
GSH/GSSG redox status

Since NADPH availability is central to GSH/GSSG homeo-
stasis, the impact of MQ on GSH/GSSG status was studied
under normal and low-glucose conditions. Figure 4A shows
that at 18.3 mM glucose, cytosolic GSH and GSSG levels were
minimally affected at both MQ doses. Similarly, mitochondrial
GSH/GSSG status was unaltered at 50 uM MQ, but 200 uM MQ
induced time-dependent decreases in mitochondrial GSH,
achieving significance as early as 15 min. These GSH decreases
were paralleled by GSSG increases. Thus, even with glucose
abundance, the mitochondrial GSH pool was vulnerable to
high MQ dose, in agreement with our recent findings (8, 9). In
contrast, cytosolic and mitochondrial GSH pools were equally
sensitive to both MQ doses under glucose-limiting conditions
(Fig. 4B). Notably, 200 uM MQ elicited maximal GSH loss and
GSSG increase within 15min, and GSH/GSSG disruption by
50 uM MQ was evident at 30 and 60min. Significantly, the
time- and dose-dependent changes in GSH and GSSG and
their sensitivity to low glycemic status mirrored the changes
in NADPH under similar conditions (Figs. 2 and 3).

MQ and low glucose decreases cellular
ATP levels and increases O, dependence
of oxidation—reduction of pyridine nucleotides

The impact of MQ on cellular bioenergetics was assessed
by changes in ATP contents and mitochondrial respiratory
(oxidation-reduction) activity.

glucose, MQ at 50 or 200 uM induced time-dependent de-
creases in cellular ATP that mirrored the losses of NADH (Fig.
2A). Treatment of control cells with either antimycin A or 2DG
revealed that glycolysis-derived ATP accounted for ~50% of
total cellular ATP contents (Fig. 5B), indicating that these
cancer cells rely heavily on aerobic glycolysis for ATP gen-
eration within the cytosol, consistent with the Warburg effect
(39). Figure 5B (top panel) illustrates the changes in mito-
chondria-derived ATP (antimycin A sensitive). The results
show that glucose-limiting conditions alone (4.6 and 1.2 mM)
induced 15%-20% decreases in baseline mitochondrial ATP
levels, which were further decreased by MQ treatment. In-
terestingly, mitochondrial ATP contents at 18.3 and 4.6 mM
glucose after 50 uM MQ treatment fell to levels of those at
1.2mM, which was unchanged from its baseline value. In
comparison, 200 uM MQ treatment induced >60% loss of
basal ATP at 1.2 mM glucose, whereas ATP values at 18.3 and
4.6 mM glucose remained at 60%-70% of basal values re-
gardless of MQ dose. These results indicate that mitochon-
drial ATP is sensitive to cellular glucose status and that MQ
exacerbates ATP loss at low glucose.

Figure 5B (bottom panel) illustrates the changes in
glycolysis-derived ATP (2DG sensitive) representing cyto-
solic ATP. The results show that cytosolic ATP was increased
~10% by low-glucose conditions alone, a magnitude of
change that mirrored the loss in mitochondrial ATP (panel
a). Cytosolic ATP consistently fell by ~30% under normal
and intermediate glucose conditions regardless of MQ dose.
A similar 30% loss in cytosolic ATP was elicited by 50 uM
MQ at 1.2 mM glucose; however, ATP fell by 80% at 200 uM
MQ, suggesting that glycolytic activity was either inhibited,
or limited by glucose availability. To test this, we measured
cytosolic lactate formation. The results in Figure 5C show the
presence of high basal lactate levels, consistent with aerobic
glycolysis, the Warburg effect. Significantly, lactate forma-
tion at 4.6 and 18.3mM glucose was dose-dependently
increased by MQ, indicating that aerobic glycolysis was
greatly stimulated (2- to 2.5-fold) by MQ stress under con-
ditions of glucose abundance. In contrast, increases in lactate
production were substantially reduced under glucose-
limiting conditions at 1.2mM glucose and high MQ stress
(200 uM) (Fig. 5C).



