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Abstract

Wepreviously found that exogenous GSHenhances mucosal
GSHand promotes lipid hydroperoxide metabolism by rat
small intestine (Aw, T. Y., and M. W. Williams. 1992. Am.
J. PhysioL 263:G665-G672). In this study, we have devel-
oped an in vivo bile and lymph fistula rat model to test the
hypothesis that biliary GSHis an important luminal source
of GSH. Peroxidized fish oil was infused into the proximal
intestine, and hydroperoxide accumulation in lumen, mu-
cosa, and lymph was determined. Diversion of bile decreased
mucosal GSHand increased hydroperoxide accumulation
in all fractions. Supplementation with GSH, but not with
GSSG, increased tissue GSHand attenuated hydroperoxide
accumulation (50-60%), consistent with enhancement of
hydroperoxide removal by exogenous GSH. Addition of na-
tive bile deficient in GSH, but not cysteine, cystine, or GSSG,
decreased luminal and lymph hydroperoxide levels by 20-
30%. Amino acid supplementation concurrently attenuated
hydroperoxide recoveries in these fractions by 30-40% and
increased mucosal GSHby 40%, indicating a role for biliary
amino acids in hydroperoxide elimination. The effect of
amino acids was abolished by buthionine sulfoximine, con-
firming their role in GSHbiosynthesis. Collectively, the re-
sults demonstrate that bile is a rich source of reductant for
maintaining mucosal GSHto promote intestinal metabolism
of luminal peroxidized lipids. (J. Cmn. Invest. 1994.94:1218-
1225.) Key words: omega-3 fatty acid hydroperoxides * en-
terohepatic circulation * lymphatic transport of peroxidized
lipids * luminal glutathione * biliary amino acids

Introduction

Previous studies have documented that the uptake of exogenous
GSHfrom the intestinal lumen provides an important means
for enterocytes to enhance their cellular antioxidant pool ( 1-
3). We recently established that the quantitative removal of
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luminal lipid hydroperoxides by rat small intestine is directly
related to the mucosal GSHcontent (4). The enhancement of
mucosal GSHlevels by exogenous GSHsupplementation under
conditions in which cellular GSHstatus is compromised can
restore tissue GSHand promote hydroperoxide metabolism (5).
Taken together, these findings suggest that a constant supply of
luminal GSHwould be an important process in the maintenance
of normal mucosal GSH. Moreover, the bioavailability of lumi-
nal GSHcould ultimately determine the efficiency of mucosal
hydroperoxide elimination and the susceptibility of the intestinal
epithelium to oxidant injury.

Under physiological conditions, luminal GSHcan arise from
GSHpresent in the diet (6, 7) or from GSHexcreted into bile
(8-12). An important question that has not been addressed is
the functional significance of the enterohepatic circulation in
supply of GSHfrom bile to the small intestine and of the physio-
logical relevance of biliary GSHin intestinal GSHhomeostasis
and detoxication of luminal oxidants. Despite lingering uncer-
tainties regarding the mechanism and regulation of hepatic GSH
transport into bile ( 10-14), it is now known that the liver puts
out as much as 50-60% of its total GSHexport into bile (8,
9). In the rat, minimal autoxidation of GSHoccurs during bile
transit (15) and, hence, the GSHconcentration in rat bile is
high (1-2 mM). Thus, this biliary GSHpool can potentially
serve as a rich source of reductant for the metabolism of peroxi-
dized lipids by the small intestine. The objective of the current
study is, therefore, to test this hypothesis and to define a physio-
logical role of biliary GSHin intestinal hydroperoxide elimina-
tion. The approach was to use the conscious bile fistula and
lymph fistula rat to quantify luminal and mucosal recoveries
and to measure directly lymph output of lipid hydroperoxides
after steady state infusions of peroxidized fish-oil solutions. In
previous studies, we have established that these parameters are
accurate indexes of the efficiency of the metabolism of lipid
hydroperoxides by the small intestine (4, 5).

Methods

Animal surgery and postoperative care
Male Sprague-Dawley rats (250-300 g) were used. Surgery was per-
formed in 24-h fasted rats. In control rats, only the lymph duct was
cannulated, whereas in experimental animals (bile fistula [BF]' rats),
both the bile and lymph ducts were cannulated. Under isofluorane anes-
thesia, the major lymph duct above the superior mesenteric artery was
cannulated according to Bollman et al. (16). The hepatic bile duct was
cannulated with a PE-lO tubing and secured with ties. A duodenal tubing
was inserted via the stomach and secured with ties. In some animals,
an additional tubing was secured to the wall of the peritoneal cavity for
purposes of intraperitoneal administration of GSH-depleting agents. Rats
were allowed to recover for 24 h postoperatively in restraining cages
kept in a warm temperature-controlled chamber (30°C). During this
period, the rats were infused with a 5% glucose-saline solution (0.3
Mglucose, 145 mMNaCl, and 4 mMKCl) at a constant rate of 3 ml/
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h to replace fluid and electrolyte loss in lymph and bile. The animals
were comfortably confined but not tightly restrained under these condi-
tions. All animal procedures have been approved by the Institutional
Animal Review Board of the Louisiana State University (LSU) Medical
Center.

