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Cultured human umbilical vein endothelial cells
treated with either the calcium ionophore, ionomy-
cim, or ionomycin plus cyanide-m-chlorophenylhy-
drazone had immediate severe depletion of adeno-
sine triphosphate (ATP) and increases of cytosolic
free calcium (Caf) and then sustained lethal cell in-
jury as manifested by release of lactate debydroge-
nase andfailure to exclude vital dyes within 15 min-
utes. Inclusion of glycine in the experimental me-
dium prevented the enzyme leakage for at least 60
minutes without altering the ATP depletion or in-
creases ofCa1 Thephysiologic glycine concentration
of 0.25 mmol/l gave 50% protection, and protection
was complete at 1 mmol/l. Several other small neu-
tral amino acids, L- and D-alanine, P-alanine,
1-aminocyclopropane-1-carboxylate, a-aminoisobu-
tyrate, andL-serine, had effects similar to glycine, but
other amino acids and metabolic substrates did not.
The endothelial cells were relatively resistant to dam-
agefrom hydrogen peroxide, but sensitivity could be
increased by preloading with Fe22+. In both non-
loaded and Fe2 + -loaded cells, hydrogen-peroxide-
induced lactate debydrogenase (LDH) release devel-
oping over 180 minutes was prevented by glycine in
a fashion analogous to that seen with ionomycin
damage. Mn2 + also partially protected against hy-
drogen peroxide injury but was not requiredfor gly-
cine's effect& These data demonstrate that striking

modulatory effects ofglycine and structurally simi-
lar amino acids that havepreviously been character-
ized in most detail using kidney tubule cells are
strongly expressed in human umbilical vein endo-
thelial cells and are involved in their response to
Ci2+ and oxidant-mediated damage. These amino
acid effects must be considered in the design of in
vitro studies of endothelial cell injury and may con-
tribute to endothelial cell pathophysiology in vivo.
(AmJPathol 1992, 140:457-471)

Studies of freshly isolated kidney tubule preparations
have suggested a fundamental role for small neutral
amino acids, specifically glycine and alanine, in the main-
tenance of cell structural integrity.'-" Biochemically the
target of protection remains unknown; however, it ap-
pears to be an event distal to several of the major meta-
bolic disturbances that occur during cell injury. These
disturbances include depletion of adenosine triphos-
phate (ATP) and intracellular glutathione,'1 inhibition of
the Na+ pump,'0 and large, sustained increases of cy-
tosolic free Ca2" (Caf).12

There is little information on whether amino acid pro-
tective effects are expressed in other cell types or tissues.
Oxidant processes do not play a major role in the kidney
tubule cell injury models used thus far to characterize
amino acid actions.' 5 Glycine and other amino acids,
however, have recently been shown to serve as cofactors
with Mn2+ to metabolize hydrogen peroxide,""16 and
protective effects of amino acids + Mn2 + have recently
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been described for endothelial cells in vitro and in a
model of oxidant-induced lung injury in vivo.16

Endothelial cell involvement in the pathogenesis of in-
flammatory and ischemic damage to multiple organs is
well recognized. Oxidant damage appears to play a sig-
nificant role in the cellular pathophysiology of these pro-
cesses,17-19 and oxidant-induced disturbances of cellu-
lar Ca2+ homeostasis potentially contribute to both sub-
lethal alterations of endothelial cell structure and function
and lytic cell injury.2124 The studies in this report were
designed to assess whether amino acid protective ac-
tions of the type seen in kidney tubule cells are ex-
pressed in endothelial cells and whether the protective
actions involve antioxidant properties of glycine + Mn2
We detail successful development of a model of acute,
ionomycin-induced, Ca2+-dependent, lethal cell injury to
human umbilical vein endothelial cells that allows dem-
onstration of characteristic 'renal tubule cell type' protec-
tive effects specific for glycine and structurally similar
amino acids. We also show, in the same system, that
glycine also has Mn2+-independent actions to protect
against lethal cell injury induced by hydrogen peroxide.

Methods

Growth of Endothelial Cells

Human umbilical vein endothelial cells obtained accord-
ing to the procedure of Jaffe25,26 were grown for exper-
iments for 72 hours on 35-mm plastic dishes in a com-
plete endothelial cell growth medium consisting of me-
dium 199 supplemented with 20% fetal bovine serum, 25
mg/liter endothelial cell growth supplement (Collabora-
tive Research, Boston, MA), and 90 mg/liter bovine lung
heparin. Cells, confirmed as endothelial by previously de-
tailed criteria,25 were used for up to five passages, but
mostly on the first or second passage.

Basic Experimental Procedures

To start experiments, the growth medium was removed
and plates were washed three times with phosphate-
buffered saline (PBS). Then 1 ml of a medium consisting
of (in mmol/l [millimolar]) 115 NaCI, 3.5 KCI, 25 NaHCO3,
1.0 KH2PO4, 1.25 CaCI2, and 1.0 MgSO4 gassed with
5% CO2 (medium A) was placed in each dish.