"PAUTULIIOP JOU ‘PU JRIIPUOYDOITU “OTUT DI[0S0}AD
‘034> ‘aseundorpAysuer) apnrodpPNU aprueunodu ‘INN ‘eseusdorpAyap ayeydsoyd-9 asoon3 ‘HJ90 Pwihzud drpeuwr ‘g ‘@seus3orpAysp 23ennost ‘L] seury VN SIAVN uorpeuswr ‘O
*9s00n[3 /3 ¢ woiy JuaIdJIp AJreonsnels are asoony3 /370 1€ G0°0 >4,
“UORBIUSDOUOD 9S0ON[S DS Je S[OHU0D PIIesjun Woly JUSIIp A[[ednsnels ate 100°0 > dq

600> d,

"ININ 1oy suonjeredoaid sa1y) pue sowkzus [[e 10§ suoreredord
[192 arexredas XIs 10j UeSW dY) JO IOLID PIepUE)S F ULdw are synsay “urajord wrerdinu 1od synurw 1od peonpar apnospnu suruape aurptiAdifjese-¢ jo jowu se passardxa st Ajande NN "D,0¢ 38 uru |
ur , JAQVN jo our T Sunerausd swAzus jo junoure ay St Jiun auo ‘syun ur passaxdxe st Ayande Yy N uejord weidmru 1od synurw 19d peonpord HAVN 10 HAAVN JO yunoure ay se passadxe are
sanIAROR WAZUD [[e “INN PUe MAVN JO uondadxa ayj YA "'SPOYIRIA UL PaqLIdSaP St a1om shesse swkzus pue ‘sajesL] [[o0 jo uoneredard ‘Suonpuod 9s0on(8 JUaIafIp opun O YIMm SUOHeqNOUI [[8D)

(301d S /uruu/Toun)

8¢+ 1°49¢ 8L FL9I¢ GL+998¢ 881 F¢£89¢ 0CcF+601¢ CLF¢€0€9¢ 9 €L+ L15¢ 6VI+1914C ¢CC+6'08¢ +ddVN-HJOI o
(301d Suu/uruu/Toun)

9€F8'1¢ gCF+aIl L0F29 pu pu pu Vy+1vl 0Cc+88 70+8¢ LINN ojru
(301d S /urwu/Tounu)

GELF 1P €CLF v €V F 64¢ 61 F6'1¥€ CYLF.£89€ 6'GCF1°L6¢ 8VI+6'G0¢ 6'¢cl+880¢ 9vCc+e9ce LAVN-HdOI o
(301d S /uruu/Toun)

LLF 595 LEFITY cFor6c €+ 10€es LEFT 97+ 6499 1'CC+999 6'0C+LYL §G+T8g HAd9D 034
(301d S /urwu/Toun)

8'8FG9¢ VF6LC ccF6ee T'€F eLT9E L'TF.89€¢ €C+88'8¢ €+89¢ 6'CFC0¢ 6'CF£L89C LdAVN-GIN 034
(301d Suu/urwu/Tounu)

€Y+ 199 8'CF,6'89 €F,6975 SFLSSL 6'€FSLT8 8'9F 88'C8 CFTIL 6CTF69L 8'¢F99'8L +dAVN-HADI 0145
(101d Suwr/urw/n)

G0'0F q¢8°0 90'0F 950 S00F59%°0 80°0F 94T T0OF qL91 S0'0F 860 G0°0F6C'1 80°0F 9¢'1 LOOFTT MAVN 034>

00¢ 0s 0 00¢ 0s 0 00¢ 0s 0 sauihizua 4vjnjjaD)

() DN +2s00m18 UL T'T

(INT) O + 2s00m18 INuL [°9

(W) O + as00m18 Nut €8T

SNOILVILNAONOD) dS00NTY) SNOIAVA JdAN[) SHSVNAIOAAAHA]
ADINTT-HIVHJISOHJ HALLOATONNI(] ANINHAY HATINVNILODIN A4dZIAIX() ANV ADINIT-HALLOATONNI(] ANINIAY
HAIWNVNILODIN ddZIAIX()-OITOSOLAD) ANV TVIIANOHOOLIJA AT 40 SHILIALLDY NO 1D0H4ddH ANOIAVNHJN ‘T 314V ],

2156



PYRIDINE NUCLEOTIDES DURING OXIDATIVE CHALLENGE

GSSG

A GSH

40
6 A Untreated
O 50uM MQ

L @200uM M
20 | 8 SANE

Cytosol
nmol/mg prot

Mitochondria
nmol/mg prot

0 30 60 0 30 60
Time, min Time, min
B GSH GSSG
40
6 -

Cytosol
nmol/mg prot

Mitochondria
nmol/mg prot

* *

0 30 60 0 30 60
Time, min Time, min

FIG. 4. Time course of changes in cytosolic and mito-
chondrial GSH and GSSG levels in HT29 cells exposed to
MQ under normal glucose conditions (A) and low-glucose
conditions (B). Cells (1><107/ml) were incubated with 50 or
200 uM MQ in buffer containing either 18.3mM or 1.2mM
glucose for different times. Cytosolic and mitochondrial
fractions were prepared by digitonin fractionation as
described in Methods. GSH and GSSG levels were measured
by high-performance liquid chromatography as previously
described (9) and expressed as nmol/mg protein. Results are
mean +SEM for three cell preparations. *p <0.05 versus
untreated controls; #p<0.05 versus 200 uM MQ. GSH, glu-
tathione; GSSG, glutathione disulfide.

