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Abstract
Fructose-1,6-bisphosphate (FBP), an endogenous intracellular metabolite in glycolysis, was found
in many preclinical studies to be neuroprotective during hypoxia-ischemia (HI) when administered
exogenously. We looked for HI neuroprotection from FBP in a neonatal rat brain slice model, using
14.1 Tesla 1H /31P/13C NMR spectroscopy of perchloric acid slice extracts to ask: 1) if FBP preserves
high energy phosphates during HI; and 2) if exogenous [1-13C]FBP enters cells and is glycolytically
metabolized to [3-13C]lactate. We also asked: 3) if substantial superoxide production occurs during
and after HI, thinking such might be treatable by exogenous FBP's antioxidant effects. Superfused
P7 rat cerebrocortical slices (350μm) were treated with 2 mM FBP before and during 30 min of HI,
and then given four hours of recovery with an FBP-free oxygenated superfusate. Slices were removed
before HI, at the end of HI, and at 1 and 4 hours after HI. FBP did not improve high energy phosphate
levels or change 1H metabolite profiles. Large increases in [3-13C]lactate were seen with 13C NMR,
but the lactate fractional enrichment was always (1.1±0.5)%, implying that all of lactate's 13C was
natural abundance 13C, that none was from metabolism of 13C-FBP. FBP had no effect on the
fluorescence of ethidium produced from superoxide oxidation of hydroethidine. Compared to control
slices, ethidium fluorescence was 25% higher during HI and 50% higher at the end of recovery.
Exogenous FBP did not provide protection or enter glycolysis. Its use as an antioxidant might be
worth studying at higher FBP concentrations.

INTRODUCTION
More than 20 years ago Dr. A. K. Markov reported that exogenously administered fructose-1,6-
bisphosphate (FBP) could provide impressive hypoxic-ischemic protection[27]. (At that time
FBP was often referred to as FDP, ”fructose diphosphate”, which is technically incorrect, as
that terminology requires adjacent phosphates.) The original idea behind FBP administration
was metabolic rescue: ”Exogenous FBP will restore the activity of glycolysis, which has been
inhibited by acidosis, by intervening in the Embden-Meyerhoff pathway both as a metabolic
regulator and as a high energy substrate.”[27] Because substrate entry of one exogenous FBP
molecule into intracellular glycolysis would spare the expenditure of two ATP's (one by
hexokinase, the other by phosphofructokinase), the original belief was that metabolism of
exogenous FBP would provide twice the glycolytic energy yield, four ATP's per molecule of
substrate.
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Ischemic neuroprotection from FBP administration was subsequently demonstrated in animal
experiments[6,12,21,35], cell culture studies[11,19,20,31,39], as well as in a brain slice study
by us[3]. Our previous investigation of FBP neuroprotection used 31P and 1H ex vivo NMR
spectroscopy in a horizontal 4.7 Tesla wide-bore spectrometer. Respiring neonatal (P7) rat
cerebrocortical slices superfused in the magnet underwent a 30 minute period of hypoxia-
ischemia (10 minutes of hypoxia followed by 20 min stopped-flow, followed by 4 hours of
recovery)[3]. In that study as in this one, for one group of slices 2 mM FBP was in the
superfusate for an hour before hypoxia-ischemia, and also throughout. Another group was not
treated with FBP. At the end of the recovery period, pretreatment with 2 mM FBP resulted in
no ATP loss, no lactate increase, and minimal morphologic changes, while no treatment caused
a ≈50% ATP loss and an ≈700% increase in lactate.

It is very important to remember, however, that several careful studies found no
neuroprotection[2,10,22].

Published conclusions regarding FBP metabolism also differ. In a radioisotope cell culture
study of astrocytes where FBP provided protection, [U-14C]FBP was administered prior to
hypoxia, but no intracellular 14C-FBP or 14C-lactate was detected, suggesting that FBP did not
enter cells[18]. In contrast, NMR studies of superfused porcine vascular smooth muscle given
[1,6-13C]FBP found increases in [3-13C]lactate, which were then were taken as evidence for
FBP entrance into cells, with subsequent participation in glycolysis[13,14,16].

