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Abstract

The regulation of intestinal metabolism of t-butylhydroper-
oxide by glucose was examined in isolated enterocytes from
proximal rat intestine. The basal rate ofhydroperoxide elim-
ination in control cells was 0.57+0.05 nmol/min per 106
cells, and was increased threefold by 10 mM exogenous glu-
cose (1.74±0.14 nmol/min per 106 cells). Concurrently, cel-
lular NADPH levels increased threefold (1.62+0.40 nmol/
10' cells vs 0.57±0.14 nmol/106 cells in controls). The glu-
cose effect was blocked by 6-aminonicotinamide and by 1,3-
bis-(2-chloroethyl)1-nitrosourea, consistent with glucose
stimulation ofNADPH production by the pentose phosphate
shunt, and of NADPH utilization for glutathione disulfide
reduction. The NADPH supply rate was quantified by con-
trolled infusions of diamide, a thiol oxidant. At diamide
infusion of 0.05 nmol/min per 106 cells, GSH and protein
thiols in control cells were decreased significantly, consistent
with a limited capacity for glutathione disulfide reduction.
With glucose, cell GSH and protein thiols were preserved
at a 10-fold higher diamide infusion which was reversed
by 6-aminonicotinamide, supporting the view that glucose
promotes glutathione disulfide reduction by increased
NADPH supply. Collectively, the results demonstrate that
intestinal metabolism of hydroperoxides subscribes to regu-
lation by glucose availability. This responsiveness to glucose
suggests that nutrient availability would be an important
contributing factor in the detoxication of toxic hydroperox-
ides by the small intestine. (J. Clin. Invest. 1994. 94:2426-
2434.) Key words: Intestinal hydroperoxide detoxication .
diamide - glutathione, reduced, redox cycle * pentose phos-
phate shunt - enterocytes * reduced nicotinamide adenine
dinucleotide phosphate and hydroperoxide metabolism

Introduction

Substrate availability is one of several important cellular regula-
tory mechanisms in the control of metabolic pathways. As per-
tains to the metabolism of toxic peroxides, an increase in the
supply of GSH has been shown to promote the metabolism of
hydrogen and organic peroxides and attenuate peroxide-induced
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cytotoxicity in a variety of adult mammalian cells, including
renal proximal tubule cells (1), enterocytes (2), alveolar type
II cells (3), endothelial cells (4), and cultured murine L1210
(5). In recent studies, we found that exogenous GSH supple-
mentation enhances the detoxication of luminal lipid hydroper-
oxides by rat small intestine in vivo (6, 7). Taken together,
these findings suggest that the availability ofGSH would control
the ultimate metabolic fate of hydroperoxides and the vulnera-
bility of the small intestine to oxidant injury.

In the reduction of hydroperoxides, a key step in supplying
GSH to support GSH peroxidase function in the redox cycle is
the regeneration of GSH from glutathione disulfide (GSSG)'
(8, 9, Fig. 1). As illustrated in Fig. 1, the reduction of GSSG
occurs at the expense of reduced NADPH. During high rates of
hydroperoxide metabolism, the increased demand for NADPH
could be rate limited by the pentose phosphate shunt activity
(8-10). This means that the overall efficiency in maintaining
high mucosal GSH for the redox cycle function in the metabo-
lism of hydroperoxides by the small intestine may largely be
govemed by the availability of glucose. These considerations
are important since the small intestinal epithelium is often sub-
jected to high luminal lipid hydroperoxide levels resulting from
dietary consumption of polyunsaturated fats, and to large varia-
tions in luminal and plasma glucose concentrations consequent
to varied dietary carbohydrate intakes.

The objectives of the current study are, therefore, to evaluate
the role of glucose in the intestinal metabolism of hydroperox-
ides, to define the stimulation of hydroperoxide metabolism by
glucose in terms of increased NADPH supply, and to quantify
the NADPH supply rate. To address the objectives, isolated
enterocytes were used as the cell model and t-butylhydroperox-
ide (tBH) as a model peroxide substrate. The results provide
important insights into understanding the relationship between
glucose stimulation of pentose phosphate shunt activity with
enhanced intestinal detoxication of hydroperoxides. More gen-
erally, the study provides evidence for a direct integration of
carbohydrate metabolism with intestinal drug reduction and un-
derscores a potential benefit of nutrient supplementation in the
promotion of peroxide detoxication in the small intestine.