Oxidation—reduction of cellular pyridine nucleotides. The
integrity of the mitochondrial respiratory activity was evalu-
ated by examining the O, dependence of oxidation—reduction
of pyridine nucleotides (NAD"/NADH). Mitochondrial
NADH levels were at least 30-fold higher than cytosolic
NADH (Figs. 2B and 3B), and cytosolic NADH was depleted
due to MQ-induced increase in cytosolic lactate (Fig. 5C);
thus, the O, dependence reflected oxidation of mitochondrial
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reducing equivalents. Figure 6A illustrates the O, depen-
dence under different glucose conditions. At normal glucose,
the Psy was 0.4 uM O,. Treatment with 50 uM MQ induced a
right shift in the O, dependence and ~2-fold increase in Ps
(0.7 uM O,). Significantly, the O, dependence at 1.2 mM glu-
cose was shifted to the far right with a Ps, value of 11.5 uM O,.
Interestingly, cells at intermediate glucose (4.6 mM) elicited
an unique O, dependence response that resembled cells in
18.3 mM glucose between O, concentrations of 0.1 and 1 uM,
and cells in 1.2 mM glucose between O, concentrations of 10
and 40 uM O, with an inflection phase between 1 and 10 uM
O,. These results are consistent with the notion that the in-
crease in P5( value was consequent to enhanced O, utilization
by MQ-SQ" redox cycling, a scenario that was exaggerated
under glucose-limiting conditions. The results in Figure 6B
confirmed that MQ-induced O, consumption at saturating
[Os] and [O,] at P5q values were, indeed, significantly higher
at 1.2 and 4.6 mM glucose than at normal glucose (18.3 mM).
Since MQ metabolism and O, dependence of pyridine nu-
cleotides were sensitive to glucose status, we examined
whether the addition of succinate or glutamate as alternate
fuel for mitochondrial respiration could spare glucose and
thereby alter the O, dependence profile at decreased (4.6 mM)
glucose. Figure 6C shows that exogenous glutamate or suc-
cinate addition shifted the O, dependence responses to the left
of that of glucose alone; the resultant respective Ps, values of
1.2uM O, and 1.9 uM O, were down from 4.8 uM O,. These
results support our reasoning that by providing alternate
substrates for the mitochondria, glucose may be spared for the
generation of NADPH in MQ detoxication, thereby decreas-
ing MQ-SQ° cycling and preventing excessive O, consump-
tion not associated with mitochondrial respiration. To
confirm that HQ formation was the major cytosolic MQ de-
toxication pathway, cells in normal glucose were pretreated
with dicumarol, an inhibitor of DT diaphorase that catalyzes
2-electron reduction of MQ to HQ (Fig. 1). The results show
that dicumarol significantly shifted the O, dependence to the
far right (Pso of 8.9 uM O,, Fig. 6D), a response that was similar
in magnitude to cells in 1.2mM glucose (Fig. 6A). Thus, at-
tenuating MQ detoxication either through DT diaphorase
inhibition or through limiting glucose for NADPH generation
would increase MQ availability and favor MQ-SQ" cycling.

Discussion

The current study demonstrated that MQ, a redox cycling
quinone, significantly disrupted cellular pyridine nucleotide
redox status in HT29 colonic epithelial cells. Loss of pyridine
nucleotide homeostasis occurred in conjunction with com-
promised cellular bioenergetics and mitochondrial respira-
tory activity as well as with decreased NADPH-dependent
reducing capacity and GSH/GSSG redox imbalance. Taken
together, our data are consistent with an overall sacrifice of
the NAD* and NADH pools and mitochondrial oxidation—
reduction activity in favor of NADPH generation and MQ
elimination, a scenario that was highly exaggerated under
glucose-limiting conditions (Fig. 7). The exaggerated re-
sponses at low-glucose states underscore a central role for
glucose in cellular ATP and pyridine nucleotide homeostasis
and mitochondrial functional integrity.