After completing our 4.7 Tesla study the spectrometer was replaced by a narrow bore 14.1
Tesla NMR system having substantially higher spectral resolution, increased sensitivity, and
the capability of doing 13C spectroscopy. This motivated us to use it for better understanding
FBP protection. To do so we posed three hypotheses: 1) that as one kind of neuroprotection
during hypoxia-ischemia, FBP preserves high energy phosphates; 2) that exogenous [1-13C]
FBP will enter cells and glycolysis, and produce [3-13C]lactate; 3) that there is substantial
superoxide production during and after hypoxia-ischemia. The third hypothesis was listed
because recent FBP studies have emphasized that FBP's antioxidant properties might account
for the protection it provides[29,31,39]

RESULTS
1) 31P Data

The quality of our 31P spectra was the same as in recent publications[43,44]. FBP protection
of intra- and post-ischemic high energy phosphates was not seen. For each of the two treatment
groups there were N=3 experiments; with 5 slices per data point per experiment. The average
of 3 experiments means that a final data point represents an average over 15 slices, or 7.5
different animals. The final/initial NTP ratio (taken from signal intensities of the β-NTP
resonance) was 0.54±0.14 for the FBP treated group, compared to 0.51±0.14 for the no-
treatment group, indicating no large difference between the groups. If one assumes that 100%
preservation by FBP is the true reality, (i.e., if the true final/initial NTP ratio were 100%) then
the likelihood of our having gotten a 50% ratio, computed using a t-test, is less than 2.5%.
Other phosphate ratios for FBP and non-FBP groups, measured 4 hrs after the end of hypoxia-
ischemia, were similarly equal within errors. The final ratio of PCr/(β-NTP) after 4 hrs of
recovery, compared to the initial ratio at the start of the experiment, was 1.20±.20 for the FBP
group, and 0.90±0.10 for the non-FBP group; with 1.13±0.10 and 1.14±0.10 being the
corresponding numbers for PCr/(α-NDP).
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2) 1H metabolite changes
As was the case with 31P NMR, the quality of our 1H spectra was the same as in recent
publications[43,44]. Figure 1A shows ratios of metabolite concentrations for lactate, alanine,
N-acetyl-aspartate, GABA, glutamate, and succinate relative to initial concentrations (before
hypoxia-ischemia). Only six 1H metabolites are quantified for reasons explained in the
Methods. Also explained in the Methods is that the no-FBP treatment group was averaged over
3 experiments, while the FBP-treatment group was averaged over 2 experiments. Ratios to
initial values are given for each metabolite for three time points (t=0 h, end of hypoxia-
ischemia, t=1 h, one hour after ending hypoxia-ischemia, and at t=4 h, the end of the recovery).
Bonferroni-Corrected t-tests indicated that the ratios (with standard deviation error bars
indicated) were consistent with the null hypothesis: that all metabolite ratio ensembles appear
to belong to the same statistical population.

3) 1 H metabolomic results
Although time differences in 1H metabolites were generally unimpressive, differences in NTP,
NDP, and PCr were obviously much greater at different slice removal times. For example, high
energy phosphates decrease to very low values during hypoxia-ischemia. We therefore made
four larger sets of variables (”super-spectra”) for each time point by combining β-NTP/PCr
and α-NDP/PCr ratios with 1H metabolite ratios. Four classes of ”super-spectra” were defined:
one class for each of the four experimental times for removing slices. Figure 1B shows the
Scores Plot for a Partial Least Squares multivariate analyses of the ”super-spectra” (Umetrics
SIMCA P+ v.11 metabolomics software). Recall that each point in the figure corresponds to
a one full set of 1H and 31P metabolite values, i.e., one ”super-spectrum.” The five ”super-
spectra” used above to compare 1H metabolite values, (two where FBP was used, three where
it was not), are plotted for each of four time points (beginning of the experiment; end of
hypoxia-ischemia; after 1 h recovery; after 4 h recovery), giving the plot a total of 5 × 4 = 20
points. Instead of representing each ”super-spectrum” with on the plot with a small symbol,
text identifying the spectrum and time point were placed, as described in the Figure legend.
The spectra with the highest energy phosphates were from slices prior to hypoxia-ischemia,
and these ended up somewhat together in the upper right quadrant. Slices with the lowest energy
phosphates unsurprisingly came from the end of hypoxia-ischemia, and these ended up in the
lower right quadrant. The points for t=1.0h and 4.0h straddle the x-axis on the left side of the
plot. Qualitatively, points clustered close to the origin (x=0, y=0) represent insignificant
differences. Significant group differences can be attributed to clusters that are far from each
other, and also far from the origin, but still inside Hotelling's Tolerance Ellipse. The Scores
Plot confirms the 1H results in Fig 2A: that data ensembles for the end of the recovery period
are not significantly different, while data ensembles for the beginning of the experiment are
significantly different from data ensembles from the time of greatest insult, the end of hypoxia-
ischemia. More generally, the plot shows the potential utility of multivariate analyses for
distinguishing important subgroups and identifying outliers.