Methods

Enterocyte isolation. Male Sprague Dawley rats weighing between 250
and 300 g were used for enterocyte preparation. Routinely, the animals
have access to water and chow ad lib. In all experiments, intestinal cells
were isolated from fed animals except in studies of nutritional status
on hydroperoxide metabolism (Fig. 3) where cells were also prepared
from 24-h fasted rats. Enterocytes were isolated from the proximal

1. Abbreviations used in this paper: BCNU, bis chloroethyl nitrosourea;
GSSG, glutathione disulfide; 6-AN, 6-amino nicotinamide; t-BH, tert-

butylhydroperoxide.
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Figure 1. Glutathione redox cycle in hydroperoxide metabolism.

intestine according to Masola and Evered (11). Briefly, rats were killed
under halothane anesthesia, and the proximal half of the small intestine
was excised. The intestinal lumen was washed twice with cold 0.9%
saline to remove particulate matter. The lumen was filled with Krebs-
Henseleit buffer, pH 7.4, containing 10 mM DYE and incubated at 370C
for 10 min to remove excess mucus. The lumen was then refilled with
buffer containing 5 mM EGTA and 10 mM DTT, and further incubated
at 37°C for 15 min. Thereafter, the segment was gently massaged to
release the enterocytes, and the intestinal cells were filtered through two
layers of gauze and washed twice with Krebs-Henseleit buffer con-
taining 10 mM DTY and 0.25% BSA. Enterocytes were resuspended in
DYT- and BSA-free buffer to a final cell concentration of 3.5-5 x 106
cells/ml and stored on ice. Cell yield from the proximal intestine of a
rat was typically 7.0 x 107 cells. Cell viability upon isolation was
routinely 85-95% as assessed by the exclusion of 0.1% trypan blue.
Cells kept on ice maintained their viability for at least 2 h, and typically,
the cells were used within 1 h of isolation.

Whenever present, the inhibitors were added to the cell suspensions
on ice at the specified final concentrations as follows: 6-amino nicotin-
amide (6-AN), 0.5 mM; and 1,3-bis-(2-chloroethyl) l-nitrosourea
(BCNU), 50 pM. 6-AN was dissolved in Krebs Henseleit buffer to
give a stock solution of 25 mM and was warmed at 370C to facilitate
solubility of the compound. BCNU was first dissolved in 95% ethanol
and then diluted with buffer to give a stock concentration of 5 mM in
30% ethanol. The final ethanol concentration in the cell incubation was
0.3%.

Cell incubation with t-BH without or with substrates or inhibitors.
During initial characterization of the enterocytes, we found that cells
incubated at 37°C in the absence of substrates or oxidant maintained
their viability for 30 min (the chosen time course of the experiments),
and substantial loss of viability (40%) was not evident until 120 min.
Moreover, we found that at 370C, 6-AN or BCNU alone has no direct
cytotoxic effects on the cells. Enterocytes (3.5-5 x 106 cells/ml) were
incubated in 5-mi or 10-ml rotating round bottom flasks at 37°C as
previously described ( 12, 13). The cells were preincubated for 5 min
before addition of 300 M tBH. During the preincubation time, glucose,
whenever present, was added to the cell suspensions at the specified
concentrations. Cell viability was monitored throughout the incubation
by trypan blue exclusion. At 0, 5, 15, and 30 min, 0.5-ml samples
were transferred to Eppendorf tubes and cells were separated from the
incubation medium by centrifugation in a microfuge. The media were
saved on ice for tBH assay. In some experiments, 0.5 ml of cell suspen-
sions were directly treated with 0.5 M KOH containing 50% (vol/vol)
ethanol and 35% (wt/vol) CsCl, for measurements of cellular NADH
and NADPH contents.

Diamide infusion into enterocvte suspensions. Enterocytes (3.5
x 106 cells/ml) were incubated in rotating round bottom flasks as
described above. Diamide-containing solutions at different concentra-
tions were infused at I ml/h into the cell suspensions using a peristaltic
pump (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) equipped
with 2 mm i.d. tubing as previously described ( 14). The concentrations
of diamide were varied to give infusion rates of 0.02 to 1.0 nmol/ 106
cells/min. Incubations were performed for 0, 2, 5, or 10 min. Initial
experiments show that over the short duration of the incubations, there
was no difference in cell viability at the different diamide doses, and

at the low infusion rate, the maximum dilution of cell suspensions was
3%. At the designated times, 0.5 ml of cell suspension was removed and
the cells were separated from the incubation mixture by centrifugation
through a silicone-mineral oil mixture (6:1, by vol) layer into10% TCA
as described previously (15, 16). The acid supernatants and cell pellets
were assayed for GSH and protein thiols, respectively.