Preparation of lipid hydroperoxide infusates
Lipid hydroperoxides were generated by air oxidation of MaxEPA fish
oil for 5 d. Peroxidized fish-oil emulsions were prepared as previously
described (4, 5) by sonicating 78 jimol egg phosphatidyl choline, 80
Amol MaxEPAfish oil, and 570 Amol taurocholate in 30 ml phosphate-
buffered saline, pH 6.4. The amount of lipid hydroperoxides in the
emulsions were typically 5% of the total lipid, and the quantity of
lipids received by each rat was standardized to the actual amount of
hydroperoxide content (1.5 tsmol). GSH, amino acids, and y-glutamyl
glutamate, whenever present, were added to the lipid emulsions before
the infusion at the specified concentrations as follows (mM): 1 GSH,
1 each glycine and glutamate, 0.5 cystine, and 10 y-glutamyl glutamate.

Experimental protocol
Lipid infusions. Control and BF rats were infused with peroxidized fish-
oil emulsions without or with GSH(plus or minus y-glutamyl glutamate
or acivicin) or amino acids at 3 ml/h for 8 h. Before lipid infusion,
some BF animals were pretreated with buthionine sulfoximine (BSO)
or with 1,3-bis(2-chloroethyl l-nitrosourea) (BCNU) as follows: 8
mmol/kg BSO in 0.9% saline was given as a single dose 2 h before
lipid infusion, and 40 mg/kg BCNUin 5% ethanol and diluted with
0.9% saline was administered 14 h before lipid infusion. Acivicin (0.25
mM)was administered at 20 min before lipid infusion and was present
throughout the infusion period. Lymph was collected into precooled
conical centrifuge tubes at every 2-h interval for 0-2, 2-4, 4-6, and
6-8 h during the 8-h steady state intraduodenal infusion period. All
samples were treated with 1% butylhydrotoluene to prevent oxidation.
A 0.5-ml aliquot sample at each time interval was taken for measure-
ments of lipid hydroperoxide. The remainder of the lymph was pooled
and extracted with 3 vol of ether for analyses of the fatty acid hydroper-
oxides by HPLC (see below).

Collection of luminal and tissue samples. Collection was as de-
scribed previously (4, 5). Briefly, at the end of lymph collection, rats
were killed by exsanguination under isofluorane anesthesia. The cecum
and the small intestine were removed and placed on ice. The small
intestine was divided into four equal segments and the luminal contents
of each intestinal and cecal segment were thoroughly eluted with three
washes of 3 ml of 10 mMsodium taurocholate. The intestinal segments
were homogenized, and samples of tissue homogenates and luminal
washings (intestinal and cecal) were taken for GSHand lipid hydroper-
oxide determinations.

Analytical methods
Total hydroperoxides were determined by the thiobarbituric acid assay
as described previously (17). Tissue GSHwas determined by HPLC
(18). The hydroperoxy eicosapentaenoic (EPA) and docosahexaenoic
(DHA) acids, the two major fatty acids of fish oil (19), were analyzed
by HPLC as described below. Separation of different lipid fractions in
lymph was achieved by TLC (20).

HPLCanalyses offatty acid hydroperoxides. Oxidized triglycerides
were digested with pancreatic lipase (21) and purified by TLC (20).
The fatty acid hydroperoxide fraction was extracted by ether, dried
under nitrogen, and dissolved in a mixture of acetonitrile, water, and
tetrahydrofuran (50:40:10, by vol). The different fatty acid hydroperox-
ides were separated on an ultrasphere reversed-phase octyl (C8) column
(4.6 x 250 mm) under isocratic conditions on a liquid chromatograph
system equipped with model SCL-6B system controller and model LC-
6A chromatograph (Shimadzu Scientific Instruments, Inc., Houston,
TX). General operating conditions were as follows: flow rate, 1 ml/
min; running buffer, acetonitrile, water, tetrahydrofuran, and acetic acid
(45%, 45.8%, 9%, and 0.2%, respectively); and temperature, 20°C.
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Figure 1. Distribution of luminal lipid hydroperoxides in different seg-
ments of the small intestine in BF rats: effect of GSH, y-glutamyl
glutamate, and acivicin. Lipid emulsions without GSHor with GSH
and y-glutamyl glutamate or acivicin were infused intraduodenally at
3 mi/h for 8 h. The small intestine was divided into four equal segments
designated as I, to 14. Lipid hydroperoxides in the luminal contents of
the segments and cecum (Cec) were assayed by the thiobarbituric acid
method (17). Results are mean±SE for intact bile duct control (n = 6
rats), bile fistula (BF; n = 6), BF plus 1 mMGSH(n = 7), BF plus
GSHand 10 mMy-glu glu (n = 4), and BF plus GSHand 0.25 mM
acivicin (n = 4). *P < 0.001, and **P < 0.05 in comparison with
control; 'P < 0.001 and 00P < 0.05 in comparison with BF; and +P
< 0.001 and ++P < 0.01 in comparison with BF plus GSH. y-glu glu,
y-glutamyl glutamate; AV, acivicin.