Quinone-induced NAD(H)-to-NADP(H) interconversion
has been documented in hepatocytes (34) and in nonmammalian
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FIG. 5. MQe-induced changes in
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of 2DG, namely, 3, 11.5, and 45.8 mM were 2.5xhigher than the respective glucose concentrations. Results are mean + SEM
for n =6 for 18.3mM glucose, and 1 =4 each for 4.6 and 1.2mM glucose. *p < 0.05 versus untreated control; *p < 0.05 versus
50 uM MQ. (C) Cytosolic lactate in cells treated with 50 and 200 uM MQ at various glucose concentrations. Results are
expressed as pmol/mg protein and are mean -+ SEM for three cell preparations. *p < 0.05 versus untreated control.

cells (31). Our results show that in HT29 cells, NADPH de-
creases concurrent with NADP™ increases, and NAD™ loss
within the cytosol is consistent with increased NAD"-to-
NADP* conversion and enhanced NADPH consumption.
Parallel NADH decreases in the face of NADPH loss and
NADP" increase within the mitochondria is consistent with
NADH-to-NADPH conversion and increased NADPH utili-
zation. The finding that decreases in cytosolic and mito-
chondrial NADPH occurred despite increases in NADP* and
stimulation of NADPH-generating enzymes suggests that the
consumption of NADPH far exceeded that of NADPH
availability for MQ metabolism. Cellular NADPH supply rate
is likely to reach critically low levels even at mild MQ stress
under reduced glucose conditions. We previously demon-
strated that the supply of NADPH was rate-limiting for the
reduction of tert-butylhydroperoxide in isolated enterocytes
(3). Interestingly, in isolated hepatocytes, steady-state
NADPH levels increased after treatment with similar MQ
doses (100-200 uM), indicating that liver cells exhibited a high
capacity for NADPH generation during oxidative challenge
(32, 33), consistent with a large hepatocellular glucose reserve.
Thus, at a given oxidant load, the liver may be better able to
withstand against oxidative tissue damage than the colon.
The disruption of pyridine nucleotide homeostasis and
altered glucose status were associated with impairment of
cytosolic and mitochondrial bioenergetics. Cellular ATP los-
ses were attributed to decreases in both glycolysis-derived
and mitochondrial ATP. MQ-induced decrease in ATP has
previously been reported (34, 35) in conjunction with gluta-
thione depletion (9, 28), protein oxidation (9, 23), and Ca?*
perturbations (12). The finding that aerobic glycolysis was

stimulated by MQ (Fig. 5C) suggests that the Warburg effect
will be prominent in cellular ATP homeostasis during oxi-
dative challenge and compromised mitochondrial function in
colon cancer cells. Our result that the magnitude of MQ-in-
duced lactate formation was attenuated at low glucose sug-
gests that decreased aerobic glycolysis under conditions of
MQ stress and reduced glucose was the result of limited
substrate flux through the pathway rather than an intrinsic
effect of MQ on glycolysis.

Interestingly, a stable mitochondrial NAD" pool was
maintained in normal glucose despite significant losses in
mitochondrial NADH and ATP levels. The preservation of
mitochondrial NAD"' was reportedly critical to liver cell
survival (28, 35). The significant loss of the NAD™ pool in
low glucose is notable. Our results are consistent with the
view that different NADPH-generating pathways were
responsible for the supply of reducing equivalents for MQ
metabolism in normal and low-glucose states. Low-glucose
flux decreased NADPH generation from the PPP under
limiting glucose conditions. Hence, NADPH supply was
derived from low yielding sources such as NAD"/NADH
pools and dehydrogenases that were inadequate for full
reduction of MQ to HQ. Incomplete MQ reduction generated
SQ°, which redox cycles readily to regenerate MQ, a process
that consumed O, excessively (Fig. 1), independent of mi-
tochondrial respiration. The findings of stimulated NNT
and NADK activities (Table 1), elevated MQ-induced O,
consumption (Fig. 6B), and increased Psy of O, depen-
dence (Fig. 6A) are consistent with this scenario. In con-
trast, full MQ-to-HQ metabolism was met by a nonlimiting
NADPH supply from the PPP, quantitatively the major
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for the following conditions: (A) 18.3 mM glucose, n=4; 4.6 mM glucose, n =6; 1.2mM glucose, n=4. The O, dependences
for non-MQ-treated controls at 4.6 and 1.2mM glucose were similar to that of untreated control at 18.3mM glucose (open
circle) (data not shown for simplicity). (C) 18.3 mM glucose, n =4; 4.6 mM glucose, n =6; 1.2 mM glucose plus glutamate or
succinate, n =3 each. The addition of glutamate and succinate in the absence of MQ gave O, dependences that were similar to
those of 18.3 and 4.6 mM glucose without MQ (data not shown for simplicity). (D) 18.3 mM glucose &+ dicumarol, n=6. O,
dependence in presence of dicumarol alone without MQ was not different from 18.3mM glucose without MQ. (B) MQ-
induced increased in O, consumption rates were calculated from the oxidation-reduction tracings of mitochondrial pyridine
nucleotides in cells exposed to 50 uM MQ in buffer containing various glucose concentrations. O, consumption rates were
obtained at conditions of saturating [O,] and at [O,] at half-maximal oxidation (Psy values). Results are expressed as
nmol/min/10° cells and are mean +SEM for six cell preparations. *p < 0.05 versus untreated control; *p < 0.05 versus 50 uM