4) 13 C Data
[1-13C]FBP was administered prior to and during hypoxia-ischemia, and subsequent increases
in [3-13C]lactate were detected. However, it was not possible to say that FBP metabolism was
observed, because increases seen in 13C spectra were those expected from natural
abundance 13C, which is approximately 1.1% that of 12C. Portions of three representative 13C
spectra arranged vertically at the left of Figure 2 compare spectra from the beginning and end
of a hypoxia-ischemia experiment in which 2 mM [1-13C]FBP administration was begun before
the insult and continued until reoxygenation. After 30 minutes of hypoxia-ischemia, a 3 to 4
fold increase can be seen in [3-13C]lactate, the spectral peak labeled as ”1”. Indeed, looking at
this comparison alone initially suggested to us that [1-13C]FBP was metabolized. However, as
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explained below, one cannot draw that conclusion. All 1H spectra in the 13C-FBP experiment
had the increase in labeled lactate being proportional to the increase in unlabeled lactate. The
[3-13C]lactate fractional enrichment was always 1.1% of the total lactate. Thus the observed
increase in [3-13C]lactate was that expected from an increase in total lactate, without prior
administration of 13C enriched substrates.

In the 1H NMR spectrum of Figure 2F, the large doublet resonance peak at 1.33 ppm comes
from the methyl protons of [3-12C]lactate. Unlike 12C, which has no nuclear spin, 13C has a
nuclear spin of ½, which causes a very small additional ”up” or ”down” magnetic field in the
vicinity of C3's methyl protons. This small additional field produces two 1H doublet resonance
peaks: one on either side of the central 1.33 ppm peak, ≈0.1 ppm away, as shown in Figure 2F.
All three lactate peaks increased equally during hypoxia-ischemia. Indeed, except in
experiments where 13C enriched substrates were administered, such happened in all hypoxia
data ever taken by us, not just in this FBP study. Figures 2D and 2E were taken from the
same 13C NMR spectrum as Figures 2A-2C, but are at a larger scale. They show a hypoxia-
induced increase in [2-13C]lactate that is also attributable to naturally abundant 13C. (Similar
information about the C1 of lactate was not attainable, as it does not have an associated 1H
resonance, and the intensity of its 13C NMR resonance is too small to be observed in our
experiments.) If we estimate the error in our quantification of the satellite peaks to be ±0.5%
of the total lactate pool, then a 3-standard deviation upper limit for [3-13C]lactate production
from [1-13C]FBP can be estimated as ≈1.5%.

5) Increases in intracellular superoxide
Ethidium, the red fluorescent product of superoxide and hydroethidine, was histologically
detected intracellularly in slices incubated in hydroethidine for 30 minutes before, during, and
after hypoxia-ischemia. Figure 3A shows that superoxide was almost totally absent in control
slices, those whose incubation period ended just before beginning hypoxia-ischemia. A small
scattering of bright cells that converted hydroethidine to ethidium is easily recognized on the
right in the 50 μm ”injury layer” (where the blade cut the slice from the brain.) Figure 3B,
which has the slice in the same orientation, was exposed during hypoxia-ischemia and removed
prior to reoxygenation. It shows a substantial number of ethidium stained cells throughout the
parenchyma, but not as many as in slices that were removed after 4 hours of recovery, shown
in Figures 3C and 3D. No FBP was involved for the slice shown in Figure 3C. The slices shown
in Figures 3C and 3D were from the same litter of animals in an extra experiment that had
parallel paths for FBP and no-FBP superfusion. Image intensities relative to background
intensities, quantified using ”NIH Image” (http://rsb.info.nih.gov/nih-image), were 1.10±0.06
for control, 1.36±0.14 for end of hypoxia-ischemia; 1.72±0.21 and 1.61±0.13 for end of
recovery with and without FBP. Bonferroni-corrected t-tests found p-values less than .05 for
the control group relative to each of the other 3 groups, but not for the FBP group relative to
the non-FBP group. In any event, the images suggest that the ex vivo slice model is appropriate
for investigating ROS mediated injuries.