Biochemical assays. Total acid-soluble thiols were measured by the
method of Owens and Belcher (17). To verify that GSH was the major
soluble thiol, GSH was also determined by HPLC (18). Protein thiols
was determined in the TCA-precipitated cell pellets. The pellets were
solubilized in 0.1 M NaOH and thiols were measured colorimetrically
according to ElIman and Lysko (19). Pyridine nucleotides were deter-
mined by HPLC as previously described (20). Due to the instability of
NADPH and NADH, ethanolic cell extracts were kept on ice and were
analyzed within 2-3 h of sample preparation. tBH was determined
spectrophotometrically according to Heath and Tappel (21). tBH was
measured immediately after the end of the 30-min experiment, and
samples kept on ice were stable as verified by standard tBH solutions
processed under identical conditions. Cellular GSH redox enzyme activi-
ties were measured spectrophotometrically by enzyme-coupled assays
for GSH peroxidase (22), GSSG reductase (23), and glucose 6-phos-
phate dehydrogenase (24). Protein was determined according to Brad-
ford (25).

Statistical analvses. Data are expressed as means+SE. Analysis of
variance and Student's t test were used to determine significance of
differences. P < 0.05 was considered as significant.

Materials. 6-AN, D-glucose, diamide, and tBH were purchased from
Sigma Chemical Co., St. Louis, MO. Carmustine (BCNU) was obtained
from the Hospital Pharmacy, LSU Medical Center, Shreveport, LA. All
other chemicals were of reagent grade and were purchased from local
sources.

Results

Effect of glucose and inhibitors on metabolism of t-BH in iso-
lated enterocy tes. To examine the role of glucose on intestinal
metabolism of hydroperoxides, freshly isolated enterocytes
were incubated with tBH, without or with 10 mM glucose. As
shown in Fig. 2, tBH elimination in intestinal cells under basal
conditions was small. The initial rate of tBH elimination was

0.57±0.05 nmol/106 cells per min, and the concentration of
peroxide remaining at 30 min was 60-65% of the added dose
(300 ,M). Addition of 10 mM glucose caused a threefold
increase in tBH elimination (initial rate = 1.74 nmol/106 cells
per min), and by 30 min the amount of tBH remaining in the
incubation medium was negligible (Fig. 2 A). In the presence

of tBH, cell viability at 5 and 15 min incubation was not differ-
ent from the control without oxidant. At 30 min, tBH caused a

7-10% cell killing regardless of the glucose status. These re-

sults show that the catabolism of organic hydroperoxides in
enterocytes is sensitive to exogenous glucose availability and
that the observed glucose effect was not attributable to its cyto-
protection against tBH injury.

A possible explanation of the glucose effect is that glucose
stimulated NADPH production for GSSG reduction (Fig. 1).
To test this suggestion and to determine whether the pentose

phosphate pathway is a major source for NADPH generation,
we incubated cells in the presence of glucose and 6-AN, a

potent inhibitor of glucose 6-phosphate dehydrogenase (26),
the rate-limiting step in the pathway (10, 27). The results in
Fig. 2 B show that 6-AN ameliorated the stimulatory effect of
glucose, supporting the view that exogenous glucose activates
cellular NADPH production by the pentose phosphate shunt.

Glucose Stimu(lates Initestitnal HYdroperoxide Metabolisn 2427
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Figure 2. Glucose-dependent tert-butylhydroperoxide elimination in iso-
lated enterocytes. Enterocytes (3.5 x 106 cells/ml) were incubated for
0-30 min at 370 in the absence or presence of 10 mM glucose. In
incubations with 6-AN (0.5 mM) or BCNU (50 ILM), the cells were

pretreated with the inihibitors for 20 min before the addition of glucose.
The final tBH concentration was 300 jM. At the designated times, the
incubation media were separated from the cells by centrifugation. The
cell-free media were assayed for tBH spectrophotometrically (21). Re-
sults are mean±SE of five cell preparations for control, seven cell prep-

arations for plus glucose alone, and eight cell preparations each for
glucose plus 6-AN or glucose plus BCNU. (A) Time course of tBH
elimination. * P < 0.005 vs control. (B) Initial rate of tBH elimination.
*P < 0.001 vs control; **P < 0.001 vs plus glucose.

To document that the glucose-induced increase in NADPH sup-

ported GSSG reduction, cells were pretreated with BCNU, an

inhibitor of GSSG reductase (28). As shown in Fig. 2 B, BCNU
treatment completely blocked the stimulatory effect of glucose,
consistent with the interpretation that the NADPH generated
from glucose was used to support tBH reduction.