The hydroperoxides were detected at 234 nm and were quantified by
integration of peak areas with respect to standards.

Statistical analysis
Values are expressed as means±SE. Statistical difference between ex-
perimental animals and their respective controls were analyzed using
one-way analysis of variance.

Materials
GSH, y-glutamyl glutamate, acivicin, L-cystine, L-glutamate, L-glycine,
sodium taurocholate, and L-buthionine- [S,R] -sulfoximine (BSO) were
purchased from Sigma Chemical Co. (St. Louis, MO). Carmustine
(BCNU) was obtained from the Hospital Pharmacy, LSUMedical Cen-
ter (Shreveport, LA). Egg phosphatidyl choline was obtained from
Princeton Lipids (Princeton, NJ). Hydroperoxy fatty acid standards
were from Cayman Chemical Co. (Ann Arbor, MI). MaxEPA fish oil
was from Seven Seas Health Care Ltd. (Hull, United Kingdom). All
other chemicals were of reagent grade and were obtained from local
sources.

Results

Effect of biliary GSHdiversion on luminal, tissue, and
lymph accumulation of lipid hydroperoxides
Recovery of luminal hydroperoxides. As shown in Fig. 1, the
luminal recovery of lipid hydroperoxides was higher in distal
than in proximal intestine in control rats (intact bile duct),
consistent with a poorer hydroperoxide absorption by the lower
bowel (4, 5). Bile diversion resulted in significantly higher
accumulation of peroxidized lipids in the proximal segments,
1, and 12, suggesting that intestinal absorption of peroxidized
lipids occurs principally in the proximal intestine and that, in
the absence of bile, this absorption was markedly impaired.

To evaluate whether the reduction in hydroperoxide absorp-
tion was related to the removal of biliary GSHafter bile diver-
sion, we supplemented the lipid infusates with 1 mMGSH, a
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Table L Mucosal Lipid Hydroperoxide Contents In Bile Fistula
Rats: Effect of GSH, y-Glutamyl Glutamate, and Acivicin

Total
Conditions n hydroperoxides

nmiol
Control (intact bile duct) 6 99.1±19.0
Bile fistula 6 263.8±33.9*

+ 1 mMGSH 7 95.8±7.7$
+ GSH+ 10 mMy-glu glu 4 202.2±30.7k
+ GSH+ 0.25 mMacivicin 4 93.0±5.7*

Values are means±SE; n, number of rats. Mucosal hydroperoxide levels
were determined as the thiobarbituric acid-reactive substances (17) in
tissue homogenates. y-glu glu, y-glutamyl glutamate. * P < 0.001 in
comparison with intact bile duct control. * P < 0.001 in comparison
with BF. I P < 0.001 in comparison with BF plus GSH.

concentration that is found in rat bile ( 15 ), and measured lumi-
nal hydroperoxide recovery. The results show that GSHsupple-
mentation significantly attenuated peroxide accumulation in all
segments of the intestine (Fig. 1), consistent with a role for
GSHin hydroperoxide elimination. To determine if the GSH
effect was exerted intracellularly, we inhibited GSHtransport
by y-glutamyl glutamate (4, 5). Under these conditions, lumi-
nal hydroperoxide accumulation was high, essentially the same
as that in the absence of added GSH (Fig. 1), suggesting a
requirement for GSHuptake for its effect. In comparison, inhibi-
tion of y-glutamyl transferase activities by > 95%with acivicin
gave results that were similar to those in the presence of GSH
(Fig. 1). This indicates that the mechanism of action of acivicin
on y-glutamyl transferase differs from that of y-glutamyl gluta-
mate under the current conditions and is consistent with y-
glutamyl glutamate being an inhibitor of intestinal uptake of
GSH. Taken together, these results show that biliary GSHis an
important exogenous GSHsource that can be directly taken up
for use by the intestinal mucosa.