DISCUSSION
NON-PRESERVATION OF HIGH ENERGY PHOSPHATE LEVELS BY EXOGENOUS FBP

Our finding that exogenous FBP could not prevent falling NTP levels contrasts with our earlier
brain slice study done in the previous laboratory, where with pretreatment but not post-
treatment NTP preservation was 100%[3]. We attribute this to two things: 1) the conclusion
in previous studies with FBP failures[10,22,23,34] that FBP is not protective if hypoxia-
ischemia is sufficiently severe; and 2) that our new laboratory's superfusion systems provided
less oxygen availability. Our previous studies in which NTP preservation was found were
performed inside a 34 cm wide-bore, 4.7 Tesla magnet, using a 30 mm diameter slice chamber
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containing 80 superfused brain slices. The superfusate arrived by large diameter tubing from
a nearby ACSF reservoir. After moving to the new laboratory and its 14.1 Tesla system, it was
no longer easy to do ex vivo NMR spectroscopy of slices superfused in the magnet. The narrow
magnet bore was restricted to either 5 mm or 8 mm NMR tubes. When we conducted
preliminary studies using slices that were superfused and respiring in an 8 mm NMR tube, we
learned that achieving a 37°C temperature in the magnet bore was more difficult, because of
the need for longer tubing and the ACSF's reservoir being further from the magnet[25]. We
learned to carefully regulate slice temperatures in the magnet by using the temperature-
dependent 1H chemical shift of water relative to lactate[25], and we did complete one ex
vivo hypoxia experiment[15]. However, even with active warming of the longer tubing, a 41°
C temperature was needed for the ACSF as it left the remotely located reservoir, which meant
that some oxygen was driven out of solution. When FBP preservation did not occur in slices
superfused in the new magnet, we turned to the benchtop experiments in this study, and made
NMR measurements of metabolites extracted from quickly frozen brain slices. The hypoxia
PO2 in the new laboratory's slice chamber was measured with an Ocean Optics SF2000 Fiber
Optic Spectrophotometer to be ≈7 mm Hg, which we believe was lower than than the hypoxic
PO2 of the larger, less crowded, no longer available old chamber, where hypoxic PO2 was
measured in ACSF aliquots taken to a clinical blood gas machine.

NON-OBSERVATION OF FBP METABOLISM
Our non-observation of FBP metabolism agrees with the radioisotope cell culture study that
was cited earlier[18]. Our conclusion that observed 13C lactate increases come from natural
abundance 13C does not agree with the already cited ex vivo and extract 13C NMR studies
involving exogenously administered [1,6-13C]FBP[13,14,16]. However, none of the three
publications addressed whether or not their observed increases in 13C metabolites might
contain contributions from natural abundance 13C, nor did any publication show or cite
relevant 1H spectra, such as those presented by us in Figure 1F, which made clear that natural
abundance 13C could account for all of our 13C-lactate increases. In any event, our findings do
not necessarily contradict their conclusions, as non-observation of FBP metabolism in brain
tissue need not imply that its metabolism cannot occur in the types of muscle tissue that they
studied.