For studies with ionomycin and carbonyl cyanide-m-
chlorophenylhydrazone (CCCP), test protective agents
were added from 100- to 200-fold concentrated, neutral
aqueous stock solutions, and plates were returned to the
incubator for 60 minutes. At the end of the 60-minute
preincubation, plates were removed and toxins were

added. Fifteen micromolar CCCP and 5 ,umolA ionomycin
were delivered from 100-fold concentrated stock solu-
tions in ethanol. Plates then were returned immediately to
the incubator for 5 to 60 minutes of experimental incuba-
tion before sampling for metabolic and structural studies.

For studies of hydrogen peroxide-induced injury,
plates were preincubated for 30 minutes in medium A
without further additions. Then plates received either 10
,umol/l 8-hydroxyquinoline from a 1 00-fold concentrated
2% ethanol stock solution, 10 p.mol/l ferrous ammonium
sulfate, a combination of the two agents, or a sham ad-
dition, and were incubated for an additional 30 minutes
before being washed three times with PBS. One milliliter
fresh medium A containing test protective agents was
than added. Ten minutes later, hydrogen peroxide was
added from a 1 00-fold concentrated stock solution to the
desired concentration. Plates then were returned to the
incubator for 180 minutes of experimental incubation be-
fore sampling.

Determination of Viability Using Fluorescein
Diacetate-Propidium Iodide or Trypan Blue

For labeling with fluorescein and propidium iodide,27 0.25
ml medium was removed from paired plates for lactate
dehydrogenase (LDH) determination and replaced with
0.25 ml PBS containing either fluorescein diacetate (Mo-
lecular Probes Inc., Eugene, OR) to produce a final con-
centration of 18.75 ,ug/ml or propidium iodide to produce
a final concentration of 3 ,umol/l. The plates were returned
to the 37°C incubator for 3 minutes and then placed on
ice. After no more than 15 minutes on ice, the medium
was removed and the plates were observed and photo-
graphed using either the 20x or 100x objective of a
Zeiss Axioskop fluorescent microscope (Carl Zeiss,
Oberkochen, Germany). Fluorescein staining was visual-
ized using a 450- to 490-nm excitation filter, 510-nm
beam splitter, and 520-nm long pass barrier filter. Propid-
ium iodide staining was viewed using a 546-nm exciter
filter, a 580-nm beam splitter, and a 590-nm long pass
barrier filter.

Measurement of Cytosolic Free Calcium in
Fura-loaded Cells

For studies of Ca,, cells were grown on 25-mm diameter
#11/2 glass coverslips (Nicholson Precision Instruments,
Gaithersberg, MD). To load cells with fura-2 (Molecular
Probes), the coverslips were washed three times with
PBS and then placed in medium A containing 3 ,umol/l
fura-2/AM from a dimethylsulfoxide stock solution that
had been vigorously premixed into the medium. In ex-
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periments testing effects of glycine, it was also included
in medium A. After 1 hour of incubation at 370C, the cov-
erslip was removed from the fura-containtng medium,
washed three times with PBS, and mounted in a Dvorak-
Stotler culture chamber (Nicholson). Perfusion at 0.82 ml/
minute with experimental medium from a 20- or 60-ml
syringe using a Harvard Apparatus (South Natick, MA)
Model 975 pump was started immediately.

The chamber was mounted on the stage of a Nikon
inverted microscope connected to a SPEX (Edison, New
Jersey) CM-2 spectrofluorometer system using the DM
3000 computer and software. The chamber and micro-
scope stage were kept at 37°C using an Air Stream In-
cubator (Nicholson). The monolayer was viewed using a
CF FLUOR 40X lens (Nikon, Garden City, NY) and was
illuminated alternately with 340- and 380-nm excitation
signals for 0.33-second intervals through 0.4-mm (1.44-
nm bandpass) slits ahead of the chopper, an NDO.3
neutral density filter (Omega Optical, Brattleboro, VT),
and a DM 400 dichroic mirror (Nikon). Emitted light was
collected through the dichroic mirror and then transmit-
ted through a narrow-band 510-nm filter (510DF40,
Omega) in the microscope and a 500FS40 filter (SPEX) in
the photomultiplier assembly to the fluorometer photo-
multiplier.

Mounting the chamber on the microscope stage, lo-
cating and positioning an area to study using visible light
from the microscope, and making final adjustments to
perfusion syringes and experimental parameters on the
computer generally required 5 to 7 minutes, during which
the coverslip was perfused with medium A at 37°C. An
additional period of at least 100 seconds' perfusion then
was recorded before starting experimental maneuvers.

Experimental agents were introduced by replacing
the perfusion syringe with one containing a solution of the
desired composition. At the end of the last desired ex-
perimental maneuver, coverslips either were subjected to
a calibration procedure or were stained with trypan blue.
The calibration procedure consisted of perfusion with a
nominally Ca2"-free form of medium A that also con-
tained 2.5 mmol/l ethylene glycol tetra-acetic acid (EGTA)
and 5 ,umol/l ionomycin (Calbiochem, La Jolla, CA), fol-
lowed by medium supplemented with Ca2` to a concen-
tration of 3.5 mmol/l, and 5 ,umol/l ionomycin, then by
medium A containing 200 ,umol/I MnCI2. Each of the cal-
ibration solutions was continued long enough to achieve
a stable response. In some experiments, Trypan blue
exclusion was assessed by perfusion with a solution con-
sisting of a 50:50 mixture of 0.4% Trypan blue in normal
saline (Gibco, Grand Island, NY) and Hank's balanced
salt solution.