Tissue recovery of lipid hydroperoxides. Table I summarizes
the results on lipid hydroperoxide recovery in the intestinal
mucosa. Tissue hydroperoxide accumulation in BF rats was 2.5-
fold higher than in control animals, consistent with poor muco-
sal metabolism of hydroperoxides in bile-diverted animals. This
increase in mucosal accumulation was attenuated by exogenous
GSH, supporting the view that GSHplay an important role in
the metabolism of tissue hydroperoxides. The GSHeffect was
blocked by y-glutamyl glutamate but was not affected by acivi-
cin, indicating that mucosal peroxide metabolism was enhanced
by GSHtransported from the gut lumen. These results are there-
fore in agreement with the above interpretation that luminal
GSHfrom bile could function to promote intracellular hydroper-
oxide metabolism.

Lymphatic transport of lipid hydroperoxides. As shown in
Fig. 2, lipid hydroperoxide transport into lymph was low under
control conditions, similar to previous observations (4, 5). In
BF rats, the steady state output of hydroperoxide into lymph
(4-8 h) was significantly higher than control, consistent with
an enhanced hydroperoxide output into lymph consequent to a
reduced intracellular metabolism of hydroperoxides in these
animals. Interestingly, during the first 2 h of lipid infusion, the
lymphatic transport of peroxidized lipids was low in BF ani-
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Figure 2. Lymphatic transport of lipid hydroperoxides in BF rats: effect
of GSH, y-glutamyl glutamate, and acivicin. Lipid hydroperoxides were
determined in lymph collected from control and experimental rats at 2-
h intervals over an 8-h steady intraduodenal infusion of peroxidized
fish-oil emulsions. Each data point represents mean±SE for control (n
= 6 rats; 0), bile fistula (BF; n = 6; .), BF plus 1 mMGSH(n = 7;
A), BF plus GSHand 10 mMy-glutamyl glutamate (n = 4; A), and
BF plus GSHplus 0.25 mMacivicin (n = 4; o). Differences were
observed between the following groups: BF vs control at 6-8 h (P
< 0.001); BF plus GSHvs BF at 4 h (P < 0.005) and at 6-8 h (P
< 0.001); BF plus GSHand y-glutamyl glutamate vs BF plus GSHat
4-8 h (P < 0.001); BF plus GSHand acivicin vs BF at 6-8 h (P
< 0.001) and vs BF plus GSHand y-glutamyl glutamate at 6-8 h (P
< 0.05).

mals, which probably reflects the poor absorption of the oxi-
dized lipid (see Fig. 1). GSHsupplementation caused a marked
reduction in hydroperoxide transport into lymph that was re-
versed by y-glutamyl glutamate (Fig. 2). In comparison, sup-
plementation with GSHplus acivicin gave results that were
similar to those with GSHalone (Fig. 2). These results collec-
tively show that mucosal uptake of luminal GSHsupports tissue
hydroperoxide metabolism and attenuates hydroperoxide output
into lymph.

Distribution of fatty acid hydroperoxides in lymph lipid
fractions. To assess the effects of GSHsupplementation on the
metabolic fate of EPAand DHAfatty acid hydroperoxides, we
analyzed their distribution among the various lipid fractions in
lymph. HPLC analyses showed that the oxidation of fish oil
yielded equimolar amounts of hydroperoxy fatty acids of EPA
and DHA as the major oxidation products (22). As shown
in Fig. 3, EPA and DHAhydroperoxides were predominantly
associated with triglycerides (85%) with a smaller fraction as-
sociated with free fatty acids (15%). In control rats, EPA and
DHAhydroperoxide recovery in lymph lipid fractions was low
but in BF rats recovery of the two hydroperoxides was signifi-
cantly increased in the triglyceride fraction with little change
in the free fatty acid fraction. This suggests that the oxidized
fatty acids are mostly reesterified into triglycerides within the
mucosa after their absorption from the lumen. The data in Fig.
3 further revealed that essentially equal amounts of EPA and
DHAhydroperoxides were found in lymph triglycerides, indi-
cating that reesterification of the two fatty acid hydroperoxides
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Figure 3. Effect of GSHon distribution of EPAand DHAhydroperox-
ides in lipid fractions in lymph in BF rats. The triglyceride and free
fatty acid fractions in lymph were separated by TLC ( 19) and the EPA
and DHAhydroperoxides in the respective lipid fractions were analyzed
by HPLCas described in the text. Results are mean±SE for intact bile
duct control (n = 6 rats), bile fistula (BF; n = 6), and BF plus 1 mM
GSH(n = 7). *P < 0.001 in comparison with control; 0P < 0.001 in
comparison with BF. FFA, free fatty acid; TG, triglyceride; E, hydroper-
oxy eicosapentaenoic acid; D, hydroperoxy docosahexaenoic acid.

was similar. GSHsupplementation markedly reduced EPA and
DHAhydroperoxide recovery in lymph triglycerides (Fig. 3),
consistent with an enhanced metabolism of the fatty acid hydro-
peroxides by GSH. The reduction in hydroperoxy DHAwas
notably greater than the decrease in hydroperoxy EPA, sug-
gesting that DHAhydroperoxides may be preferentially metabo-
lized.