SUPEROXIDE INCREASES DURING HYPOXIA-ISCHEMIA AND RECOVERY
We remarked in earlier publications that ”alternative hypotheses of FBP protection have
included calcium chelation, free-radical scavenging, and protease inhibition.”[3] In recent
years three studies of free radical mechanisms in FBP protection have pointed to antioxidant
effects being a primary protective mechanism[29,31,39]. A nonspecific antioxidant effect
would be consistent with FBP being successful in so many widely differing circumstances.
Other recent work has reminded us that the keto carbonyl group of many metabolic
intermediates confers strong antioxidant properties to α-keto acids (R-CO-COO−) for H2O2
radical scavenging via peroxidative decarboxylation[1,9]. For example, in the case of pyruvate,
R is CH3, and the products of the reaction are acetate and the formate radical, with the latter
easily converting to H2O + CO2. Such scavenging is preferable, for example, to superoxide
removal by superoxide dismutase, which consumes two H+ ions that could be used by ATPase
to generate ATP[5]. Interesting experiments in which DNA injury has lead to PARP-1
activation and depletion of NAD+, an intermediate essential for glycolysis, have been
hypothesized and then found true, verifying that PARP-1 related cellular injury can be
ameliorated by exogenous administration of TCA Cycle intermediates such as pyruvate and
α-ketoglutarate[42,44]. In those studies the motivation for administering pyruvate and α-
ketoglutarate was to provide the TCA Cycle with substrates distal to glycolysis, thereby
boosting ATP production in a manner reminiscent of Dr. Markov's original motivation.
However, others were publishing papers at the same time of those studies, advocating the use
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of α-keto TCA substrates as antioxidants[7,8,36-38]. We recently compared two post oxidative
stress rescue protocols in a study aimed at distinguishing the relative importance of ethyl
pyruvate's antioxidant and nutrient mechanisms[26,43]. In the first regimen ethyl pyruvate,
which efficiently delivers to cells pyruvate that is metabolized[43], was added to ACSF
glucose. In the second regimen the additive to ACSF glucose was a nonmetabolizable radical
scavenger, PBN. Addition of the antioxidant provided the same ATP protection as addition of
the metabolic substrate[26], suggesting that a similar result might occur if FBP were the
additive instead of ethyl pyruvate. Strong neuroprotection by edaravone, a radical scavenger
developed for clinical use in humans[33], has also been demonstrated in a P7 brain slice model
very similar to ours[30]. Should future studies of FBP's power to rescue be planned, it would
seem prudent to consider having a treatment group with one or more nonmetabolizable
antioxidants.

CONNECTION WITH PREVIOUS STUDIES OF EXOGENOUS FBP
During the past twenty years of brain research post-ischemic outcome improvements by FBP
have been found by some to be dramatic, by others to be simply modest[6,11,12,19-21,31,
35,39], and by a smaller number to be completely nonexistent[10,22,23]. FBP studies showing
neuroprotection pose a formidable intellectual challenge: do improved outcomes come from
important, already known injurious mechanisms that are typically focused upon, such as
glutamate excitotoxicity, calcium overload, acidosis, oxygen radicals, PARP-1 activation,
apoptosis, etc? Or, are there new, important, undiscovered neuroprotective mechanisms that
successful FBP treatments are trying to reveal? We initially hoped for the latter, but we reversed
our views after not finding substantial protection, if any, in the experiments reported in this
paper. Although each year fewer publications appear in support of hypoxic/ischemic protection
by exogenous FBP[17,28,31,32,41], there has not been a total cessation. We therefore feel it
is important to share data from our negative experiments, which support earlier impressions
that FBP is not metabolized in brain tissue, most likely because it does not enter cells. It is
tempting, but not possible, to conclude that when FBP administration is helpful, its benefits
can be attributed to known mechanisms, with further studies being unlikely to produce high-
impact mechanistic findings. Conclusions from our study are limited because cell damage was
assessed with a limited set of outcome measures. We have not ruled out FBP modulation of
other important protective mechanisms, for example activation of Phospholipase C and
intracellular survival pathways[4]. It is possible that FBP was initiating protective steps that
we did not look for or detect.

MATERIALS AND METHODS
ANIMAL PREPARATION, ARTIFICIAL CEREBROSPINAL FLUID (ACSF)

The protocol was approved by the UCSF's Institutional Animal Care and Use Committee
(IACUC), and very close to earlier protocols[43,44]. Briefly, in each experiment 20
cerebrocortical slices (350 μm thick) were obtained from ten 7-day-old (P7) Sprague-Dawley
rats and superfused with fresh, oxygenated artificial cerebrospinal fluid (oxy-ACSF) that
consisted of a modified Krebs balanced salt solution. The superfusion chamber was immersed
in a water bath that was kept at 37°C and the oxy-ACSF flow rate was 10 ml/min. ACSF was
maintained at constant PCO2 (40 mm Hg), PO2 (600 to 650 mm Hg), and pH (7.4). Thirty
minutes of hypoxiaischemia (10 minutes of hypoxia followed by 20 min stopped-flow) began
after 3 h of metabolic recovery from decapitation. Recovery began at t=0, and continued until
t=4 hrs. Slice sampling was done at t= −0.5 h, 0h, 1h, and 4h, with slices immediately being
either frozen in liquid nitrogen immediately or placed in a fixation solution. Chemicals were
obtained from Sigma-Aldrich (St. Louis, MO), with FBP as D-fructose-1,6-bisphosphate
trisodium salt octahydrate (>98% pure, Fluka Chemical Corporation, Ronkonkoma,
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NY). 13C-FBP was obtained as D-[1-13C]fructose-1,6-bisphosphate sodium salt, 99% 13C,
from Omicron Biochemicals Inc., South Bend, IN.

