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To pursue the hypothesis that peroxidized lipids may become preferred
substrates for endogenous phospholipases, we injured hepatic lysosomes by
adding an exogenous free radical generating system [dihydroxyfumurate + Fed*-
ADP]; this system rapidly lysed hepatic lysosomes at pH 6.0, with maximal
changes at 30 min. The production of malondialdehyde [MDA] plateaued rapidly.
At 20 min the degradation of phosphatidylethanolamine [PE] was greater than
phosphatidylcholine [PC]: 52% and 17%, respectively. Sphingomyelin and
neutral lipids did not decrease. Most interesting was the significant increase
of lysoPC [329%; p < 0.05] at 10 min and [381%; p < 0.01] after 20 min of
incubation; lysoPE production became significant [766%; p < 0.05] at 20 min.
This enhanced production of lysoPC and lysoPE suggests a new mechanism to
increase the production of amphiphilic lipids during ischemia, that is active
at moderately acid pH without added calcium, © 1984 Academic Press, Inc.

Myocardial ischemia may result in the degradation of phospholipids and the
accumulation of amphiphilic compounds, such as acyl CoA's, acyl carnitines,
free fatty acids and lysophospholipids (1-5). Calcium influx into the ischemic
tissue may stimulate Ca**-dependent phospholipases (6) at neutral pH to attack
membranes producing lysophospholipids. It has also been suggested that lyso-
somes may participate in the injury process (7,8); however, no direct evidence
has been provided for the contribution of these organelles to the injury of
whole tissue. Morphological evidence confirms that lysosomal membranes become
permeable during early ischemia, but the significance of this event in the
process of injury has not been substantiated (9). We previously delineated the
significant ability of lysosomes to produce lysophospholipids and free fatty
acids when incubated at pH 5.0 (10). Since the intracellular pH in ischemic
cardiac tissue may drop only to the 5.8-6.0 range (11), this has been cited as
evidence against the potential participation of lysosomal phospholipase

(optimal at pH 4.5~5.0) in the injury process. More recently, free radicals

0006-291X/84 $1.50

Copyright © 1984 by Academic Press, Inc.
229 All rights of reproduction in any form reserved.



Vol. 124, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

have been implicated in the process of ischemic injury (12-15). Since free
radical-induced lipid peroxidation may lead to structural alterations withia
the membrane bilayer, we investigated the effects of free radical-induced lipid
peroxidation on our hepatic lysosomal model (16). To approach this question,
we utilized dihydroxyfumarate (DHF) with Fe-ADP to generate free radicals in
vitro and to provide a carefully controlled time-course of injury to highly
purified rat hepatic lysosomes. The present work extends the lipid characteri-
zation of this lysosomal model and describes new evidence that the free
radical-induced injury to lysosomes may be associated with calcium-independent
lipolysis, which may precede the subsequent influx of calcium into ischemic
tissue resulting in the activation of calcium-dependent endogenous

phospholipases.

METHODS AND MATERIALS:

Dihydroxyfumurate, FeCly.6H,0, ADP, and paranitrophenol-N-acetyl-8-
glucosaminide were purchased from Sigma. Hepatic tissues were obtained from
Sprague Dawley rats after decapitation; the buffer for disruption of the tissue
included 0.25 M sucrose, 0.003 M MgCl,, 0.001 EDTA, 0.01 m MOPS at pH 7.2.
Liver perfused with the above buffer was homogenized and lysosomes were pre-
pared utilizing the free flow electrophoresis technique, previously described
by Henning and Heidrick (17) and our laboratory (16).

Incubation procedure: Lysosome-enriched fractions, isolated from the free flow
electrophoresis unit, were resuspended in the reaction buffer consisting of
0.12 M KCl, 0.05 M sucrose, and 0.02 M acetate adjusted to pH 6.0 by KOH. The
incubation mixture contained 200-300 ug of lysosomal protein, 83 uM DHF, and

25 uM FeCly chelated by 250 uM ADP per ml of the reaction buffer. Iacubations
at 37°C were continued for up to 30 min with frequent sampling of aliquots for
determination of Z-free-N-acetyl-B-glucosaminidase (NAGA) activity, malondi-
aldehyde (MDA) formation (16) and membrane lipid changes.