Effect of native bile
To examine whether other factors in bile besides GSH also
influence hydroperoxide elimination, we infused BF rats with
peroxidized lipids and native bile that has been essentially de-
pleted of GSHby oxidation (15). The residual concentration
of GSHin GSH-deficient bile ranged from 60 to 100 MM. Under
these conditions, the concentrations of cysteine, cystine, and
(GSSG) were, respectively, 0.19±0.03, 0.23±0.05, and
0.6±0.09 mM. Introduction of GSH-deficient native bile alone
caused a 30% decrease in luminal and a 20% decrease in lym-
phatic hydroperoxide levels (Fig. 4). Supplementing native bile
with GSHsignificantly attenuated hydroperoxide recovery in
the lumen and lymph by 60% and 45%, respectively (Fig. 4),
similar to the results obtained with GSHalone without bile (see
Figs. 1 and 2). Tissue hydroperoxides were reduced by 30%
with bile supplement compared with BF animals (Table II),
whereas the addition of GSHto bile further decreased mucosal
hydroperoxide levels (Table II) to near control values. These
results show that GSHis a major determinant in the promotion
of luminal hydroperoxide removal, but the data also implicate a
role for other biliary components in hydroperoxide elimination.
Given the relatively high concentrations of cysteine, cystine,
and GSSGin native bile (see above), these GSH-related com-
pounds may be important contributors.

Effect of GSHprecursor amino acids and GSSG
To test the above suggestion, BF rats were infused directly with
peroxidized fish oil containing GSHprecursor amino acids or
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Figure 4. Total luminal and lymph accumulation of lipid hydroperoxides
in BF rats: effect of native bile without or with GSH. BF rats were
infused intraduodenally with peroxidized fish oil without or with GSH-
deficient or GSH-sufficient bile. Luminal and lymph lipid hydroperox-
ides were determined according to reference 17. Results are mean±SE
for BF rats (BF; n = 6), and BF rats supplemented with bile (n = 5)
or with bile and 1 mMGSH(n = 6). *P < 0.001 in comparison with
BF; 0P < 0.005 in comparison with BF plus bile. (A) Luminal hydroper-
oxides; (B) lymph hydroperoxides.

GSSG. As shown in Fig. 5, supplementation with amino acid
mixtures of cystine, glutamate, and glycine caused 40% de-
creases in hydroperoxide accumulation in the lumen and lymph
and a 50% reduction in tissue hydroperoxides (Table II). The
attenuation of hydroperoxide accumulation by the amino acid
mixtures in all fractions was abolished by BSO, an inhibitor of
GSHsynthesis (Fig. 5, Table II). This indicates that the amino
acids function to increase the cellular GSHpool via de novo
GSH synthesis. Similar results were obtained when cysteine
was used instead of cystine (data not shown), indicating that
the intestinal mucosa can readily transport and use both cystine
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Table II. Mucosal Lipid Hydroperoxide Contents In Bile Fistula
Rats: Effect of Bile, Amino Acids and GSSG

Conditions n Total hydroperoxides

nmol
Bile fistula 5 247.9±36.0

+ native bile 5 166.7±12.4*
+ bile + 1 mMGSH 6 96.3±5.0**
+ amino acids 4 114.6±13.5*
+ amino acids + BSO 4 247.2±20.5§
+ 0.5 mMGSSG 6 253.5±16.5

Values are means±SE; n, number of rats. Mucosal hydroperoxide con-
tents were determined in tissue homogenates according to reference 17.
The amino acid mixtures consisted of 1 mMglycine, 1 mMglutamate,
and 0.5 mMcystine. * P < 0.001 in comparison with BF. P <
0.001 in comparison with BF plus bile. § P < 0.001 in comparison
with bile plus amino acids.

and cysteine. Overall, these results demonstrate that the entero-
hepatic recirculation of constituent amino acids may be a physi-
ologically important contributor to mucosal GSHsynthesis and
to the promotion of intestinal metabolism of fatty acid hydroper-
oxides.

Interestingly, supplementation of BF rats with GSSGdid
not affect hydroperoxide accumulation in the intestinal lumen
nor the accumulation in lymph, in contrast to a 50-60% de-
crease in peroxide recovery with GSH (Fig. 6). GSSGalso
exerted minimal effects on tissue hydroperoxides (Table II).
On the basis of these results, it appears that luminal GSSGis
relatively ineffective in promoting hydroperoxide removal as
compared with GSHor amino acids. This may be attributed to
a lack of reduction of GSSGto GSHin the intestinal lumen
under these conditions and/or to a poor cellular uptake and use
of GSSGby the intestinal cells.