To verify that cellular NADPH levels were, in fact, in-
creased with glucose supplementation, we quantify the NADPH
concentrations in control and glucose-supplemented cells. As

Table L. Effect of Exogenous Glucose on Reduced Pyridine
Nucleotide Concentrations in Isolated Enterocytes

Reduced pyridine nucleotides

Incubation conditions NADPH NADH

n nmol/106 cells

Control (- glucose) 5 0.57±0.05 0.23±0.07
+ 10 mM glucose 7 1.62±0.40* 0.89+0.06*
+ glucose + 300 jiM tBH 4 1.35±0.25* 0.89±0.11*
+ glucose + 0.5 mM 6-AN 3 0.61+0.04 0.88±0.10*

Enterocytes (5 x 106 cells/ml) were incubated for 15 min at 370 in
the absence or presence of glucose, tBH, or 6-AN. Samples (0.5 ml)
were treated directly with 0.5 M KOH containing 50% (vol/vol) ethanol
and 35% (wt/vol) CsC12 for measurements of NADH and NADPH by
HPLC (20). Results are mean±SE. n = number of cell preparations.
* P < 0.005 vs control; * P < 0.005 vs glucose + 6-AN.

shown in Table I, the total reduced pyridine nucleotide pool
in enterocytes was - 0.8 nmol/106 cells, of which 70% was
NADPH. In the presence of glucose, the NADPH and NADH
levels were significantly elevated (three- and fourfold, respec-
tively, Table I), consistent with promotion of the cellular reduc-
tant pool in response to glucose availability. These concentra-
tions remained essentially unchanged in the presence of tBH,
indicating that exogenous glucose can maintain steady-state re-
ductant levels during an oxidant load. The increase in cell
NADPH was ameliorated by 6-AN (Table I), thereby confirm-
ing that the glucose-induced increase in NADPH occurred prin-
cipally by stimulation of the pentose phosphate pathway. The
stimulation of NADPH production with exogenous glucose fur-
ther suggests that the flux of endogenous glucose through the
pentose phosphate shunt is low, consistent with a preferential
oxidation of glucose in aerobic glycolysis.

An enhancement of tBH loss by exogenous glucose impli-
cates a role for nutritional status on hydroperoxide elimination.
To test this suggestion, we compared the rates of tBH loss in
cells isolated from the proximal intestine of fed and 24-h fasted
rats. Fig. 3 shows that the initial rate of tBH elimination in cells
from fasted animals was 50% lower than the rate in fed controls.
The metabolic rate in glucose-depleted cells was significantly
stimulated by exogenous glucose, and to an extent greater than
cells from fed rats (Fig. 3). These results are therefore consis-
tent with a compromised metabolic capacity in the fasted intes-
tine.

To further investigate the intestinal detoxication capacity
for hydroperoxides, we measured cellular activities of the key
enzymes that are central to the function of the GSH redox cycle.
The results in Table II show that the activities of glucose 6-
phosphate dehydrogenase and GSSG reductase were, respec-
tively, 7.1 and 2.8 times lower than the activity of GSH peroxi-
dase. This suggests that the supply of NADPH and its subse-
quent use for GSSG reduction could limit GSH redox cycle
function in hydroperoxide metabolism in enterocytes.

Quantification ofNADPH supply rate by diamide infusion.
To quantify the cellular rate of NADPH supply, we used an
approach that was previously established for hepatocytes ( 14).
Basically, the method involves controlled infusions of diamide,
a thiol oxidant, into cell suspensions and measuring the ability
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Figure 3. Comparison of tBH elimination rate without or with glucose
in isolated enterocytes from fed and fasted rats. Intestinal cells were
isolated from proximal intestine of fed rats or rats fasted for 24 h.
Enterocytes (3.5 x 106 cells/ml) were incubated without or with glucose
as described in Fig. 1. Results are mean±SE of four cell preparations
each for fed and fasted rats. *P < 0.05; *P* < 0.01 vs fed control;
°P < 0.001 vs fasted control.

of the cells to maintain constant GSH. According to Fig. 1,
the NADPH supply rate for hydroperoxide elimination can be
determined by the rate of GSSG reduction to maintain a steady-
state cellular GSH pool. Based on this reasoning, the rate at
which the cell is unable to maintain steady-state GSH levels
will represent the maximal NADPH supply rate, and the diamide
infusion rate at this "break point" is termed the critical infusion
rate (14). Thus, the determination of the critical diamide infu-
sion rates in control and glucose-supplemented cells will pro-
vide reasonable estimates of the NADPH supply rate under
glucose-depleted or glucose-replete conditions.

