Transpl Int (1994) 7: 195-200
© Springer-Verlag 1994

ORIGINAL ARTICLE

G.den Butter
D.C.Marsh
S.L.Lindell
F. O.Belzer
J.H.Southard

Received: 16 March 1993
Received after revision: 20 September 1993
Accepted: 28 September 1993

G.den Butter! (=) D.C.Marsh
S.L.Lindell-F. O.Belzer - J. H. Southard
Department of Surgery, Clinical Sciences
Center, University of Wisconsin,

600 Highland Avenue,

Madison, WI153792, USA

U Present address: Department of Surgery,
University Hospital Groningen,
Oostersingel 59, NL-9713 EZ Groningen,
The Netherlands

Effect of glycine on isolated, perfused
rabbit livers following 48-hour preservation
in University of Wisconsin solution

without glutathione

Abstract Glycine has been shown
to decrease membrane injury in iso-
lated cells due to hypoxia or cold
ischemia. The mechanisms of action
of glycine are not known, but glycine
may be useful in organ preservation
solutions or in treating recipients of
liver transplantation. In this study
the isolated, perfused rabbit liver
was used to measure how glycine af-
fected liver performance after 48-h
preservation in University of Wis-
consin (UW) solution without added
glutathione. UW solution is less
effective for 48-h liver preservation
when glutathione is omitted. Rabbit
livers stored for 48 h without gluta-
thione show a large increase in
enzyme release (LDH and AST)
from the liver and a reduction in bile
production. The addition of 15 mM
glycine to UW solution, in place of
glutathione, did not improve bile
production or reduce enzyme re-
lease. However, infusion of 10 mM
glycine into the reperfused liver
lowered LDH release significantly

(from 2383 £ 562 units/100 g to

1426 £ 286 units/100 g) during the
initial reperfusion of the 48-h
preserved liver. Hepatamine, a par-
enteral nutrition solution containing
glycine, as well as other amino acids,
was also effective in lowering LDH
release from the preserved liver.
Although glycine reduced LDH re-
lease, it did not decrease the amount
of AST released from the liver, nor
did it improve bile production. Thus,
we conclude that glycine, either in
UW solution or given to the liver
upon reperfusion, has no significant-
ly beneficial effect as tested in this
model. Further testing of glycine,
however, should be conducted in an
orthotopic transplant model in the
rat or dog.
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introduction

Methods used to cold store livers for transplantation can
cause tissue injury, even in organs preserved for relatively
short periods of time (2-10 h). The injury is usually char-
acterized by damage to cellular membranes, resulting in a
leakage of intracellular enzymes into the reperfusion me-
dium. In livers preserved for short periods of time, the in-
jury is relatively quickly reversed with a rapid return of
normal liver functions. However, in longer term liver pres-

ervation (24 h or more) [1, 8, 18], the injury is more severe
and can lead to delayed return of normal liver function
(primary or initial dysfunction) or to failure of the graft
(primary nonfunction). In livers preserved for long peri-
ods of time, the cellular membrane damage is greater than
after short periods of preservation, as indicated by the
large increase in serum enzymes that leak from the organ
[6].

The causes of membrane damage are not known and
have been suggested to be related to increased cytosolic
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calcium and activation of phospholipases or proteases
[14], removal of calcium from the organ through chelation
by the anions in the preservation solution [3], or damage
caused by oxygen free radicals [5]. Prevention of mem-
brane injury may be a key to improving liver preservation.
Stabilization of the plasma membrane would suppress the
leakage of critical metabolites from the cell and decrease
the leakage of ions through the membrane, thus reducing
reperfusion tissue cell swelling and conserving energy re-
quired to pump electrolytes across the cell membrane.
Stabilization of organelle membranes such as mitochon-
drial or endoplasmic reticulum could lead to increased en-
ergy generation, effective control of intracellular calcium
concentration, and other subcellular functions. Further-
more, suppressing membrane injury could provide the
damaged liver an opportunity to reverse other forms of
preservation injury and facilitate regeneration of adenine
nucleotide, metabolites such as glutathione and pyridine
nucleotides, etc., and carry out biosynthetic reactions
necessary to repair preservation/reperfusion-induced
damage.