To determine Caf, the values of the 340- and 380-nm
signals at the end of the MnCI2 perfusion were subtracted
to correct for intrinsic autofluorescence and other Ca2+-

independent fluorescence in the system.28 Cytosolic free
calcium was calculated from the 340/380 ratios using the
equation:

[Ca2+]f = (Kd X Sf2/Sb2) X (R - Rmin)/(Rmax-R),
where R is the ratio at any point; Rmin is the ratio achieved
during perfusion with EGTA and ionomycin in Ca2`-free
solution C; Rmax is the ratio achieved during perfusion
with ionomycin in 3.5 mmol/l Ca2+ solution C; Sf2 is the
absolute value of the corrected 380 signal at Rmin; Sb2 is
the absolute value of the corrected 380 signal at Rmax; Kd
is 224 nm.29 In coverslips that were stained with trypan
blue instead of being calibrated, Rmin, Rma,x and autof-
luorescence values obtained from a fully calibrated, con-
trol coverslip on the same day were used to quantify Caf.

Although fura-2 has been shown to become compart-
mentalized in bovine aortic endothelial cells,30 this was
not a problem with the human umbilical vein cells used
here. Fura fluorescence was observed to be diffusely dis-
tributed in the cytosol and was largely released by mild
digitonin treatment.

Analytical Methods
To assess LDH release, a 0.25-ml sample of medium
was removed from the plate and rapidly centrifuged at
1 3,000g to pellet any nonadherent cells. The supernatant
was removed for LDH assay by a fluorometric method as
previously described.2 Total cell layer LDH was mea-
sured on control plates by adding Triton X-1 00 to a final
concentration of 0.1% to the medium and swirling the
plates several times during 2 to 3 minutes before sam-
pling. This resulted in complete LDH release. Percent
free LDH values were calculated as 1 00x activity in me-
dium/total cell + medium activity of a paired control
plate.

To measure ATP, the entire 1.0 ml medium and any
nonadherent cells were removed from the plate and im-
mediately spun at 1 3,000g to pellet the cells. In the mean-
time, 0.75 ml 6% trichloroacetic acid (TCA) was added to
the plate. A 0.25-ml aliquot of medium was removed from
the centrifuged sample for LDH determination, and the
rest of the medium was added to an equal volume of 12%
TCA. The 6% TCA from the plate then was transferred to
the pelleted cells to extract them. The TCA extracts of
cells and medium were neutralized with trioctylamine-
freon as previously described1 and assayed for ATP by
high-pressure liquid chromatography (HPLC).' Protein
was measured by the method of Lowry et al.31 Hydrogen
peroxide was assayed spectrophotometrically using
horseradish peroxidase.32

Reagents
Reagents were obtained from Sigma (St. Louis, MO) un-
less otherwise indicated. 1799, 2,6-dihydroxy-
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1,1 ,1 ,7,7,7-hexafluoro-2,6-bis(trifluoromethyl)heptan-4-
one[bis(hexafluoroacetonyl)]acetone, a nonfluorescent
uncoupler of mitochondrial oxidative phosphorylation,33
was provided by Dr. Peter Heytler (DuPont, Wilmington,
DE). One hunmdred nanomolar Ca2e media were pre-
pared by addition of EGTA to medium A based on cal-
culations using software developed by Fabiato3"4 and
checked by measuring fluorescence of fura pentapotas-
sium salt added to medium in the absence of cells.

Statistics

Data from multigroup experiments were analyzed statis-
tically by analysis of variance for repeated measure de-
signs. Individual group comparisons then were made us-
ing the Neuman-Keuls test for multiple comparisons (PC
ANOVA, Human Systems Designs, Northridge, CA). Two
group studies were assessed using paired or unpaired
t-tests as appropriate. P < 0.05, two-tailed, was consid-
ered to be statistically significant.

Results

Responses to Treatment with lonomycin

Treatment of the endothelial cells with ionomycin alone
and in combination with the mitochondrial uncoupler,
CCCP, produced rapid loss of plasma membrane integ-
rity and LDH leakage (Figure 1). After a lag of about 7.5
minutes, free LDH values of ionomycin and ionomycin +
CCCP-treated cells rapidly increased to > 80%. The ef-
fect of ionomycin + CCCP was no greater than the effect
of ionomycin alone. Glycine virtually completely pre-
vented LDH release for the full 60 minutes of study (Fig-
ure 1). Endothelial cells treated with CCCP alone did not
sustain damage leading to LDH release for up to 180
minutes of incubation (not shown).

Adenosine triphosphate levels dropped to 20% of
control values during the first 7.5 minutes in all groups
and then dropped further to less than 2% of control val-
ues. Adenosine triphosphate depletion was just as se-
vere in cells treated with ionomycin alone as in cells
treated with ionomycin + CCCP (Figure 2). Glycine did
not affect either the rate or the extent of ATP depletion
(Figure 2).

Control cells had the appearance of typical monolay-
ers of endothelial cells (Figures 3 and 4). In the presence
and absence of glycine, ionomycin and ionomycin +
CCCP-treated groups had severe morphologic changes
consisting of retraction, rounding up, extensive mem-
brane blebbing, and widespread detachment (Figure 3).