Infusion of diamide in control cell suspensions caused a
dose- and time-dependent decrease in cell GSH (Fig. 4). Con-
stant cell GSH was maintained at a low diamide infusion of
0.02 nmol/min per 106 cells, but the GSH pool progressively
decrease at higher infusion rates of 0.08 nmol/min per 106
cells or greater. This failure to preserve constant cell GSH with
increasing diamide concentrations indicates that the rate ofGSH
oxidation exceeded that of GSSG reduction. Concurrent with
the decreases in cell GSH with increasing diamide doses were
significant losses in protein thiols (Table III), suggesting that
oxidation of protein sulhydryls occurred in parallel with sub-
stantial oxidation of cell GSH.

The addition of 10 mM glucose resulted in significant pres-
ervation of the cellular GSH pool at diamide doses of 0.02-
0.25 nmol/min per 106 cells (Fig. 5). Substantial loss of GSH
were detectable only at 10 min at infusion rates of 0.5 nmol/
min per 106 cells, and at 5 min and 10 min at diamide infusion
of 1.0 nmol/min per 106 cells (Fig. 5). At the low doses of
diamide (0.02-0.25 nmol/min per 106 cells), protein thiols
were well preserved, and even at higher doses of diamide (0.5-
1.0 nmol/min per 106 cells), the losses of protein thiols were
small as compared to controls (Table III). These results are
consistent with glucose supporting GSH regeneration from
GSSG, thereby maintaining cell GSH and preserving protein
thiol levels.

Enzymes

n nmowlmin per mg protein

GSH peroxidase 6 75.6±8.2
GSSG reductase 6 26.9±2.6
Glucose 6-phosphate dehydrogenase 6 10.6±0.9

Cellular GSH redox cycle enzymes were measured spectrophotometri-
cally by enzyme-coupled assays for GSH peroxidase (22), GSSG reduc-
tase (23), and glucose 6-phosphate dehydrogenase (24). Protein con-
centration per 106 cells was 1.16±0.08 mg. Results are mean±SE.
n = number of preparations.

To verify that the promotion of GSSG reduction occurred
through enhanced supply of NADPH, diamide was infused into
glucose-supplemented cell suspensions treated with 6-AN. The
results show that 6-AN-treated cells were unable to maintain
constant GSH after 5 min at diamide infusion rates between
0.25 and 1.0 nmol/min per 106 cells (Fig. 6). Substantial losses
in protein thiol contents paralleled the decreases in cell GSH
(Table III). Collectively, these results support the interpretation
that the maintenance of cell GSH by glucose occurred via stimu-
lation of NADPH production by the pentose phosphate pathway
for the reduction of GSSG generated from diamide oxidation
of GSH. Furthermore, the correspondence of protein thiol
changes with those of cell GSH indicates a close relationship
between maintenance of cell GSH with preservation of protein
thiol status.

To determine the maximal NADPH supply rate, the data
from Figs. 4-6 at 10 min time was replotted to relate changes
in cell GSH with the different diamide infusion rates. From this
relationship (Fig. 7), we estimated the critical diamide infusion
rate, i.e., the rate at which cell GSH fell. In the absence of added
substrate, the diamide-induced decrease in cell GSH occurred at
an infusion rate of 0.05 nmol/min per 106 cells (Fig. 7). In
cells supplemented with glucose, the critical diamide infusion
rate was 10-fold higher at 0.5 nmol/min per 106 cells (Fig.
7), consistent with glucose stimulation of NADPH supply to
maintain high cell GSH. The addition of glucose to a final
concentration of 20 mM was without additional effects (data not
shown), indicating that maximal reductant supply was achieved
with 10 mM glucose. The shift to a higher critical infusion rate
in the presence of glucose was prevented by 6-AN (Fig. 7),
consistent with an inhibition of glucose use for NADPH produc-
tion.