Recently, Weinberg et al. [20] have shown that glycine,
the simplest amino acid, stabilizes renal tubule cell mem-
branes and suppresses hypoxic-induced cell damage.
Others [10] have shown that glycine may improve preser-
vation of the kidney. Marsh et al. [11] have shown that gly-
cine also stabilizes the plasma membrane of hypothermi-
cally preserved hepatocytes stored for up to 6 days. The
primary beneficial effect of glycine was membrane stabili-
zation and suppression of leakage of lactate dehydroge-
nase (LDH) from cells exposed to hypoxia or cold ische-
mia. The beneficial effects of glycine appear to be more
prominent when present during the period of reperfusion.
Glycine is also one of the amino acids that makes up glut-
athione. Glutathione is important in successful long-term
storage of the liver [2], and the beneficial effects of glut-
athione could be related to hydrolysis of this compound to
its constituent amino acids, including glycine.

In this study, we have measured the effects of glycine
on the preserved and reperfused rabbit liver. Glycine was
studied as an agent to replace glutathione in University of
Wisconsin (UW) solution and as an additive to the reper-
fusion medium. Glycine, present during reperfusion of the
rabbit liver, suppressed membrane injury (leakage of
LDH from the liver), but did not suppress the loss of an-
other critical liver function, bile production.

Materials and methods

New Zealand white rabbits weighing 1.5-2.0 kg were usedin these ex-
periments and were allowed free access to food and water. The meth-
ods for liver procurement, cold storage, and isolated perfusion have
been published previously {7]. Briefly, under barbiturate anesthesia,
the abdomen was opened and the bile duct cannulated. The portal
vein was dissected free and the hepaticartery ligated. A cannula was
inserted into the portal vein and after distal portal ligation and divid-

ing the infrahepatic caval vein, the livers were flushed out in situ with
150-200 m] of UW solution at 4°C and delivered from a height of
50 cm. The liver was excised and the gallbladder removed and the cys-
tic duct ligated on the back table while keeping the liver cold.

Livers were either reperfused immediately (O h preservation
group) or cold stored (4°C) for up to 48 h. Prior to reperfusion the
livers were flushed out with Ringer’s lactate (100 ml at room tem-
perature, 20°-22°C). Reperfusion was done using Krebs-Henseleit
bicarbonate (KHB) containing 10 mM glucose and 4 g% bovine
serum albumin free of fatty acids for oncotic pressure (Sigma
Chemical, St Louis, Mo., USA, fraction V), and 50 mg/l of both
streptomycin sulfate and penicillin G (Sigma Chemical). A roller
pump was used to continuously deliver perfusate at a rate of
3 ml/min per gram to the liver at a temperature of 37°C. The perfu-
sate was gassed with a mixture of 0,:CO> (95%:5%) via a mem-
brane oxygenator (Sci Med, Minneapolis, Minn., USA, Model 0800-
2A). The rate of gas flow was adjusted to keep the pH in the range of
7.4£0.1(100-200 ml 02:CO; per min). The oxygen tension was 450~
500 torr. Reperfusion was done by recirculation of the perfusate
(total volume about 11).

Bile was collected at 15-min intervals and bile production is re-
ported as total bile collected per 2 h of reperfusion. Perfusate sam-
ples at the end of reperfusion (2 h) were used for measurement of
enzyme content [i.e., aspartate amino transferase (AST) and LDH].
Enzymes were analyzed by colorimetric methods using assay Kkits
supplied by Sigma Chemical (AST, Kit # 500; LDH, Kit # 500). At
the end of reperfusion, liver tissue was removed for measurement of
total tissue water (TTW} by oven drying [9] and the dried tissue was
used for extraction of Na and K, which were measured by flame
photometry. Results are reported as means with standard error of
the mean for six or more livers per group. Statistical analysis was per-
formed using Student’s ¢-test with differences in means considered
significant when P was less than 0.05.

The groups studied included livers preserved for 0 h, 24 h, and
48 h with UW solution or UW solution with glutathione (GSH)
omitted. Livers preserved for 48 h in the UW solution, which con-
tained 15 mM glycine in place of GSH. Livers preserved in UW sol-
ution without GSH but reperfused with KHB, which contained
10 mM glycine, livers preserved in UW solution without GSH and
reperfused with KHB, which contained 50 ml/l hepatamine, and
livers preserved for 48 h in the UW solution with GSH and reper-
fused with KHB, which contained 10 mM glycine or 50 ml/l hepat-
amine. Hepatamine is a solution containing essential and nonessen-
tial amino acids and used clinically as an infusion solution. Hepat-
amine contained (mg/100 ml): isoleucine (900), leucine (1100), ly-
sine (110}, methionine (100), phenylalanine (100), threonine (460},
tryptophan (66), valine (840), alanine (770), arginine (600), histidine
(240), proline (800), serine (500), glycine (900), cystine ( < 20), and
phosphate (10 mM) and acetate (62 mqu/l). The addition of 50 ml
hepatamine to 1 1 KHB gave a final glycine concentration of 6 mM.
The compositions of UW solution and KHB have been given else-
where [7].