To compare the effectiveness of GSHand amino acids in
the reduction of lipid hydroperoxides, BF animals were infused
with different peroxide contents (from 1.0 to 5.0 ktmol) and
equimolar concentrations of either GSHor the amino acid mix-
tures under control conditions or under conditions in which
animals were pretreated with BCNUto inhibit mucosal GSSG
reductase activity (55% inhibition; reference 4). In both groups,
the rats exhibited marked distension of the small intestine and
developed diarrhea at peroxide concentrations > 2 umol. In
addition, between 4 and 8 h of the lymph collection period,
lymph flow in control and experimental BF animals fell from
3 to 0.8 ml/h, indicating loss of absorptive and lymphatic func-
tions. At the peroxide dose used in the current study ( 1.5 ymol),
GSHand amino acids appear to exert similar effects on the
accumulation of luminal and lymph lipid hydroperoxides (Figs.
5 and 6). These results are consistent with an inability of ani-
mals with severely compromised detoxication capacity to han-
dle high peroxide doses efficiently; as a consequence, excessive
hydroperoxide could accumulate in the intestinal lumen and
lead to mucosal fluid loss and diarrhea.

Tissue levels of GSH
To verify that the changes in luminal, mucosal, and lymph
hydroperoxide contents related to bile diversion and of GSH
and amino acid supplementation were associated with altered
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Figure 5. Effect of amino acids on total luminal and lymph accumulation
of lipid hydroperoxides in BF rats. Luminal and lymph lipid
hydroperoxides were determined in BF rats infused with peroxidized
lipids without or with amino acid supplements. Results are mean±SE
for control (intact bile duct; n = 5), BF rats (BF; n = 6), and BF plus
amino acids (n = 4) or BF pretreated with BSOand supplemented
with amino acids (n = 4), *P < 0.001 in comparison control; **P
< 0.001 in comparison with BF; +P < 0.005 in comparison with BF
plus AA. AA, amino acid; BSO, buthionine sulfoximine. (A) Luminal
hydroperoxides; (B) lymph hydroperoxides.

mucosal GSH, we measured tissue GSHconcentrations. Sam-
ples of the intestinal mucosa were obtained at the end of lipid
infusion, and GSHwas determined by HPLC( 18) in the trichlo-
roacetic acid extracts of tissue homogenates. Basal mucosal
GSHlevels in rats not exposed to lipids were 2.71±0.27 ttmol/
g tissue and were not significantly altered after lipid infusion
(2.63±0.35 ttmol/g; Table III). Tissue GSSGcontents also
remained unchanged (0.093±0.010 vs 0.10±0.005 Amol/g for
control and lipid-supplemented animals, respectively). Intesti-
nal GSHcontents in BF rats with lipid exposure were 1.47±0.11
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Table III. Mucosal GSHConcentrations in Bile Fistula Rats
Under Control and Different Experimental Conditions

Conditions n GSH

jLmol/g tissue

Control (intact bile duct) 6 2.63±0.35
Bile fistula 6 1.47±0.11*

+ 1 mMGSH 7 3.34±0.24t
+ GSH+ 10 mMy-glu glu 4 1.66±0.26*§
+ GSH+ 0.25 mMacivicin 4 3.15±0.35t
+ native bile 5 1.77±0.18*
+ bile + 1 mMGSH 6 3.56±0.32t
+ amino acids 4 2.44±0.18t
+ amino acids + BSO 4 1.58±0.09*11
+ 0.5 mMGSSG 6 1.59±0.11*

Values are means±SE; n, number of rats. Intestinal GSHconcentrations
were determined in trichloroacetic acid-soluble supernatants of tissue
homogenates by HPLC (18). The amino acid mixtures consisted of 1
mMglycine, 1 mMglutamate, and 0.5 mMcystine. y-glu glu, y-
glutamyl glutamate. * P < 0.001 in comparison with intact bile duct
control. t P < 0.001 in comparison with BF. P < 0.001 in compari-
son with BF plus GSH. P < 0.005 in comparison with BF plus
amino acids.

T

**
T

Control BF BF+GSH BF+GSSG

Figure 6. Effect of GSSGon total luminal and lymph accumulation of
lipid hydroperoxides in BF rats. BF rats were infused with peroxidized
fish oil and GSHor GSSG, and the total luminal and lymph lipid
hydroperoxide contents were determined as described in the text. Results
are mean±SE for control (intact bile duct; n = 6), BF rats (BF; n
= 7), BF plus GSH(n = 5), or BF plus GSSG(n = 6). *P < 0.001
in comparison with control; * *P < 0.001 in comparison with BF; 0P
< 0.005 in comparison with BFplus GSH. (A) Luminal hydroperoxides;
(B) lymph hydroperoxides.

LLmol/g; Table III) and were not significantly different from
the values in animals without peroxide exposure (1.51±0.09
/Lmol/g). These results show that acute exposure of the mucosa
to a low dose of hydroperoxide caused little change in tissue
GSHlevels, suggesting that during low oxidant stress, steady
state GSHstatus was well maintained.