The impact of glucose on GSH and protein thiols in cells
with elevated GSH contents was evaluated by determining the
responses of GSH-supplemented cells to different diamide loads
without or with added glucose. Cells were preloaded with 1
mM GSH for 20 min at 37°C, and washed once. Under these
conditions, cell GSH levels were 4.0 nmol/ 106 cells. Thereafter,
cells were resuspended in the absence or presence of 10 mM
glucose and were infused with varying doses of diamide as
described above. The relationship of cell GSH with diamide
doses is shown in Fig. 8. The critical diamide infusion rate in
cells supplemented with GSH alone without glucose was similar
to that in control cells (0.05 nmol/min per 106 cells). In com-
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parison, cells supplemented with GSH plus glucose maintained
high cell GSH at all diamide doses with the critical infusion
rate occurring at 1.0 nmol/min per 106 cells (Fig. 8). These
data suggest that, while GSH supplementation increases cell
GSH, this GSH pool will be rapidly depleted under oxidant
stress unless a source for GSSG reduction is made available,
such as by glucose through increased NADPH supply. In con-
trast, protein thiols in GSH-supplemented cells were signifi-
cantly higher than controls at high doses of diamide (0.25-1.0
nmol/min per 106 cells), and were essentially unchanged when
glucose was also present (Table III). Taken together, these
results show that during an oxidant stress, protein thiols are
maintained at the expense of cell GSH and that the preservation
of the protein thiol status can be further sustained by increasing
cellular GSH levels with a combination of exogenous GSH and
glucose supplementation.

-0-0O

-*- 0.02

-A- 0.08
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Figure 4. Diamide-induced depletion of cell GSH
-LI- 0.5 in control cells. Intestinal cells were isolated from

the proximal intestine of fed rats according to (11).

--1.0 Enterocytes (3.5 X 106 cells/ml) were infused with
varying doses of diamide (0.02- 1.0 nm/min per 106
cells) as described in Methods. Cells were separated
from the incubation medium by centrifugation
through a silicone-mineral oil mixture into 10%
TCA as previously described. The acid supematants
were assayed for GSH (18). Results are mean±SE
of four cell preparations. *P < 0.005 and * *P
< 0.05 vs control (without diamide).

Discussion

Our previous studies have shown that the availability of GSH
is a key determinant of the intestinal metabolism of lipid hydro-
peroxides (6, 7). In the current study we provided evidence for
a role of glucose in the elimination of tBH by rat small intestinal
cells. The results show that exogenous glucose supplementation
promoted tBH loss from the incubation medium, consistent with
enhanced hydroperoxide metabolism. Mechanistically, the glu-
cose effect appears to be mediated through stimulation of the
pentose phosphate shunt activity to increase NADPH supply
for GSSG reduction.

Several lines of evidence are consistent with this interpreta-
tion. First, the addition of glucose was directly accompanied by
increases in cell NADPH levels concurrent with increases in
the rate of hydroperoxide elimination. Second, the amelioration

Table III. Effect of Diamide Infusion on Protein Thiol Contents in Isolated Enterocytes

Diamide dose Control Glc Glc + 6AN GSH GSH + Glc

nmolI106 cells per min (4) (5) (5) (4) (4)

0 40.9±3.8 40.8±3.0 40.6±3.6 40.8±1.7 38.5±6.2
0.02 40.0±2.0 39.4±4.5 38.0±2.0 39.0±2.0 36.0±4.0
0.08 28.6±4.5 34.9±2.0 30.6±4.9 35.2±4.3 36.0±2.7
0.25 22.1±3.3 32.0±3.0* 21.0±3.3t 29.0±3.0* 33.0±3.0§
0.5 16.5±3.0 28.4±4.6* 19.0±3.011 27.5±4.6* 32.2±4.6*
1.0 7.8±2.0 25.3±4.6* 13.0±2.0* 23.0±3.0*1 31.0±4.4*

Enterocytes (3.5 x 106 cells/ml) were infused with diamide (0.02-1.0 nmollmin per 106 cells) for 10 min as described in Methods. Cells were
centrifuged through a silicone-mineral oil mixture into 10% TCA and the cell pellets were assayed for protein thiols (19). Results are mean±SE
of the number of preparations in parentheses. * P < 0.005 and * P < 0.005 and § P < 0.01 vs control; 11 P < 0.01 vs Glc; 1p < 0.05 vs GSH
+ Glc. Glc, glucose.
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of the stimulatory effects of glucose by inhibition of either (a)
glucose 6-phosphate dehydrogenase with 6-AN (26) or (b)
GSSG reductase with BCNU (28) is consistent with an en-

hanced glucose flux through the pentose phosphate shunt for
NADPH production and the subsequent use of NADPH by
GSSG reductase-catalyzed regeneration of GSH. Third, a low
cellular glucose 6-phosphate dehydrogenase activity as com-

pared to GSH peroxidase and GSSG reductase suggests a poten-
tial limitation for GSSG reduction at the level of NADPH sup-

ply. Finally, the maintenance of constant cell GSH levels with
glucose during steady-state infusion of a thiol oxidant is consis-
tent with continuous regeneration of GSH from GSSG.