Results

The resultsin Table 1 show how preservation time and the
omission of reduced glutathione (GSH) from UW solu-
tion (in 48-h preserved livers) affect various measures of
liver viability. Increased preservation time caused a de-
crease in bile production and at 48 h (4.7 £ 0.5 ml/2 h per
100 g) the amount of bile produced was significantly less
than in freshly reperfused livers (12.6+1.3 ml/2h per
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Table 1 Effect of omitting

. Preservation Bile LDH AST W K/Na
glutathione fﬁfi{;{:&“;ﬁy conditions (mi2h  (U00g)  (UN00g)  (kgwater/
fused rabbit liver (L DH lactate per 100 g) kg dry weight)
dehydrogenase, AST aspartate UW+GSH (0h,n=6) 126+1.3 15424 31.0+36 2.29+0.12 11.0+1.1
amino transferase, TTW total UW+GSH (24h,n=9) 7.9+0.9 375438 55.7+8.6 2.59+0.1 7.7+0.8
tissue water). * P <0.05vs 0-h UW+GSH (48h,n=9) 47+0.5° 8811136 11718 2.55+0.16 6.5+£0.9
preservation, ** P <0.05vs UW-GSH (48h,n=6) 50+£0.7 23831562  175+36" 2.96+0.11 58%0.6
48 h + GSH preservation
Table 2 _Effect of gl.yc1.ne and Treatment Bile TTW Na
hepatamine on rabbit livers (ml/2 h per (ke/kg dr
preserved for 48 h in UW solu- 100 “) p g hgt M
tion without glutathione g weight)
{GSH) tested by isolated perfu- UW - GSH (n=26) 5007 296+ 0.11 58+06
sion. Results are expressed as Glycine 10 mM in KHB (n=8) 32407 2.88+0.11 6.5+09
means with SEM (7TW total Glycine 15 mM in UW (n=6) 57+11 3.15+0.23 3410
tissue water) Hepatamine in KHB (n=4) 39+14 2.18+0.2 26+£0.7
Table 3 _Effect of g!yc.l ne and Treatment Bile TTW K/Na
hepatamine on rabbit livers (ml/2 h per (kg/kgd
preserved for 48 h in UW solu- 100 “) p egi hgt y
tion with glutathione (GSH) g weight)
tested by isolated perfusion. UW + GSH (n=9) 4.7+£05 2.55+0.16 65209
Results are expressed means as Glycine 10 mM in KHB (n=4) 48+04 278 +0.11 6.6+0.6
with SEM (TTW total tissue Hepatamine in KHB (n=4) 25403 3.18+0.2 44+0.9

water)

100 g). Omission of GSH from livers preserved for 48 h
in UW solution did not affect bile production
(5.0£0.7ml2h per 100 g), which was similar to the
amount produced with GSH after 48-h preservation.
There was evidence of increased hepatocellular damage
in the preserved and reperfused rabbit livers, as shown by
the increased release of LDH and AST. After 48-h preser-
vation with GSH, the amounts of LDH and AST released
from the liver were significantly greater than from livers
preserved for 0 or 24 h. Livers preserved for 48 h without
GSH showed an even greater release of LDH and AST
than livers preserved for 48 h with GSH, and the differen-
ces were highly significant. There were no differences in
TTW between any of the groups, but the ratio of K/Nawas
significantly lower after 48-h preservation, with or with-
out GSH, than in 0-h preserved and reperfused livers. The
omission of GSH, however, did not significantly affect the
K/Na ratio.

