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Figure 5. Western blot analyses of
protein extracts from astrocytes. A
representative  figure from three
repeating experiments is shown. A:
Analysis is shown of protein extracts
from rat brain cortex astrocytes that
were subjected to different durations of
pressure. Control cells were allowed to
remain in the incubator at 37 °C without
being exposed to any increase in
pressure. Other astrocytes were
subjected to an increase in pressure.
Cells were subjected to fixed pressure
and then analyzed for iso[4]LGEx>—
protein modification. About 3,000
isolated rat brain cortex astrocytes were
subjected to a pressure of 100 mmHg for
different time periods (ranging from 3—
33 h). Following pressure treatment, the
culture medium was immediately
replaced with fresh medium, and the
cells were incubated at 37 °C for 16 h at
atmospheric pressure. B: Western blot
analysis is shown of protein extracts
from astrocytes that were subjected to
different post pressure recovery periods
for iso[4]LGE: modification. About
3,000 isolated rat brain cortex astrocytes
were subjected to a pressure of
100 mmHg for a period of 3 h and were
then allowed to recover at 37 °C.
Following pressure treatment, the
culture medium was immediately
replaced with fresh medium, and the
cells were incubated at 37 °C for varying
periods (ranging from 1-10 days) at
atmospheric pressure. Western blot
analysis was performed using rabbit
polyclonal antibody to iso[4]LGE2—
protein adduct after fractionation of total
cell lysates (25 pg protein lysate was
loaded in each lane) on 4%-20% SDS—
PAGE and transfer to a PVDF
membrane. In A and B, bottom panels
were probed with anti-GAPDH as
indicated.
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5A). The cells were allowed to incubate at 37 °C overnight for
about 16 h after pressure treatment for these experiments.

Effect of post pressure recovery period on astrocytes and
prophylaxis against protein modification by endogenous
iso[4]LGE>: Glaucomatous as well as normal eyes often
suffer from bouts of diurnal fluctuation in pressure, and often
the pressure drops to a lower boundary spontaneously. To
determine the changes in iso[4]LGE. protein adduct
immunoreactivity that occur during these periodic changes in
pressure, we examined iso[4]LGE: protein modifications in
astrocytes that were subjected to a pressure of 100 mmHg for

3 h and allowed to recover for various periods (Figure 5B).
Control cells were incubated for similar periods but without
any pressure treatment. A representative control where cells
were incubated for five days is shown (Figure 5B). In
cytochemical analysis, the pressure-treated astrocytes showed
elevated levels of iso[4]LGE: protein  adduct
immunoreactivity compared to controls (Figure 4B,C).
Western blot analysis showed the presence of iso[4]LGE:
protein adduct immunoreactivity for relatively higher
molecular weight proteins even 10 days after initial pressure
treatment compared to controls (Figure 5B). This data
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Figure 6. Western blot analyses for
determining iso[4]LGE2-modification
of proteins in extracts from astrocytes
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treated with pyridoxamine. About 3,000
isolated rat brain cortex astrocytes were
treated with freshly prepared 5-50 mM
pyridoxamine (except for the control
sample) in water as indicated.
Astrocytes were subjected to treatment
with pyridoxamine before or after
pressure treatment (100 mmHg for 4 h
followed by a recovery period of 16 h at
37 °C and at atmospheric pressure).
Western blot analysis was performed
with  iso[4]LGE>—protein  adduct
antibody after the transfer of 25 pg of
total protein extracts onto a PVDF
membrane. Bottom panel shows
probing with anti-GAPDH antibody.
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Figure 7. Schematic representation of phospholipids with different ClogP values, membrane-sequestered IsoPG endoperoxides, and the hydrate
of iso[4]LGE-. Previous studies of phospholipid conformations in membranes showed that sn-2 acyl groups whose methyl esters have ClogP
of less than 2 protrude into the aqueous phase whereas with ClogP greater than 5, they are buried in the lipid bilayer. IsoPG endoperoxides
that are generated have been schematically shown (iso[4]PGH2 and iso[4]LGEz). They remain sequestered in membranes where they slowly
rearrange to isoLGs that become hydrated and protrude into the aqueous phase (iso[4]LGE2-H20) allowing them to react with pyridoxamine

or proteins.

indicates that the apparent generation of iso[4]LGE: protein
modifications occurs and continues to increase for many days
after initial pressure treatment. Prior incubation with
pyridoxamine before being subjected to pressure did not show
a significant effect on iso[4]LGE. immunoreactivity. Post
pressure treatment with pyridoxamine did decrease the
formation of iso[4]LGE:-modified proteins (Figure 6).

DISCUSSION

In the present study, we subjected astrocytes to a pressure of
100 mmHg for a period of 3 h for several reasons. This
pressure is easy to manage in a pressure chamber, and this
pressure and the duration did not lead to any discernable
changes in the medium pH or its oxygen levels during
incubation [52]. A similar device have been used for

hydrostatic pressure experiments by several investigators for
astrocytes [44,53,54] as well as for RGCS cell lines [55,56].