MQ in normal (18.3 mM) glucose.

cellular NADPH producer under conditions of glucose
abundance (3, 18, 32), and an efficient cytosolic DT-diaph-
orase system (5, 42) (Fig. 1). This scenario is supported by
findings of low MQ-induced O, consumption (Fig. 6B) and
Psy of O, dependence (Fig. 6A), and a Ps, value that was
similar in magnitude to the low-glucose state when DT-
diaphorase was inhibited (Fig. 6D). Based on this interpre-
tation, significant losses in NAD™ would be expected during
glucose deficit (Fig. 3B), but not during glucose abundance
except at high MQ dose (Fig. 2B). The finding that NAD*
loss was greater than accounted for by increases in NADP*
suggests that oxidative activation of other metabolic pro-
cesses, such as polyADP ribosyl polymerase and sirtuin
functions (1, 43, 44), could contribute to additional NAD"
consumption. Direct effects of MQ on sirtuin (Sirt) protein
activation or expression are unknown. Given that MQ in-
duced significant NAD" loss, compromised Sirt-1 and Sirt-3
activities would cause the accumulation of acetylated pro-
teins in the cytosol (and nucleus) and the mitochondria,
respectively.

The unique O, dependence profile elicited in the presence
of intermediate glucose (4.6 mM) reflected the combined in-
fluences of limited [O,] for MQ-SQ" redox cycling at low O,
tension and limited [glucose] at high O, tension for NADPH-

dependent MQ-to-HQ reduction. The transition phase that
occurred between O, tension of 1 and 10 uM represented a
state wherein there existed sufficient [O,] to support MQ-5Q°
cycling but insufficient [glucose] to mediate NADPH-depen-
dent MQ-to-HQ detoxication. In this regard, supplementation
with succinate or glutamate induced left shifts in the O, de-
pendence that resembled the profile under normal glucose.
This means that exogenous supply of mitochondrial sub-
strates can bring about a glucose-sparing effect, and through
increasing glucose availability for NADPH generation and
MQ detoxication, restore mitochondrial O, dependence in
glucose-deficient cells. The finding that the P5; O, dependence
increased >10-fold in low glucose underscores the deleterious
metabolic impact that heightened nonmitochondrial O, uti-
lization, such as redox cycling, can have on mitochondrial
respiratory activity within a cell. Thus, mitochondrial O, de-
pendence can be viewed as a biologically relevant metabolic
sensor of the presence of nonmitochondrial O,-consuming
reactions.

Since the activities of cellular enzymes critical to NADPH
generation were assayed under optimal conditions, it remains
to be determined if the increases in G6PDH, NNT, and NADK
activities reflected intracellular activities. It is also unre-
solved whether enzyme activation was the result of NADPH



2160 CIRCU ET AL.
A Glucose sufficiency B Glucose deficiency FIG. 7. MQ and low glucose dis-
rupt cytosolic and mitochondrial

m m pyridine nucleotides and compro-

mise cellular ATP and NADPH-

| dependent MQ metabolism. (A) In

1 cytosolic NAD* ¥ cytosolic NAD* normal glucose, MQ-induced cyto-

¥ + solic NAD™ loss occurs concur-

T cytosolic NADP* A cytosolic NADP* rently with increased NADP™ pools

| mitochondrial ----- » 4 NADP:’-l production mitochondrial - - ---- | NADPI': production a.nd . enhanced NADPH. gtili.za-
NADH & utiization NADH & NAD* & utilization tion in support'of MQ ehmmatlop