The results in Fig.1 show how glycine or hepatamine
affected enzyme release from rabbit livers preserved for
48 hin UW solution without GSH (n = 6). The addition of
glycine (10 mM) to the reperfusion medium (KHB) de-
creased hepatocellular injury (2 =38), and LDH was re-
duced from 2383562 U/100g liver wet weight to
1426 £ 280 U/100 g (not significant, P =0.08, Student’s ¢-
test). The addition of glycine (15 mM) to the UW solution
(n=6) had no effect on LDH release when rabbit livers
were reperfused with KHB. The addition of hepatamine

to the reperfusion medium (»n = 4) significantly reduced
hepatocellular injury after 48-h preservation of the liver
and there was a significant reduction in the amount of
LDH that leaked from the liver (848 +228 U/100 g liver
wet weight, P <0.05). There were no differences in the
amount of AST that leaked from the livers in any of these
groups.

The results in Table 2 show how glycine and hepat-
amine affected bile production, TTW, and the Na/K ratio.
The addition of glycine to the reperfusion medium re-
duced bile production after 48-h preservation of the liver;
however, the difference was not significant frpm livers
preserved similarly and reperfused without glycine. The
addition of glycine to UW solution ér the addition of he-
patamine to the reperfusion medium also had no signifi-
cant effect on bile production, which remained low com-
pared to 24-h or 0-h preserved livers. The differences in
TTW and K/Na ratio were not significant between these
groups.

The results in Table 3 show how glycine and hepat-
amine affected bile production, TTW, and the K/Na ratio
in UW solution with GSH. The addition of hepatamine to
the reperfusion medium reduced bile production after
48-h preservation of the liver, but the difference was not
significant when compared to livers similarly preservedin
UW solution with GSH and reperfused with 10 mM gly-
cine or without (i.e., controls). TTW and K/Na ratio were
not significantly different between these groups.
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Fig.1 Effect of 48 h of preservation of rabbit livers in UW solution
without GSH on enzyme release during isolated reperfusion for 2 h.
Values represent means and SEM [[_] control (48-h preserved liver
in UW solution without GSH, » = 6); 7] glycine (10 mM) in KHB,
n=38; B glycine (15 mM) in UW solution, # = 6; F] hepatamine in
KHB, n=4]* P=0.08 (NS), ** P <0.05 vs control

Figure 2 shows the effects of LDH and AST release of
glycine and hepatamine in KHB on livers preserved for
48 h in UW solution with GSH. There was no beneficial
effect of these additives compared to the standard UW
solution.

Discussion

Previous studies from our laboratory [2] as well as from
others [13, 16] have shown that GSH is important in main-
taining viability of the liver as tested in orthotopic trans-
plantation in the dog and rat. Glycine is one of the consti-
tuent amino acids of GSH that is catabolized to its consti-
tuent amino acids in the liver. Thus, the cytoprotective ef-
fects of GSH in liver preservation could be derived from
one of its breakdown products, glycine. The fact that gly-
cine is cytoprotective in models of hypoxia [20] and cold
ischemia [11, 12] has been well documented. In this study
we measured the effects of replacing GSH in the UW sol-
ution with glycine on rabbit liver functions and hepatocel-
lular injury following preservation. We also measured the
effect of glycine in the reperfusion medium on the liver.
Finally, we measured the effects of hepatamine, added to
the reperfusion medium, on liver viability after 48-h pres-
ervation. Hepatamine is an FDA-approved parenteral
nutritional supplementation solution containing essential
and nonessential amino acids, including glycine. We chose
this solution because we thought that if glycine adminis-
tration to the reperfused liver proved to be beneficial, a
solution that contained glycine and that could be adminis-
tered to patients without excessive costs for FDA appro-
val could be important in liver transplantation. One such
solution would be hepatamine.

Although hepatamine contains a mixture of other
amino acids that may be effective in their own right,
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Fig.2 Effect of 48 h of preservation of rabbit livers in UW solu-
tion with GSH on enzyme release during isolated reperfusion
for 2h. Values represent means and SEM [[] control (48-h
preserved liver in UW solution with GSH, n=9); glycine
(10mM) in KHB, n=4; Ehepatamine in KHB, n=4].* P=NS vs
control

Marsh et al. [11] showed that other amino acids (e. g., iso-
leucine) were not as effective as glycine in preventing the
release of LDH from cold-stored hepatocytes. Histidine,
one of the key components of a new abdominal organ
preservation solution, histidine-tryptophane-ketoglutar-
ate (HTK), has been suggested to be effective for liver
preservation [4] because of its hydrogen ion buffer capac-
ity. Sumimoto et al. [17] demonstrated, however, that his-
tidine added to UW solution could easily be replaced by
isoleucine with relatively poor hydrogen ion buffer capac-
ity and, therefore, that histidine may act as an impermeant
for suppression of hepatocellular-induced cell swelling.
Thus, histidine may not be the important component in
hepatamine that prevents LDH release.