Cells exposed to glycine were severely damaged, but
most of them maintained a distinctly denser cytosol and
tended to remain more adherent to the dish than cells not
treated with glycine. The morphologic concomitant of
LDH retention was more clearly evident in plates stained
with fluorescein-diacetate and propidium iodide (Figure
4). The majority of cells on ionomycin + CCCP plates not
treated with glycine showed little or no retention of cyto-
solic fluorescein and had bright red propidium iodide
staining of their nuclei. Glycine-treated preparations had
extensive retention of fluorescein in both intact cells and
free blebs. Most glycine-treated cells excluded propid-
ium iodide, although the glycine-treated plates also had
occasional cells of an intermediate type with very weak
propidium iodide nuclear staining. This type of cell was
not seen in either control plates or ionomycin + CCCP
plates without glycine. Plates treated with ionomycin
alone and ionomycin + glycine behaved similarly to the
corresponding ionomycin + CCCP plates with regard to
fluorescein diacetate and propidium iodide staining (not
shown).

Concentrations of ionomycin down to 1 ,umol/l pro-
duced effects similar to the 5-,umol/l concentration (Fig-
ure 5). Toxicity of ionomycin was dependent on the pres-
ence of calcium in the medium (Figure 6). Glycine had a
substantial protective effect at the lowest concentration
tested, 0.25 mmol/l, and was fully protective at 1 mmol/l
and higher (Figure 5).

Glucose, pyruvate, glutamate, and glutamine, poten-
tial ATP-generating substrates, had no effect on injury
produced by ionomycin + CCCP (Table 1). In contrast,
a number of compounds structurally similar to glycine
were highly protective. L-Alanine, D-alanine, ,-alanine,
1 -aminocyclopropane-1 -carboxylate acid, and a-ami-
noisobutyrate were all just as protective as glycine.
L-Serine was moderately protective. L-Aminobutyrate,
DL-,B-aminobutyrate, L-valine, and L-leucine were not
consistently protective (Tables 1 and 2).

Manganese had a moderate, dose-dependent effect
to reduce LDH release when used alone in the ionomycin
model. Combining 0.5 mmol/I Mn2+ with glycine did not
alter the protection provided by glycine alone. Combin-
ing 0.5-mmol/I Mn2 + with leucine, L-aminobutyrate, or
DL-j-aminobutyrate resulted in a moderate reduction of
LDH release similar to that produced by 0.5 mmol/I Mn2 +
alone (Table 2).

Effects of 1799, lonomycin, and Glycine
on Caf

For studies of Caf, CCCP was replaced with 20 ,umol/l
1799, a nonfluorescent uncoupler12'33 that had similar
effects on cell ATP and viability as CCCP (not shown).
1799 alone induced a small, inconstant Caf transient (Fig
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Figure 1. LDH leakagefrom endothelial cells 20
treatedfor up to 60 minutes with either 5 pM 20
ionomycin (ION), or5 pM ionomycin plus 15
PM CCCP (ION + CCCP) in the absence
(- GLY) or the presence of 5 mM glycine
(+ GLY). Time control (TC) preparations re-
ceived no additions. Values are means ± SE 0
offour to six experiments ValuesforIONand
ION + CCCP groups treated with glycine 0
were significantly differentfrom correspond-
ing groups not treated with glycine at 15, 30,
and 60 min.

ure 7). lonomycin alone and ionomycin + 1799 induced
a large sustained increase of Caf to micromolar levels
that saturated the fluorescent Caf indicator, fura-2. The
changes of Caf were not modified by glycine. The appar-
ent decrease of Caf after the peak response to ionomycin
+ 1799 was variable from experiment to experiment and
coincided with a marked change in physical conforma-

Figure 2. ATP levelsfor the same experiments
as in Figure 1. Labeling is the same as Figure
1. ION, and ION + CCCP-treated cells had 40
significantly less ATP than the zero and 60- J
minute time controls at all durations of ex- .
posure. ATP levels were not significantly af- @)
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tion of the cells when they began to lift off the plates and
out of the initial plane of focus of the microscope.

Hydrogen Peroxide-induced Injury
Most of the primary cultures tested were relatively resis-
tant to the toxic effects of H202. As shown in Figure 8,
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Figure 3. Phase contrast nicrographs of control endothelial cell monolavers uithout (A) and u'ith (D) 5 mM gr;'cine, monolavers exposed
to 5 pM ionomvcin for 30 minutes without (B) and ui (E) 5 mAl glvcine, and monolavers exposed to ionomvcin + 15 pM CCCPfor 30
minutes u'ithout (C) and u'ith (F) 5 miM glvcine. Magnification, X 100.

even after 3 hours' exposure to 5 mmol/l H202, LDH re-
lease averaged less than 30%. Glycine and ACPC com-
pletely prevented this LDH release. L-Aminobutyrate, DL-
,B-aminobutyrate, and leucine did not. Mn2+ (0.1 mmol/l)
had a partial effect to reduce cytotoxicity in the absence
of amino acids and in the presence of the three amino
acids that were not protective by themselves (Figure 8).
At 0.5 mmol/l, Mn2 + was toxic (data not shown). Catalase
was completely protective (Figure 8).