12

Figure 5. Diamide-induced depletion of cell GSH
in glucose-supplemented cells. Intestinal cell isola-
tion and incubations with diamide were as described
in Fig. 4. In these experiments, the incubation me-
dium also contained 10 mM glucose. Results are
mean±SE of five cell preparations. *P < 0.005
and * *P < 0.05 vs control (without diamide).

The finding that the endogenous rate of tBH elimination
was low and that this rate increased markedly with exogenous
glucose suggests that mucosal detoxication of hydroperoxides
would subscribe to regulation by the luminal glucose concentra-
tion. Our results on fed and fasted animals are consistent with
a reliance of the cellular glucose status on the nutritional state
of the animal. In hepatocytes, the basal rate of tBH eliminiation
is high (29, 30), and this hepatic rate is minimally affected
by exogenous glucose (14). The difference in responses to
exogenous glucose between enterocytes and hepatocytes may
be explained by the fact that the liver has an intracellular glucose
source, namely glycogen. Hence, the control of substrate supply

Diamide infusion
nmol/min/106 cells

<- O
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-A- 0.08
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-U- 1.0

4 8 12
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Figure 6. Diamide-induced depletion of cell GSH
in 6-AN-treated cells. Intestinal cell isolation and
incubations with diamide were performed as de-
scribed in Fig. 4. In these experiments, cells were
pretreated with 6-AN for 20 min before addition of
10 mM glucose. Results are mean±SE of five cell
preparations. *P < 0.005 and * *P < 0.05 vs con-
trol (without diamide).
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Figure 7. Dependence of cell GSH on dia-
mide infusion rates. The data at 10 min time
point from Figs. 4-6 were plotted to express
cell GSH concentrations as a function of dia-
mide infusion rates. In control (-Glc) and
Glc plus 6-AN-treated cells, GSH was sig-
nificantly decreased by diamide at 0.08-1.0
nmol/106 cells per min (P < 0.05). In the
presence of glucose, cell GSH was signifi-
cantly lower at 0.5 and 1.0 nmol/106 cells
per min diamide (P < 0.05). For compari-
sons of control (-Glc) vs Glc, *P < 0.005
and * *P < 0.05. For comparisons of Glc vs
Glc + 6AN, +P < 0.005 and ++P < 0.05.
Glc, glucose.

in liver and intestine could determine organ-specific regulation
of hydroperoxide detoxication.

It is significant that increased glucose supply supports con-
stant steady-state levels of GSH at increasing oxidant loads
since the maintenance of cell GSH sustains the function of the
GSH redox cycle to facilitate the rapid and efficient removal
of toxic peroxides (9, Fig. 1). In addition, the preservation of
a constant GSH pool prevents oxidant-induced oxidation of
protein thiols during oxidative stress. This latter interpretation
is consistent with our observations that (a) oxidation of protein
thiols occurred at the expense of cell GSH, and (b) supplemen-
tation of glucose-replete cells with exogenous GSH better main-
tains cell GSH at high oxidant doses and thereby maintains
the protein thiol status. The preservation of homeostatic thiol/
disulfide status of proteins is critical to the cellular function of

many enzymes whose activities are dependent on critical thiol
groups for catalysis (8).

In previous studies, Tribble and Jones have extensively char-
acterized the diamide-induced GSH redox cycle model for esti-
mating NADPH supply rate in isolated hepatocytes ( 14). In the
current study, the rate ofNADPH supply in isolated enterocytes
can similarly be estimated using this approach. The method
relies on the simple principle that, in the presence of a steady-
state oxidant load, constant cell GSH levels can be maintained
if the rate of GSH oxidation by the oxidant is matched by the
rate of GSSG reduction by NADPH. Thus, at the point where
GSH oxidation exceeds GSSG reduction, maximal supply of
NADPH is reached. Experimentally this critical point is reached
when cell GSH falls in response to an oxidant load. Our results
show that the maximal NADPH supply rate in the absence of