The results of this study show that during hypothermic
preservation there is a time-dependent loss of bile produc-
tionand hepatocellular damage, asindicated by the release
of LDH into the reperfusion medium. A statistically signif-
icant depression of bile flow and increased LDH release
occur after 48 h of preservation and reperfusion. Similar
results have been reported by otheys {7]. The omission of
GSH from the UW solution used to'preserve livers for48 h
resultedin greater injury than when GSH was present.

Therefore, in order to determine whether glycine had a
beneficial effect in liver preservation or reperfusion, we
used the 48-h preservation model, without GSH. The ad-
dition of 15 mM glycine to the UW solution in place of
GSH was without beneficial effect on bile production,
enzyme release, total tissue water, or ratio of tissue K/Na.
However, reperfusion of 48-h preserved livers with gly-
cine (10 mM) or hepatamine reduced the degree of hepa-
tocellular injury, as indicated by the (marginally) signifi-
cant reduction in release of LDH from the liver during
reperfusion. This was the only parameter measured in this
study that was slightly improved by glycine; bile produc-
tion and other measures of liver viability were not affected
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by the presence of glycine or hepatamine in the reperfu-
sion medium.

The amount of LDH release in the perfusion group
cold stored in UW solution without GSH and reperfused
with 10 mM glycine in the reperfusion medium was, how-
ever, still higher than in the control UW with GSH group.
Since livers cold stored in UW solution with GSH for
48 h and reperfused with glycine or hepatamine in KHB
did not result in a decrease in LDH release compared to
controls (i.e., UW solution with GSH), glycine as a con-
stituent amino acid of GSH might contribute to the
importance of GSH in liver preservation by its action
during reperfusion to prevent oxygen free radical dam-
age [15].

The mechanism of action of glycine in cytoprotection
of cells exposed to hypoxia or cold ischemia has been sug-
gested due to stabilization of the plasma membrane. Gly-
cine suppressed the release of intracellular enzymes for
damaged cells. However, glycine had no protective effects
on other cellular functions including protein synthesis
[19], mitochondrial functions [21], GSH regeneration
[19], or ATP production [12, 21]. This membrane effect of
glycine and the relationship between analogues of glycine
and cytoprotection of hypoxic renal tubules have lead
some investigators to suggest that glycine functions
through specific membrane-bound receptors [22]. In this
study the primary beneficial effect of glycine was the re-
duction in membrane damage as indicated by the de-

creased release of LDH from the issue. However, another
function of the liver, bile production, was not affected by
glycine and remained depressed. Thus, glycine may be
beneficial in that it stabilizes the cellular membrane dur-
ing reperfusion of the cold-stored liver, but it may not
have a dramatic effect on other functions that are lost dur-
ing hypothermic preservation.

In conclusion, the omission of GSH from UW solution
reduces its preservation efficacy, and glycine does not (at
least not in the rabbit model used here) appear to be a
suitable replacement for GSH. The use of glycine or
hepatamine in reperfusion of the liver is also of question-
able value in improving liver viability. Although these
treatments did suppress hepatocellular damage, they did
not improve another function of the liver that may be
more critically related to viability, bile production. The
remarkable beneficial effects of glycine demonstrated
by Weinberg et al. [20] and others, however, may be use-
ful in future developments of preservation solutions,
and the effects of glycine should be tested in the ortho-
topic transplant model of liver preservation in the dog
or rat.

Acknowledgements This study was supported by grant DK 35143
from the National Institutes of Health and by grants from the Dutch
Kidney Foundation and Netherlands Digestive Diseases Founda-
tion.