Lipid Extraction and Analysis: Lysosomal membrane lipids were extracted
following incubations in the presence of the free radical generating system,
according to the method of Bligh and Dyer (18), 1.0 ml of aqueous lysosomal-
radical generating system is added to 3.75 ml of CHCl,:MeOH (1:2 v/v) and
vortexed intermediately over 1 hr. 1In our experiments, this micro-extraction
contained only 250 ug of lysosomal protein so the usual centrifugation step to
remove the "protein pellet" was not necessary. 1.25 ml of CHCl; and then H,0
are then added and the sample mixed in a Teflon-capped tube and the two phases
allowed to separate overnight in the cold (4°C). The lower CHCly phase is
carefully removed with a Pasteur pipette and transferred to a conical 2 ml
centrifugation tube. The CHCl3 phase was evaporated, and the dried lipids were
immediately resuspended in a known volume of CHCly:MeOH (1:2 v/v) and analyzed
directly for lipid composition.

The lipid extracts were spotted on SII Chromarods (Iatron Labs, Inc.,
Tokyo) to directly quantify both neutral lipids and phospholipids using TLC-FID
(Flame Ionization Detection) following the pseudo-two dimensional method des-
cribed by Ackman (19). Neutral lipids were separated on the Chromarods in a
solvent system of diethyl ether:n-hexane: HAc 25:85:0.5 (v/v/v) for 25 min at
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room temperature. Under these conditions, the relative mobilities of choles-
terol ester, triglyceride, free fatty acid and free cholesterol were:
1.0:0.84:0.65:0.35 (relative to cholesterol ester), respectively. Following
quantification of the neutral lipids, the rods were then developed for 1 hr in
the phospholipid solvent system (CHClgy:MeOH:HAc:H,0 60:30: 1.0:3.5 v/v/v/v).
Under these conditions, the phospholipids of interest were separated on the
rods, with the exception of phosphatidylserine (PS) and phosphatidylinositol
(P1). The relative mobilities of the phospholipids with respect to phospha-
tidylethanolamine (PE) were: cardiolipin (CL), 1.19; PE, 1.0; PS+PI, 0.75;
lysoPE, 0.52; phosphatidylcholine (PC), 0.44; sphingomyelin (SPM), 0.25; and
lysoPC, 0.14. The FID response was converted to direct mass determinations by
comparison to the FID response of standards for each individual 1lipid class.

Thin layer separation of X6 silica gel (Whatman, Clifton, NJ) was per-
formed in the solvent chloroform-methanol-petroleum ether-acetic acid-boric
acid (40:20:30:10:1.8 v/v/v/v/v/w) as described by Gilfillan et al. (20). This
system allows for one dimensional separation of all the phospholipids of the
lysosome including PS and PI. The Rf of the individual phospholipids were:
CL, 0.90; PE, 0.57; PS, 0.38; PI, 0.30; lysoPE, 0.23; PC, 0.20; SPH, 0.l1;
lysoPC, 0.06. Amino phospholipids were visualized by spraying with ninhydrin
reagent (21) and choline containing lipids by spraying with Dragendorff's
reageat (21). For quantification of phospholipids, the lipid spots were
visualized by spraying with the plate with dilute sulfuric acid and charred;
the individual phospholipids were then scraped from the plate and the lipid
phosphorus determined colorimetrically (22).

RESULTS AND DISCUSSION:

Fig. 1 displays the time-course of the induced lipid peroxidation and the
subsequent loss of lysosomal latency at pH 6.0. As indicated by the formation
of MDA, lipid peroxidation occurred rapidly and approached a plateau of
62.3 £ 5 nmol MDA/mg protein. However, the loss of lysosomal latency, as
indicated by the increased %-free activity of NAGA, occurred after an initial
10-min lag period and then reached a maximum level (90.3 * 9,5%) at 30 min. As
a paired control, incubation of the lysosomes with the buffer alone produced
very low levels of lipid peroxide and only a slight increase in %-free activity
of NAGA over the same period of incubation.

We followed the lipid changes induced by the lysosomes by TLC-FID. The
neutral lipid composition (n=8) was not significantly altered by exposure to
exogenous free radicals. However, the phospholipid composition was altered and
Figure 2 demonstrates the % decrease in phosphatidylcholine (PC) at 10, 20 and
30 min of exposure; the production of lysophosphatidylcholine (lysoPC)
plateaued at 20 min. The TLC-FID system also showed dramatic loss of phospha-
tidylethanolamine (PE) and phosphatidylserine/phosphatidylinositol (PS/PI) as
well as apparent but less consistent increase in lysoPE. The TLC-FID system

has the advantage of being extremely sensitive and provides rapid analyses. We
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Figure 1: Time course of MDA formation (4,4) and increase in Z-free activity
of N-acetyl-B-glucosaminidase (®,0) in lysosomes incubated with
(solid symbols) or without (open symbols) DHF + Fe-ADP; n = &4 *
S.D.