TT __O- T *

I +

0 T
I.

I

0.13

T *

T

T

'9
"I

-0- -Gic

-U- -GIc+GSH

-EI- +GIc+GSH

0.26 0.50 1.00

Diamide, nmol/min/106 cells

Figure 8. Dependence of cell GSH on dia-
mide infusion rates: effect of GSH without
or with glucose. Intestinal cells were pre-
pared from fed rats as described ( 11). En-
terocytes (3.5 x 106 cells/ml) were preincu-
bated with 1 mM GSH for 20 min at 37°C.
Cells were washed and resuspended in GSH-
free buffer without or with 10 mM glucose.
Diamide infusions were performed as de-
scribed in Methods. GSH was assayed as de-
scribed (18), and the values were expressed
as a function of diamide infusion rates. Re-
sults are mean±SE of four cell preparations.
In control (-Glc) and GSH-treated cells,
GSH was significantly decreased by diamide
at 0.08-1.0 nmol/106 cells per min (P
< 0.05). In the presence of GSH plus glu-
cose, cell GSH was significantly lower at 1.0
nmol/106 cells per min diamide (P < 0.05).
For comparisons of control (-Glc) vs Glc
+ GSH, *P < 0.005. For comparisons of
GSH vs Glc + GSH, +P < 0.005.
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substrates (0.05 nmol/min per 106 cells) is 10-fold lower than
the maximal reducant supply rate achieved with exogenous glu-
cose (0.5-1.0 nmol/min per 106 cells), supporting the view
that NADPH generation is regulated by glucose availability.
Previous estimates of NADPH supply in hepatocytes were in
the range of 5-8 nmol/min per 106 cells (14, 31-34). Thus,
it appears that even at maximum production rate, the availability
of NADPH in intestinal cells for hydroperoxide metabolism
will be 5-10 times lower than in liver, suggesting a severely
compromised capacity of the small intestine for handling high
concentrations of hydroperoxides.

Interestingly, our results show that the basal rate ofNADPH
supply was lower than the rate of tBH removal, in agreement
with the findings in hepatocytes (14). In control cells, the rate
of tBH loss was about 10-fold faster than the rate of reductant
supply. In the presence of glucose, in which NADPH supply
was maximal, the rate of tBH removal was still twofold faster
than reductant supply. This rate difference may be due, in part,
to some inherent imprecision in rate determinations associated
with the current experimental approaches. In this study, we
determined the rate of tBH metabolism by measuring the
amount of hydroperoxide remaining while we estimated
NADPH supply rate from cell GSH loss. Altematively, the
results could also implicate involvement of another reductant
source for hydroperoxide metabolism that is independent of the
function of the GSH redox cycle. Our previous studies with
isolated hepatocytes suggest that NADH could serve as a reduc-
tant source for hydroperoxide metabolism (30). In that study,
we found that lactate promoted the rate of tBH elimination with
concomitant generation of pyruvate (30), consistent with a role
for NADH-catalyzed reduction of hydroperoxide. In the current
study, glucose increased the enterocyte NADH pool by fourfold
(Table I), but, in contrast to hepatocytes, we found that lactate
did not support tBH elimination in enterocytes (Aw, unpub-
lished observations). Thus, while glucose stimulated cellular
NADH concentrations, the increase in this reductant pool was
probably not associated with promotion of intestinal tBH reduc-
tion. It is significant that NADPH accounts for - 50% of the
rate of hydroperoxide elimination, supporting a role for the
intestinal GSH peroxidase/GSSG reductase system in the quan-
titative detoxication of hydroperoxides. However, the possible
involvement of a GSH peroxidase/GSSG reductase-indepen-
dent pathway for intestinal hydroperoxide elimination is intri-
guing, and warrants further investigation.

In summary, we have shown that endogenous hydroperoxide
elimination in intestinal cells is enhanced by exogenous glucose
supplementation. The mechanism of regulation appears to in-
volve glucose-mediated generation of NADPH through in-
creased pentose phosphate shunt activity, use of NADPH in
the maintenance of cell GSH, and promotion of hydroperoxide
elimination. This sensitivity of hydroperoxide reduction to the
nutrient status of enterocytes suggests that reductant supply by
the pentose phosphate shunt may overall be rate limiting for
intestinal hydroperoxide detoxication. The integration of glu-
cose metabolism with peroxide catabolism and the increase of
cell GSH by direct exogenous GSH underscores a potential for
nutrient supplementation in the enhancement of GSH-dependent
detoxication of exogenously supplied or endogenously gener-
ated hydroperoxides by the small intestine. Since oxidative in-
jury to the epithelium has been implicated in the pathogenesis
of various intestinal disorders (35, 36), and hydroperoxides are

known to be cytotoxic and mutagenic (36, 37), the promotion
of cellular GSH-dependent mechanisms could reduce the risk
for development of intestinal pathologies.
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