To produce a more severe insult against which to as-
sess amino acid protection, we used iron loading as re-
cently reported for bovine aortic endothelial cells.35 Fig-
ure 9 shows that 30 minutes' preloading with Fe2+ in the
presence of 8-hydroxyquinoline significantly increased
cytotoxicity of H202, but considerable variability re-
mained. When amino acid and Mn2+ manipulation stud-
ies were done in an additional group of experiments,
however, even more toxicity and a higher degree of uni-
formity were found (Figure 10). As was seen in the cells

not preloaded with Fe2 , glycine and ACPC provided
complete protection. L-Aminobutyrate, DL-,-aminobuty-
rate, and leucine were without effect. Mn2+ had a small
but significant effect both in the absence of amino acid
supplementation and when given with the otherwise non-
protective amino acids. Catalase completely prevented
the toxicity of H202 in both the normal and Fe2+-loaded
cells (Figures 8 and 10). 8-Hydroxyquinoline plus Fe2+
had minimal toxicity in the absence of H202.

Glycine and leucine in combination with Mn2+ had a
mild effect to promote metabolism of H202 in medium
incubated at 37°C without cells. Neither Mn2 + nor glycine
nor leucine alone affected medium H202 levels (Figure
11).

Adenosine triphosphate levels were reduced to about
2% of control values during 180 minutes' exposure to
H202 in both Fe2+-preloaded cells and cells that were
not pretreated (Table 3). Neither of the protective amino
acids, glycine and 1-aminocyclopropane-1-carboxylate,

A

.1
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Figure 4. Fluorescent micrographs offluorescein diacetate and propidiumel iodide-stained control endothelial cell mono/alers (A, D),
30-minute ionomvcin + CCCP-treated monolal'ers- (B, E), and S30 minute ionomycin + CCCP + 5 mM1glyvcine-treated monolaver.s (C, F).
(A, B, C) arefluorescein diacetate-treated plates viewed uith the 450-490 nm excitation and 520 nm long pass barrier emission filters; (D,
E, F) arepropidium iodide-treatedplates viewed taing the 546 nm excitation and 590 nm long pass~harrier emission filter.set. Magnification,
x 100.

Figure 5. Dose dependence ofkilling bv ion-
omycin andprotection by glycine. In (A) cells
were treatedfor30 minutes uwith 15 ,uM CCCP
plus the indicated concentration of ionomn-
cin. In (B), cells were treated with 15 AM
CCCPplus 5 pM ionomycin plus the indicated
concentration ofglycinefor 30 minutes. Val-
ues are means + SE ofresultsfrom three ex-
periments. Effects of all ionomvcin and gl4-
cine concentrations shown were statistically
significant.
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Figure 6. Effects ofreduced Ca" on killing.
Cells were treated with 5 ,iM ionomycin plus
15 PM CCCP (I + C) in medium with either
the normal concentration of 1.25 mM Ca2+
or with 100 nM Ca' produced by adding
EGTA Values are means + SE for three ex-
periments. Both I + C groups had signifi-
cantly greaterfree LDH than the time control
but the 100 nM Ca2 + group was significantly
lower than the 1.25 mM Ca`2 group.

nor Mn2+, nor the nonprotective amino acids consistently
affected this ATP depletion. In contrast, catalase com-
pletely prevented the ATP depletion.

Discussion

These studies demonstrate potent effects of amino acids
to modify acute lethal cell injury to cultured human um-
bilical vein endothelial cells. Glycine and structurally sim-

Table 1. Effects ofMetabolic Substrates and Highly
Protective Amino Acids on Endotbelial Cell Injury
Produced by Ionomycin + CCCP

Time control (30 min)
lonomycin + CCCP (I + C)
+ C, 5 mM glucose
+ C, 5 mM pyruvate
+ C, 5 mM glutamate
+ C, 5 mM glutamine
+ C, 5 mM glycine
+ C, 5 mM L-alanine
+ C, 5 mM D-alanine
+ C, 5 mM p-alanine
+ C, 5 mM 1-aminocyclopropane-
1 -carboxylate
+ C, 5 mM a-aminoisobutyrate
+ C, 5 mM L-serine

ilar amino acids have a specific action to prevent loss of
plasma membrane integrity manifested by leakage of a
large cytosolic enzyme and failure to exclude vital dyes
during a rapidly evolving form of injury secondary to ion-
ophore-induced increases of Caf as well as during a
slower-developing process consequent to hydrogen per-

Table 2. Effects of Poorly Protective Amino Acids and
Mn2 on Endothelial Cell Injury Produced by
Ionomycin + CCCP

Percent free
LDH

Time control (30 min)
Percent free lonomycin + CCCP (I + C)

LDH + C,0.1 mMMn2+
+ C, 0.2 mM Mn2+

5.9±0.6 + C, 0.5mM Mn2+
63.2 ± 3.9t + C, 1.0 mM Mn2+
64.4 ± 4.6t + C, 5 mM glycine
59.4 ± 4.2t + C, 5 mM glycine, 0.5 mM Mn2+
65.0 ± 5.Ot + C, 5 mM L-aminobutyrate
60.4 ± 2.4t + C, 5 mM L-aminobutyrate,
9.7 ± 1.6* 0.5 mM Mn2+
7.0 ± 1.0* + C, 5 mM DL-p-aminobutyrate
9.7 ± 1.0* + C, 5 mM DL-,B-aminobutyrate,
8.0 ± 1.3* 0.5 mM Mn2+