Figure 2: Changes in lysosomal phosphatidylcholine (PC) and lysoPC (at 10 min
, 20 min and 30 min [ ) after incubation at 37°c, pH 6.0,

in the presence of free radicals generated by DHF + Fe-ADP; analyses
by flame ionization detection on Chromarods.

also used conventional thin layer chromatography and lipid phosphorus deter-
minations to confirm these phospholipid changes induced by free radicals,
Spraying the chromatographs with ninhydrin and Dragendorff's reagents confirmed
the production of lysoPC and lysoPE and suggested that lysoPS may be produced.
The lipid composition of the two major phospholipids (PC and PE) and their
lyso-species, based upon lipid phosphorus determination, is shown in Figure 3.
In general, the data in these experiments (Table 1) agree with the TLC-FID
technique in that cardiolipin (CL) and sphingomyelin (SPM) were not altered by
free radical attack; the other phospholipids diminished in the following order:
PE > PS > PI > PC. The decrease in PC and PE was highly significant (P < 0.01)

at 20 min. LysoPC production was significant at 10 min (P < 0.05) and at 20
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Figure 3: Changes in lysosomal phosphatidylcholine (PC), phosphatidyl-

tysg PC Lyso PE

ethanolamine (PE), lysoPC and lysoPE (at 10 min fZ and 20 min )
after incubation at 37°C, pH 6.0, in the presence of free radicals
generated by DHF + Fe-ADP; after separation by thin layer chroma-

tography lipids were assayed for phospholipid phosphorus. Sig-
nificance: p < 0.05 =*; p < 0,01 = **,

min (P < 0.01). LysoPE increased significantly (P < 0.05) only at 20 m

in.

It

should be pointed out that, although the lysophospholipids were increased, no

increase was observed in free fatty acids; also, a significant portion of the

TABLE 1

Free Radical Induced Changes In Lysosomal Phospholipid Composition

Mole % of
Control lipid phosphorus?

Phospholipid Coatrol 10 min 20 min
lysoPC 1.6 £ 0.3 5.3 1.8% 6.1 £ 2, 1%
PC 55.2 £ 0.6 46.0 & 3 1% 43.4 + 3 5%%
lysoPE 0.4 = 0.05 1.3 0.8 2.6 £ 1,3%
PE 21.4 £ 0.4 11.6 £ 2, 1%* 9.3  2,6%%
PS 3.8+0.2 3.9 £ 0.9 2.1 2 1.1%
PI 9.8 + 0.2 8.0t 1.9 6.9 £ 2.3
cLb 1.5 £ 0.5 2.0 £ 1.0 1.6 + 1.0
SPM 6.4 £ 0.6 7.5 1.9 7.6 1.9
&Mole % calculations based on lipid phosphorus present in the control. No
significant loss of phospholipids was seen in control incubations at pH 6.0

after 20 minutes.
byalues for cardiolipin phosphorus were divided by two prior calculationms.
* = p < 0.05
0.01

** = p <
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lipid phosphorus (about 20%) was lost following incubation with the free
radical system, presumably to water-soluble products. Polymerized phospho-
lipids are reported to be lipid extractable but in our system such "origin"
material was not found.

To pursue the possibility that free radical attack produced the lysophos-
pholipids through a non-enzymatic deesterification of phospholipids (23), we
conducted a control experiment using liposomes prepared from lipid extracts of
lysosomes: after exposure to the DHF-FeADP system at pH 6.0, losses of PE
(25%) and PC (10%) were seen, but no increases of lysoPC or lysoPE were
observed; also, the ester bonds of CL and SPM, which should be equally
sensitive to radical cleavage, were unaffected. The observed increase in
lysophospholipids suggests a "trigger" mechanism by which free radical
perturbations initiate a partial degradation of phospholipids, leading to a
lysosomal membrane that is a more suitable substrate for endogenous phospho-
lipases. Servanian demonstrated that synthetic peroxidized phospholipids (24)
were better substrates for isolated phospholipases than the corresponding
synthetic nonperoxidized phospholipids. 1In support of this idea, it has been
shown that lipid peroxidation within rat mitochrondrial membranes makes these
membranes more susceptible to exogenous phospholipases (25). Alternatively,
since phospholipase A is sensitive to membrane phospholipid packing (26,27},
free radical induced changes in membrane physical properties (28,29) may lead
to enhanced phospholipase activity. Thus, even if peroxidized phospholipids do
not serve as better lipase substrates, the physical changes within the bilayer,
resulting from free radical injury, may result in increased phospholipase

activity.
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