Astrocytes are generators of arachidonic and
docosahexaenoic acids [41] in the brain and the optic nerve
[24] and have been known to produce induced nitric oxide
synthase (iNOS) within 12 h of being subjected to hydrostatic
pressure [39]. Nitric oxide can also combine with superoxide
to produce peroxynitrite, which can cause a large number of
changes to proteins and lipids in vivo [57]. We now find that
pressure-treated cells showed greater amounts of iso[4]LGE:
protein modifications than control cells as revealed by
fluorescence microscopy (Figure 4B,C). The iso[4]LGE:
modification of proteins in response to pressure treatment is
preventable by pharmacological intervention (Figure 6) or by
long-term pressure withdrawal. However, short-term
withdrawal is not very effective (Figure 5B). Whether or not
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such prophylaxis can be accomplished in vivo needs further
investigation. Elevated levels of oxidation products of
arachidonic acid such as iso[4]LGE, were found in
glaucomatous TM when compared to control TM [30,31] and
in the optic nerve head astrocytes (Figure 2A). Previously,
another lipid oxidation product, 4-hydroxynonenal, was
shown to induce increased expression of antioxidant enzymes
in a dose-dependent manner in optic nerve head astrocytes
[58]. In vitro, an incremental increase in iso[4]LGE: was
observed in response to 25—-40 mmHg of pressure and again
beyond 100 mmHg of pressure (Figure 4A). This seems likely
to be of significance for disease pathology. The cellular
morphology as revealed by rhodamine-phalloidin staining
appears not to undergo significant changes (Figure 3A-E). The
phalloidin staining undergoes a change in intensity between
50-100 mmHg of pressure (Figure 3A-D). Western blot
analysis suggests a lack of specific iso[4]LGE: protein adduct
immunoreactivity, but total iso[4]LGE: protein adduct
immunoreactivity between these pressures remains
unchanged as revealed by ELISA analysis (Figure 3F and
Figure 4A). The immunohistochemical observation of
elevated iso[4]LGE: protein adduct immunoreactivity in cells
subjected to 100 mmHg of pressure was consistent with
enlarged astrocytes upon being subjected to elevated pressure.
Astrocytes subjected to external stimuli such as elevated
pressure or hypoxia become reactive. One feature of reactive
astrocytes is cell size enlargement [59,60]. An enlarged cell
will have an expansion of the cell membrane thus exposing
the cell membrane lipids to the oxidative environment
commensurate with more iso[4]LGE, protein adduct
immunoreactivity at the cell surface. The cells survive for a
prolonged period after pressure withdrawal (Figure 5B), i.e.,
a sufficiently long period of over 30 h. In our experiments, the
total packed volume of cells was less than 0.5 ml, and the
incubation volume was about 2 1 (at least 4,000 fold more
compared to cell volume). However, with extended time
duration in addition to pressure, hypoxia cannot be ruled out.
We determined the medium pH and oxygen content for up to
9 h of incubation. No significant changes were observed.
Western blot analysis provided evidence that pressure-treated
astrocytes do increase production of the specific lipid
peroxidation product, iso[4]LGE>.. Western blot analysis
revealed that subjecting these cells to 100 mmHg of pressure
for 3 h leads to a small decrease in iso[4]LGE; after a 16 h
recovery period when compared to untreated controls (Figure
5A). However, longer exposures to pressure leads to increased
iso[4]LGE; immunoreactivity (Figure 5A), and the recovery
period also has a pronounced effect. Prolonged culture of
astrocytes results in a loss of baseline iso[4]LGE:
immunoreactivity (data not shown). However, this loss is
much less pronounced in astrocytes subjected to pressure
treatment (Figure 5B).

Analysis using mass spectrometry of proteins derived
from pressure-treated astrocytes revealed major potential
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protein targets of oxidative modification in astrocytes (Table
1). Analysis of these proteins may further elucidate
mechanisms of pressure-induced damage and consequent
dysfunction in astrocytes.

Two observations are especially noteworthy with respect
to potential therapeutic interventions. Generation of
iso[4]LGE: protein modifications is a slow process that occurs
after pressure has been applied and during the subsequent
recovery period, and iso[4]LGE: can be efficiently trapped by
pyridoxamine (vitamin B6), which acts as a sacrificial
nucleophile [42,61]. Thus, the application of pressure in the
absence of pyridoxamine and the subsequent treatment with
pyridoxamine during the recovery period dramatically
reduced protein modification, presumably because
pyridoxamine competes effectively with proteins for binding
to isolevuglandins (isoLGs) as shown in Figure 1 [62-64].

Paradoxically, we found that the presence of
pyridoxamine during the application of pressure did not
reduce protein modification by the highly reactive v-
ketoaldehyde iso[4]LGE., which occurred during the
subsequent recovery period. This behavior is understandable
if pyridoxamine is consumed by short-lived reactive oxygen
species (ROS) and a torrent of electrophilic lipid oxidation
products escaped from the lipid bilayer — where they are
generated by oxidative cleavage of polyunsaturated acyl
chains in membrane phospholipids — into the aqueous phase
where pyridoxamine resides [64].