¥ and redox cycling. Decreased mi-

e i tochondrial NADH  alongside

cytosolic NAD'-to-NADP" shift

1 mitochondrial f cytosolic MQ -> t mitochﬂndﬁa[ ‘CY(OSO[IC MQ == contributes to attenuated mito-

MQ redox cycling HQ elimination MQ redox cycling HQ elimination chondrial ATP production. Mi-
Imitochondrial «<— { Py, mitochondrial J Mitochondrial «— 4 Pto mitochondrial tochondrial respiratory activity is
ATP 0O, dependence ATP 0, dependence further compromised by increased
nonmitochondrial O, consumption

1 MQ stress l]actate‘fnrmatlorf maintailned ] MQ st;ess Slo[wled I:c::le Iforr:.at]ir;n 1 cytosolic :thlfgtegei(éfogidlgq%coﬁgs S?e'i},si
(abundant [glucose]) (T aerobic glycolysis)  cytosolic ATP (limiting [glucose]) (} aerabic glycolysis ATP denced by increased CytOSOIiC lac-
tate concentrations) and maintains

cytosolic ATP. (B) MQ-induced
disruption in NADH/NAD™ and

NADPH/NADP" redox status is heightened under low-glucose conditions. In addition, glucose lack limits NADPH gen-
eration and cytosolic MQ elimination. This scenario increases mitochondrial MQ redox cycling potential, which decreases O,
availability for oxidation-reduction activity. A compromised mitochondrial O, dependence coupled to an exaggerated loss of
mitochondrial NADH dramatically decreased mitochondrial ATP. During MQ stress, slowed aerobic glycolysis under lim-

iting glucose conditions results in decreased cytosolic ATP.

depletion, increased oxidative stress, post-translational
modifications, or increased protein amounts. Regardless of
mechanism, the stimulation of NADK was central to NAD -
to-NADP™ conversion and cellular NADPH maintenance.
The regulation of cytosolic human NADK (hNADK) is poorly
understood despite extensive studies in prokaryotes, yeasts,
and plants (25, 26). The kinetic parameters of hNADK, Ky, of
0.5mM for NAD" and 3mM for ATP, are close to physio-
logical concentrations of these substrates (20), suggesting that
substrate variations would alter enzyme activity. NADPH
may be an inhibitor of hNADK in HEK293 cells (26). How-
ever, in contrast to our current findings, neither kinase activity
nor expression was stimulated by H,O, or MQ in these cells,
which suggests that control of NADK may be cell type spe-
cific. It is noteworthy that HEK293 cells exhibited low basal
NADK activity, yet resistant to oxidative stress (26).

In summary, our current study provides the first evidence
linking an oxidative stress-induced acute metabolic impair-
ment to a disrupted pyridine nucleotide redox system in colon
cancer cells. The biological significance of these findings for
other cell types with high NADPH requirement has not been
fully explored. For instance, activation of NADPH oxidase in
neutrophils during oxidative burst imposes a high demand
for cellular NADPH. What this loss of NADPH homeostasis
means for cellular bioenergetics is unclear since neutrophils
exhibit few mitochondria that are restricted to a role in apo-
ptosis rather than to ATP production (22, 38). The delineation
of the relationships among oxidative stress, NADPH utiliza-
tion, and implications for cellular bioenergetics should pro-
vide interesting insights into the link between redox biology
and energy metabolism not only in colonic and inflammatory
cells, but also in a variety of other cell types with high meta-
bolic demands.
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Abbreviations Used

2DG = 2-deoxyglucose
DMEM = Dulbecco’s modified essential medium
DT = DT-diaphorase
FBS = fetal bovine serum
G6PDH = glucose-6-phosphate dehydrogenase
GSH = glutathione
GSSG = glutathione disulfide
HPLC = high-performance liquid
chromatography
HQ =hydroquinone
ICDH =isocitrate dehydrogenase
ME = malic enzyme
MQ = menadione
NADH/NAD™ =reduced and oxidized nicotinamide
adenine dinucleotide
NADK =NAD kinase
NADPH/NADP* = reduced and oxidized nicotinamide
adenine dinucleotide phosphate
NNT = nicotinamide nucleotide
transhydrogenase
PPP = pentose phosphate pathway
SEM = standard error of the mean
SQ° = semiquinone radical