Mucosal GSHconcentrations were 50% lower in BF rats
than in rats with intact bile duct (Table III), supporting a role
for biliary GSHin the maintenance of normal tissue GSHlevels.
Exogenous GSHsupplementation in BF animals increased mu-

cosal GSHconcentrations to above control levels (Table III),

suggesting that biliary GSHcan enhance the intracellular GSH
pool. The increase in GSHlevels associated with GSHsupple-
mentation was ameliorated by y-glutamyl glutamate but was
not affected by acivicin (Table III), consistent with GSHtrans-
port by intestinal cells. The addition of GSH-depleted native
bile increased tissue GSHby 20%, whereas inclusion of GSH
elevated cellular GSHto above control levels (Table III). Sup-
plementation with amino acids also elevated mucosal GSHlev-
els, which was prevented by BSO(Table Ill), confirming the
role of amino acids in GSHsynthesis. Exogenous GSSGwas
without effect on tissue GSH, which supports the above sugges-
tion that GSSGwas not a major source of cellular GSHunder
these conditions. Taken together, these results are consistent
with biliary GSH and amino acids being important luminal
sources of reductant, either via direct uptake or via biosynthesis,
respectively, for the maintenance of the intracellular GSHcon-
centrations.

Discussion

In the current study, the use of a bile and lymph fistula rat
model provides a suitable in vivo approach to evaluate the
physiological relevance of biliary GSHin intestinal handling
of peroxidized lipids. This experimental approach was based
on our earlier studies with the conscious lymph fistula rat in
which we found a direct quantitative relationship between the
intestinal elimination of luminal lipid hydroperoxides and the
mucosal GSH status (4). We further found that exogenous
GSHsupplementation was effective in restoring tissue GSHand
promoting hydroperoxide removal from the gut lumen under
conditions of GSHdeficiency (5).

The current studies show that the absence of luminal bile
caused an overall decrease in the metabolism of peroxidized
lipids by the small intestine as reflected in significant accumula-
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tion of lipid hydroperoxides in the intestinal lumen and mucosa
and enhanced output of hydroperoxides into lymph. This
marked impairment in hydroperoxide metabolism in the absence
of bile was associated with decreases in mucosal GSHconcen-
trations that was mostly attributable to the diversion of the
biliary GSHpool. Consequently, restoration of this GSHpool
by exogenous GSH supplementation concurrently promoted
lipid hydroperoxide elimination from the lumen and attenuated
lymphatic hydroperoxide output. These results therefore support
a physiological role for biliary GSHin intestinal metabolism
of lipid peroxides. More importantly, the study provides the first
evidence for the importance of the function of the enterohepatic
circulation of GSHin the detoxication of luminal oxidants, such
as peroxidized lipids.

The dependence of hydroperoxide metabolism on the quan-
titative status of mucosal GSHsuggests that a high cell GSH
is required to support GSHperoxidase function during enhanced
hydroperoxide reduction (23). In support of a role of the GSH
redox cycle in the detoxication of fatty acid hydroperoxides,
we found that hydroperoxy EPA and DHAare excellent sub-
strates for the soluble seleno GSHperoxidase (Aw, T. Y., and
Williams, M. W., unpublished results). In comparison, more
hydrophobic lipid hydroperoxides, such as hydroperoxycholest-
erol, are predominantly metabolized by the membrane-associ-
ated phospholipid peroxidase (24), suggesting that the relative
water solubility of peroxidized lipids could determine their cel-
lular pathway of metabolism.

A reasonable interpretation of the function of GSHin the
removal of luminal peroxidized lipids is intracellular metabolic
trapping. The removal of products during high hydroperoxide
metabolism under GSH-sufficient status is expected to create a
large extracellular-to-intracellular hydroperoxide gradient for
greater uptake from the lumen. In contrast, at low tissue GSH,
luminal hydroperoxide uptake may be rate limited by decreased
intracellular hydroperoxide metabolism due to saturation of the
compromised GSHperoxidase system. Other lines of evidence
are consistent with hydroperoxide metabolism being mostly an
intracellular event. Kowalski et al. (25) reported the absence
of GSHperoxidase at intestinal brush border membranes and
we found negligible luminal enzyme activities (Aw, T. Y., un-
published results). Hence, it is unlikely that hydroperoxides are
substantially metabolized at the intestinal cell membranes or
within the intestinal lumen. Our finding that inhibition of GSH
transport prevented the exogenous effect of GSHon hydroper-
oxide accumulation further attests to an intracellular mode of
hydroperoxide metabolism by GSH-dependent mechanisms. Al-
though our previous (4, 5) and current data is consistent with
this interpretation, we cannot, at present, rule out other explana-
tions of the results, such as direct inhibition of hydroperoxide
uptake under GSH-deficient conditions or the facilitative access
of hydroperoxides to the cell membrane consequent to the mu-
colytic effect of luminal GSHon the mucus layer.