Our predictions of the preferences for lipid oxidation
products to remain sequestered in the nonpolar interior of
membrane lipid bilayer versus being ejected into the aqueous
phase are based on previous 'H Nuclear magnetic Resonance
(NMR) nuclear Overhauser effect studies that established the
conformations of phosphatidylcholines with oxidized sn-2
acyl groups [65,66]. Thus, the 4-keto-2-Octene-dioic acid
(KOdiA), 5-Oxovalerate (OV), and 9-Oxo-noanoate (ON)
sn-2 acyl groups in oxidatively truncated
phosphatidylcholines adopt a conformation in which these
oxidized acyl groups protrude like whiskers from the lipid
bilayer into the aqueous phase while an sn-2 13-hydroxy-9,
11-octodecadienenoate (HODE) group remains buried in the
hydrophobic interior of the membrane (Figure 7). We now
note that sn-2 acyl groups whose methyl esters have octanol/
water partition coefficients, ClogP<2, protrude into the
aqueous phase whereas with ClogP>5, they are buried in the
lipid bilayer.

Because they are hydrophilic, some lipid oxidation
products such as malondialdehyde (MDA) with ClogP=-0.36
are expected to be ejected from the lipophilic interior of the
membrane, which is where they are generated, into the
aqueous phase. In the aqueous phase, they can react with
pyridoxamine that has ClogP=—0.81 (Figure 7) and remain
there (Figure 1). A previous study showed that levels of MDA
in the retina increase by an order of magnitude with a modest
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increase of IOP from a normal level of 14 mmHg to a modestly
elevated level of 24 mmHg induced by cauterization of three
episcleral veins in rats [67].

Lipid oxidation also generates prostaglandin
endoperoxide isomers such as iso[4]prostaglandin
endoperoxide H (PGH). that subsequently rearrange to
isolevuglandins such as iso[4]LGE: by a non-oxidative
transformation that does not involve ROS. Even though the
levels of ROS rapidly decline after the initial oxidative insult,
the production of isoLGs can occur during the recovery period
because their precursors, e.g., iso[4]PGH>, are buried in the
lipophilic interior of the lipid bilayer where they very slowly
transform into isoLGs (Figure 7). Thus, although
prostaglandin endoperoxides rearrange rapidly (ti2 ~5 min) to
the y-ketoaldehyde levuglandins in aqueous solution [68,69],
rearrangement of such endoperoxides in an aprotic lipophilic
environment is orders of magnitude slower [69]. The isoLGs
then form hydrates [68] that are expected to protrude from the
lipid bilayer into the aqueous phase where they can react with
proteins or pyridoxamine (Figure 1). This scenario presents
both a challenge and an opportunity to prevent pathological
protein modification by isoLGs. The challenge is to withstand
a protracted barrage of toxic y-ketoaldehydes that are
generated as a consequence of lipid oxidation. Their formation
cannot be prevented with antioxidants applied after the
generation of endoperoxide precursors because the
conversion of endoperoxides into isoLGs does not involve
oxidation. On the other hand, because their generation is slow,
there is ample time to intercept them after the oxidative insult,
and pyridoxamine is very effective in doing just that.

Subjecting astrocytes to hydrostatic pressure alters them
in a way that induces oxidative injury. Oxidative stress was
previously shown to be an early event in hydrostatic pressure-
induced retinal ganglion cell damage [55]. The nature of the
alteration remains to be determined, although disruption of
membrane structures resulting in leakage [58] between
cellular compartments is a potential contributor [70].

In conclusion, astrocytes isolated from the human
glaucomatous optic nerve head showed higher levels of lipid-
derived oxidative immunoreactivity associated with protein
modifications than that of the non-glaucomatous controls. In
isolated astrocytes, in vitro, the levels of modification increase
with pressure. This pressure effect may account for the
elevated levels of isoLG-protein modification in
glaucomatous optic nerve head astrocytes compared to those
in the normal nerve head. Astrocytes apparently respond to
increased pressure by producing oxidation products of fatty
acids such as iso[4]LGE:. This highly reactive lipid covalently
adducts to proteins within seconds, leading to inter alia, which
is the formation of protein—protein cross-links. Rhodamine-
phalloidin staining revealed that astrocytes can tolerate a large
amount of pressure and yet maintain their cytoskeletal
structure. However, the cells have been altered, and
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iso[4]LGE: modification of astrocyte proteins evolves with
aging, favoring adducts of higher molecular weight, perhaps
owing to isoLG-induced cross-linking. The ability of
pyridoxamine to prevent this presumably pathological
modification of proteins is a seminal discovery that seems
likely to have therapeutic utility for eye and brain pathology
consequent to cellular insult caused by pressure.
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