+ C, 5 mM L-leucine
6.8 ± 1.1* + C, 5 mM L-leucine,
9.4 ± 2.2* 0.5 mM Mn2+

26.0 ± 4.7*t + C, 5 mM L-valine

7.3 ± 0.8
86.2 ± 4.6t
74.8 ± 10.7t
64.3 ± 6.5*t
57.3 ± 6.3*t
48.9 ± 5.6*t
8.7 ± 1.4*
6.6 ± 2.3*

65.6 ± 7.2*t

43.8 ± 2.3*t
80.1 ± 4.8t

43.3 ± 1.3*t
67.7 ± 4.5*t

54.5 ± 1.4*t
67.6 ± 4.0*t

* Significantly different from ionomycin + CCCP alone.
t Significantly different from ionomycin + CCCP, 5 mM glycine.
Values are means + SE from 3-5 experiments.

* Significantly different from ionomycin + CCCP alone.
t Significantly different from ionomycin + CCCP, 5 mM glycine.
Values are means + SE from 3-5 experiments.
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Figure 7. Measurements of cytosolic free calcium (Caf) in endothelial cells exposed to 1799 without (A), and with 5 mM glycine (D),ionomrycin without (B) and with (E) 5 mM glycine, and ionomvcin + 1799 without (C) and with (F) 5 mM glycine. Each tracing is
representative of results seen in three to five experiments. The Caf axis is labeled only up to the low pM range becausefura estimates ofCafare not accurate at higher levels.59

oxide exposure. This effect is distinct from the actions of
amino acids plus Mn2+ to ameliorate oxidant injury by
promoting degradation of H202.'316

Protective effects of glycine and related compounds
against ionomycin-induced injury were very similar to
those previously seen in fresh kidney proximal tubules. In
the proximal tubules, protective effects were found dur-
ing injury produced by hypoxia, chemical inhibitors of
oxidative phosphorylation, ouabain, and ionomycin.1-
5,10,12 For hypoxia and removable inhibitors of oxidative
phosphorylation, protection during the insult by amino
acids allowed essentially full recovery afterward,1 5 in-
dicating that protection was a real change in the biology
of injury and not simply a transient effect to alter the mea-
sured injury parameters during the insult.

As in prior studies of cultured cell systems,36<3 the
endothelial cells were relatively resistant to lethal cell in-
jury induced by inhibition of oxidative phosphorylation
despite efficacy of the inhibitor, CCCP, to markedly re-
duce ATP levels under the glucose-free experimental
conditions that had been chosen to favor ATP depletion.
Studies with CCCP alone, therefore, did not allow for a
test of amino acid protection and have not been detailed
in the results. Rapidly increasing Caf with ionomycin,
however, produced extensive lethal cell injury over an

accelerated time frame, similar to that seen in fresh kid-
ney tubules12 and other cell types.39 As in the kidney

tubules, amino acids provided potent protection, even
though they did not prevent the increases of Ca1 to mi-
cromolar levels or the profound ATP depletion associated
with the injury. The patterns of both injury and protection
were similar in cells treated with ionomycin and ionomy-
cin + CCCP.

For studies comparing protective effects of glycine
with those of other amino acids, ionomycin + CCCP was
used to produce a maximally damaging insult. The ATP
measurements, however, which were not available until
later, indicate that ionomycin alone would have been suf-
ficient. Protective effects of compounds structurally sim-
ilar to glycine were somewhat broader than reported for
hypoxic injury to rabbit kidney tubules.9 ,3-Alanine, 1 -ami-
nocyclopropane-1 -carboxylate, and D-alanine, which
had weaker effects than glycine and alanine in the kidney
tubules, were all fully effective in the endothelial cells.
a-Aminoisobutyrate and L-serine, which were ineffective
for the tubules,9 were active for the endothelial cells. As in
the kidney cells, however, several other amino acids and
potential substrates for energy metabolism were without
effect. The overall similarity of the nature of protection and
the compounds affording protection strongly suggests
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glycine = GLY, L-aminobutyrate = LABA, DL-[3-aminobut4rate = BABA, 1-aminoc-vclopropane-1-carboxvlate = ACPC, leucine = LEU, CAT
= 1800 U/ml catalase. Time control LDH release shoun by the interrupted line uwas 5.3 ± 0.7. Values are means + SEfor seven experiments.
*Significantly differentfrom time control value. None ofthe individual Mn2-treated groups significantlv differedfrom either the time control
or the corresponding group studied uithout Mn-' +, but the effect ofMn2'+to decrease injurV uwas significant uben the datafor the NO AA,
LABA, BABA, and LEU groups were pooled.