The finding that hydroperoxide levels were affected mark-
edly despite saturation levels of the remaining tissue GSHmay
best be explained by the fact that we have considered mucosal
GSHas a single homogenous pool. This oversimplified presen-
tation provides little specific information on hydroperoxide-in-
duced depletion of GSHin different regions of the intestinal
villous. To address this problem, we attempted to separate tissue
GSHpools into villous tip, mid-villus, and crypt by differential
scraping of the mucosal layer. Unfortunately, the various layers

were not cleanly separated by this technique, and the results
obtained were ambiguous and unreproducible. Alternatively, we
have isolated different enterocyte cell populations along the villi
using the fractionation procedure of Weiser (26). However,
given the length of time needed for differential cell isolation
(3 h) and the time taken for lymph collection (8 h) for each
animal, it was technically not feasible to combine the two meth-
ods in the same experiment. Thus, we cannot, at present, fully
address the question of changes in hydroperoxide contents with
regional changes in tissue GSH.

It is significant that GSHprecursor amino acids are effective
in enhancing intestinal mucosal GSHand promoting hydroper-
oxide elimination since biliary ductular epithelium (27, 28) and
the intestinal brush border (29) is rich in y-glutamyl transferase,
which functions to degrade GSH (30), and luminal uptake of
intact GSHoccurs concurrently with hydrolysis of GSH, uptake
of the constituent amino acids (2, 31), and intracellular GSH
resynthesis. The current observation that luminal amino acids
can be efficiently taken up by the intestine for intracellular
GSHsynthesis suggests that the recirculation of biliary GSH
precursor amino acid could provide an important physiological
mechanism to bolster intestinal antioxidant defenses, such as in
human small intestine, given the low GSHcontent in human
bile (Aw, T. Y., unpublished results).

A recognized limitation of the current in vivo approach is
the lack of precise quantification of the respective contribution
of GSHand amino acids to the maintenance of the steady state
cellular GSHpool. Additionally, the source of reductant supply,
i.e., luminal versus plasma, also cannot be readily assessed
using this approach. Notwithstanding, recent studies provide
some insights into the quantitative contribution of GSHsynthe-
sis and GSHuptake to maintaining enterocyte GSHconcentra-
tion. Wefound that the rate of GSHsynthesis in freshly isolated
enterocytes from rat proximal intestine was low (0.031±0.002
nmol/ 106 cells per minute; reference 32) relative to other or-
gans such as the liver (0.4-0.8 nmol/106 cells per minute;
reference 33). By comparison, the rate of GSHuptake by en-
terocytes from the extracellular medium was 0.077±0.003
nmol/ 106 cells per minute (32). Based on these studies in
isolated enterocytes, the rate of GSHtransport is at least twofold
greater than the rate of GSHsynthesis. If similar rates occur
in vivo, the uptake of GSH from the intestinal lumen may
quantitatively be more important than GSH synthesis in the
optimal supply of GSHduring enhanced hydroperoxide metabo-
lism.

Since phospholipids and bile salts are requisites for normal
absorption of nonoxidized lipids (34), biliary amphiphilic com-
pounds may also play a role in the absorption of oxidized fats.
At present, little is known about the physicochemical properties
of peroxidized lipids in the intestinal lumen and how oxidative
modification of lipids could alter their physicochemical behav-
ior in the luminal phases and formation of mixed micelles.
Also, little is known of the cellular processing of fatty acid
hydroperoxides after absorption. Our study shows that oxidized
long-chain fatty acids are substrates for reesterification as evi-
denced by the significant association of hydroperoxy fatty acids
with lymph triglycerides. Not surprisingly, however, the intesti-
nal absorption and reesterification of oxidized long-chain unsat-
urated fatty acids are substantially poorer in comparison to those
of nonoxidized unsaturated fatty acids (35). Collectively, the
current results underscore the significant impact that oxidation
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has on the absorptive, metabolic, and lymphatic transport phases
of luminal lipids.

In summary, we have established an in vivo bile and lymph
fistula rat model to evaluate the physiological significance of
bile in intestinal metabolism of luminal peroxidized lipids. The
results provided evidence for the importance of biliary GSH
and its amino acids in maintaining mucosal GSHand enhancing
cellular metabolism of lipid hydroperoxides. Since high lipid
intake can promote oxidative injury to the intestinal epithelium
by increased lipid peroxidation and subsequent propagation of
oxygen radicals (36, 37), the promotion of GSH-dependent
hydroperoxide detoxication can effectively decrease the risk for
development of various gut pathologies, such as inflammation
and cancer.
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