References

—

1. Belzer FO, Kalayoglu M, D’ Alessandro

o

AM, Pirsch JD, Sollinger HW,
Hoffmann R, Boudjema K, Southard
JH (1990) Organ preservation: experi-
ence with the University of Wisconsin
solution and plans for the future. Clin
Transplant 4: 73-77

. Boudjema K, Gulik TM van, Lindell

SL, Vreugdenhil PK, Southard JH, Bel-
zer FO (1990) Effect of oxidized and re-
duced glutathione in liver preservation.
Transplantation 50: 948-951

. Edmondson JW, Bang NU (1980) Dele-

terious effects of calcium deprivation
on freshly isolated hepatocytes. Am J
Physiol 241:3-8

. Gubernatis G, Dietl KJ, Kemnitz J,

Oldhafer K, Hauss J, Buchholz B, Pichl-
mayr R (1991) Extended cold preserva-
tion time (20 hrs 20 min) of a human
liver graft by using cardioplegic HTK
solution. Transplant Proc 23: 2408-2409

. Jaeschke H, Smith CV, Mitchell JR

(1988) Reactive oxygen species during
ischemic-reflow injury in isolated per-
fused rat liver. J Clin Invest 81: 1240—
1246

6. Jamieson NV, Sundberg R, Lindell SL, 1

Claesson K, Moen J, Vreugdenhil PK,
Wight DGD, Southard JH, Belzer FO
(1988) Preservation of the canine liver
for 24-48 hours using simple cold stor-
age with UW solution. Transplantation
46:517-522

7. Jamieson NV, Sundberg R, Lindell S,
Southard JH, Belzer FO (1988) The iso-
lated perfused rabbit liver as a model
for assessment of organ preservation.
Transplant Proc 20: 996-997

8. Kalayoglu M, Sollinger HW, StrattaRJ,
Southard JH, Belzer FO (1988) Ex-
tended preservation of the liver for
clinical transplantation. Lancet II:
617-619

9. Little JR (1964) Determination of
water and electrolytes in tissue slices.
Anal Biochem 7: 87-95

10. Mangino MJ, Murphy MK, Grabau

GG, Anderson CB (1991) Protective
effects of glycine during hypothermic
renal ischema-reperfusion injury. Am J
Physiol 261: F841-F848

13.

14.

15.

. Marsh DC, Hjelmhaug JA, Vreugden-

hil PK, Belzer FO, Southard JH (1991)
Glycine prevention of cold ischemic in-
jury in isolated hepatocytes. Cryobio-
logy 28:105-109

. Marsh DC, Vreugdenhil PK, Mack VE,

Belzer FO, Southard JH (1992) Glycine
protects hepatocytes from injury caused
by anoxia, cold ischemia and thitochon-
drial inhibitors,?ut not by calcium iono-
phores or oxidafive stress. Hepatology
17:91-98

Marshall VC, Howden BO, Jablonski P,
Scott DF, Thomas AS, Cham CW, Bigu-
zas M, Walls K (1990) Analysis of UW
solution in rat liver transplant model.
Transplant Proc 22: 503-505

Orrenius S, McConkey DJ, Bellomo G,
Nicotera P (1989) Role of Ca in toxic
cell killing. Trends Pharmacol Sci 10:
281-285

Southard JH, Butter G den, Marsh DC,
Lindell SL, Belzer FO (1991) The role
of oxygen free radicals in organ preser-
vation. Klin Wochenschr 69: 1073-1076



16. Sumimoto R, Jamieson NV, Kobayashi

17.

18.

T, Fukada Y, Dohi Y, Kamada N (1991)
The need for glutathione and allopuri-
nol in HC solution for rat liver preserva-
tion. Transplantation 52: 565-567
Sumimoto R, Lindell SL, Southard JH,
Belzer FO (1992) A comparison of his-
tidine-lactobionate and UW solution in
48-hour dog liver preservation. Trans-
plantation 54: 610-614

Todo S, Nery J, Yanaga K, Starzl TE
(1989) Extended preservation of
human liver grafts with UW solution.
JAMA 261:711-714

19.

Vreugdenhil PK, Marsh DC, Belzer
FO, Southard JH (1992) Urea and pro-
tein synthesis in cold-preserved iso-
lated hepatocytes. Hepatology 16:
241-246

. Weinberg JM, Davis JA, Abarzua M,

Rajan T (1987) Cytoprotective effects
of glycine and glutathione against
hypoxic injury to renal tubules. J Clin
Invest 80: 1446-1454

21. Weinberg JM, Davis JA, Abarzua M,

ro

Kiani T (1989) Relationship between
cell adenosine triphosphate and glut-
athione content and protection by gly-
cine against hypoxic proximal tubule
cell injury. J Lab Clin Med 113: 612622

. Weinberg JM, Venkatachalam MA,

Garzo-Quintero R, Roeser NR, Davis
JA (1990) Structural requirements for
protection by small amino acids against
hypoxic injury in kidney proximal
tubules. FASEB 4: 3347-3354