Figure 9. Effect of 8-bvdroxvquinoline (HQ)
and Fe2+ on H,O-induced injurv. Plates
uere preincubated for 60 minutes. During
the last 30 minutes HQ + Fe plates were
treated uith 10 FM HQ + 10 piM Fe2+. All
plates uwere then uashed three times u'ith PBS
and returned to the incubator in the standard
experimental medium (medium A) for 10
min. prior to addition of5 mM H20 Plates
were sampledfor LDH after 180 minute ex-
posure to H20.. Open circles are the group
means ± SE. Filled circles show results for
each set ofpaired plates from separate cul-
tures studied HQ + Fe-treated cells had sig-
niflcantlv greater LDH release.
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Figure 10. Effects ofamino acids andMn2' on H20Q, induced killing in cellspretreated with HQ + Fe. After 30 minutespretreatment with
HQ + Fe (as desacibed with Figure 9), pairedplates were treatedfor 180 minutes with either H202 alone, H202plus 5 mM of the indicated
amino acid, or H202 plus 5 mM amino acid plus 0.1 mM Mn' . No amino acid = NO AA glvcine = GLY, L-aminobutyrate = LABA
DL-3-aminobutyrate = BABA, 1-aminocyclopropane-1-carboxylate = ACPC, leucine = LEU, CAT = 1800 U/ml catalase. Time controlLDH
release by cells not treated with HQ + Fe was 1.8 0.3. Time control LDH release by HQ + Fe pretreated cells, shown as the interrupted
line, was 5.6 1.0 (significantly different from nonpretreated time control). Values are means SEfor three exeriments. *Signiflcantly
differentfrom time control value. tSignificantlv differentfrom corresponding group without Mn2 +

that the same phenomenon is being studied. It is of in-
terest, in this regard, that protective effects of amino ac-
ids against hypoxic injury to rat thick ascending limb tu-
bules that are strongly expressed for the same core
compounds, glycine, alanine, ,B-alanine, and 1-aminocy-
clopropane-1-carboxylate, also extend to D-serine but
not to L-serine.40 Whether the species and cell type dif-
ferences in specificity of this effect reflect differences in
interaction with the target molecule or in access to the
active site will require further studies and better definition
of the cellular target for protection.

The concentration dependence of protection by gly-
cine is well within the physiologic range of circulating lev-
els of the amino acid in the human, which range from 0.2
to 0.4 mmol/l.41 42 Strong but partial protection was evi-
dent at 0.25 mmoVI; protection was complete by 1.0
mmol/l. This is a somewhat more potent effect than in the
rabbit tubules, where protection was just evident at 0.25
mmolA and was not maximal until 2 mmol/l. Circulating
glycine levels in the rabbit are 1 to 1.5 mmol/l.434 Thus
protection was maximal in both species at levels approx-
imating the high end of normal serum values. This sug-
gests that variations of glycine within the physiologic
range could modify expression of endothelial cell injury in
vivo.

Recent reports using cell-free systems have shown

that Mn2+ by itself induces disproportion of hydrogen
peroxide,13 and it promotes the effects of amino acids to
oxidize H202 with formation of amino acid carbonyl de-
rivatives.'1415 We have provided support for the biologic
relevance of this process by demonstrating protective
effects of amino acids + Mn2 + both in vitro and in vivo. 16
In the current studies, Mn2+ was partially protective
against hydrogen peroxide damage, irrespective of
amino acid addition. Glycine and ACPC, however, were

completely protective without addition of Mn2 . In con-
trast, leucine, L-aminobutyrate, and DL-,-aminobutyrate

2+were without protective effects in the absence of Mn .

Although amino acids + Mn2+ did promote metabolism
of H202 in the medium, this effect was not specific for
glycine and was not produced by glycine alone. These
observations suggest that most of the effect of glycine to
strongly suppress hydrogen peroxide-induced lethal cell
injury was due to an action similar to that seen with ion-
omycin-induced injury rather than to modulation of the
availability of H202 or reactive oxygen metabolites de-
rived from it. The moderate protective effect of Mn2+ in
the ionomycin model could be related to direct interac-
tions of Mn2+ with ionomycin to alter its effects on Caf.
The quenching actions of Mn2+ on fura1228 prevented
us from assessing this issue directly.

Oxidation of reduced glutathione catalyzed by gluta-
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thione peroxidase importantly contributes to detoxifica- against an <
tion of hydrogen peroxide. Reduced glutathione is de- primarily de
pleted if the hexose monophosphate shunt and glutathi- the protectic
one reductase cannot compensate.45'46 Decreasing hibitor-indu
glutathione promotes hydrogen-peroxide-induced en- depletion e(
dothelial cell injury; augmenting glutathione retards in- The ultin
jury.47'48 Although glycine is a component of glutathione, induced an(

and protection by glycine in some of the renal tubule cell shown to b
models of injury is associated with preservation of gluta- tems, and
thione, it has been shown through the use of glutathione- Fe2+ -cataly
depleting maneuvers that glycine protection in that sys- tent oxidant
tem is not mediated by glutathione.245 Glutathione me- for the role
tabolism was not assessed in the present study; cells and c

however, the protective effects of other small neutral method for r

amino acids such as D-alanine, 1 -aminocyclopropane-1 - by using 8-

carboxylate, and a-aminoisobutyrate, which do not enter full protecti%
into pathways related to glutathione synthesis, strongly Fe2+ loadir
argue that protection is not related to preservation of cel- induced da
lular glutathione. Increase

Hydrogen-peroxide-induced damage to endothelial peroxide-in
cells is associated with early depletion of cell ATP and jury, 22-24,53,
loss of purine metabolites to the medium. These changes lethal cell ir
are prevented by agents such as catalase that protect by protection b
promoting catabolism of hydrogen peroxide.49'50 We damage rai

found similar protection against hydrogen-peroxide- during hydr
induced adenine nucleotide depletion by catalase in our mediated c(

system, but protection by glycine and ACPC was not quired to a

accompanied by preservation of ATP. This further argues however, lir

Figure 11. Catabolism of H202 in medium
without cells. 5 mM H202 was added to me-
dium A at time zero and samples for H202
determination were taken for up to 60 min-
utes of incubation at 37°C No further addi-
tions = NFA Mn2+ was 0.1 mM, other agents
were 5 mM Glycine = GLY, leucine = LEU
Values are means + SEfor three experiments.
Addition of glycine, leucine, or Mn2 + alone
resulted in essentially zero H202 consump-
tion and would overlap with theNFA line (not
shown). Incubation ofH202 in water rather
than medium also did not result in H202 con-
sumption (not shown).

action of glycine and related amino acids to
,toxify hydrogen peroxide. It is also similar to
on by glycine in ionomycin and metabolic in-
ced injury, which also occurs in spite of ATP
quivalent to that seen in unprotected cells.
mate lytic cell lesion in hydrogen-peroxide-
d related forms of oxidant damage has been
)e strongly Fe2+ dependent in multiple sys-
most evidence indicates that this is due to
yzed formation of hydroxyl radical, a more po-
than H202i35,51'52 Our data provide support
of Fe2+ in human umbilical vein endothelial
.onfirm the efficacy of a recently reported
rapidly preloading endothelial cells with Fe2+
-hydroxyquinoline.35 That glycine retained its
ve effects despite enhancement of injury by
ig suggests actions against hydroxyl radical-
image.
3s of Caf have been implicated in hydrogen-
iduced and related forms of oxidant cell in-
',54 although their role in the development of
njury has been questioned.5556 The potent
)y glycine against ionomycin-induced lytic cell
Jses the possibility that protection by glycine
rogen peroxide injury is also against a Ce+-
:omponent; however further studies will be re-
assess this issue. Glycine protection is not,
mited to injury associated with increases of
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Table 3. ATP Levels ofHydrogen Peroxide and Amino
Acid-treated Endotbelial Cells

ATP (nmol/mg cell protein)

No HQ + Fe
pretreatment pretreatment

Zero time control 25.3 ± 1.16* 37.42
180 min time control 19.23 ± 0.68 27.84
180 min HQ + Fe 24.83
H202 0.35 ± 0.03* 0.30
H202 + Mn2+ 0.36 ± 0.04* 0.15
H202 + Gly 0.34 ± 0.1 1 * 0.10
H202 + Mn2+ + Gly 0.42 ± 0.08* 0.18
H202 + LABA 0.48 ± 0.13* 0.10
H202 + Mn2+ + LABA 0.41 ± 0.08* 0.10
H202 + BABA 0.39 ± 0.09* 0.15
H202 + Mn2+ + BABA 0.38 ± 0.09* 0.50
H202 + ACPC 0.22 ± 0.06* 0.15
H202 + Mn2+ + ACPC 0.85 ± 0.12* 0.45
H202 + LEU 0.48 ± 0.09* 0.10
H202 + Mn2+ + LEU 0.28 ± 0.07* 0
H202 + CAT 20.43 ± 0.65 26.14

* Significantly different from 180-minute time control.
Values are means ± SE from four experiments (No pretreat-

ment) and two experiments (HQ + Fe pretreatment, means only).
These experiments were part of the groups which provided the LDH
values in Figures 8 and 10. HQ + Fe indicates 30-minute exposure
to 10 FLM hydroxyquinoline + 10 ,uM ferrous ammonium sulfate
before addition of H202 and the indicated test compounds for 180
minutes. Other abbreviations are as in Figures 8 and 10.

Caf. In kidney tubules, we have found that glycine also
protects against damage induced by Ca2+ depletion.57

It is notable that glycine did not protect the ionomycin-
treated cells against the typical retraction and severe
blebbing that are common to calcium ionophore and hy-
drogen-peroxide-induced damage and that, in both
cases, are probably due to effects of increased Caf
on the cytoskeleton and membrane phospholi-
pases.20,22,53 58 The occurrence of these changes in gly-
cine-treated cells supports the conclusions from the fura
studies that glycine was not altering ionomycin-induced
increases of Caf. We suspect that protection by glycine
against lytic plasma membrane damage was delaying
that process far beyond otherwise irreversible damage to
intracellular structures that would have prevented recov-
ery of the cells after reversal of ionomycin effects. We
have not yet been able to assess this directly because of
the hydrophobic nature of the compound.

The full applicability of these protective effects to more
physiologically relevant types of endothelial cell injury will
have to be determined by future studies. Expression of
protection independent of Mn2+ in the somewhat milder
lesion produced by hydrogen peroxide, however, sug-
gests that protection will be evident in other settings. Fur-
thermore the very similar protective effects in kidney tu-
bules have already been shown to allow sustained re-
covery from more physiologic, reversible insults.1 2 The
fact that such protective effects are present in human-
derived endothelial cells suggests that these findings

may prove applicable to human disease processes in
several organs in vivo and merit further investigation in
this regard. At a minimum, these data indicate that con-
tent of specific amino acids independent of their potential
for metabolism by traditional pathways must be explicitly
considered in the design of in vitro studies of endothelial
cell injury.
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