In the three experiments without FBP and in two of three experiments with FBP, [U-13C]
glucose was used as the ACSF glucose. This was because FBP effects were optimistically
expected, and we wanted in that case to see if glucose metabolism was altered. It has been
proposed that exogenous FBP could increase activity of the Pentose Phosphate Pathway[24,
40] (PPP). An increase in reduced glutathione (GSH/GSSG) can result from enhanced
glucose-6-phosphate delivery to the PPP for NADPH regeneration[40].

Unlabeled FBP was used in two of the three experiments with FBP, while [1-13C]FBP was
used in the third, which also used unlabeled glucose. Thus [U-13C]glucose was used in 5
experiments, while unlabeled glucose was used in one. Because 13C satellite peaks distort
the 1H spectrum in many places, only 6 metabolites were found where it was clear that there
was no interference. In principle one could avoid overlapping satellites by applying a
broadband 13C decoupling pulse during 1H acquisitions, (eliminating 13C magnetization by
continuously flipping it). However, this presents practical problems that include heating the
sample and possibly damaging the radiofrequency probe.) Thus it was not done. Using similar
reasoning, the 1H spectrum from the [1-13C]FBP, while used to assess FBP metabolism, was
not used for quantifying the 6 metabolites.

PCA EXTRACTION AND 1H/31P/13C SPECTROSCOPY
PCA extraction and NMR tube loading were also done as in earlier studies[43,44]. In brief,
five frozen slices from each time point were pulverized in liquid nitrogen. The resulting fine
powder was placed in 7 ml of 12% perchloric acid (PCA) at 4°C. Final extracts were lyophilized
(BenchTop 2K lyophilizer, Virtis, Gardiner, NY, USA) and the weight of dry powder was
measured. Each lyophilized sample was dissolved in 99.9% D2O and neutralized with NaOD
or DCl. After 1H and 13C NMR spectroscopy was completed, EDTA was added to chelate and
remove line-broadening cations. 1H, 31P, and 13C chemical shifts were referenced respectively
to 3-trimethylsilyl-tetradeuterosodium propionate (TMSP), methylene diphosphonate (MDP),
and TMSP. NMR studies of the PCA extracts were performed in the UCSF Magnetic
Resonance Laboratory using a 14.1 Tesla (600-MHz) Varian UNITY spectrometer with an
INOVA console and a customized, multinuclear Z-SPECT radiofrequency probe that was
optimized for this project (3NG600−8, Nalorac Division of Varian, Martinez, CA, USA). As
in recent experiments, basic one-pulse, 90° tip-angle RF sequences were used for
obtaining 1H spectra at 599.92 MHz, 31P spectra at 242.86 MHz, and 13C spectra at 126 MHz.
Proton spectra were composed from 64 transients, with the interpulse delay being 5
seconds. 13C acquisitions consisted of 4,096 complex data points, a spectral width of 30,000
Hz, and a WALTZ-16 scheme for broadband proton decoupling.

IN SITU DETECTION OF SUPEROXIDE ANIONS (O2−)
Hydroethidine (HEt, Invitrogen, D1168), which is selectively oxidized by the superoxide anion
to red fluorescing ethidium bromide (Et), was prepared as a 1 mg/ml stock solution in dry,
N2-sparged dimethylsulfoxide (DMSO), and stored in the dark at −80°C. Working solutions
were made freshly using ACSF in a 1:1000 dilution, with final concentrations being 3.3 μM
HEt and 0.1% DMSO. In experiments done with and without FBP treatments, slices were
transferred from the original superfusion chamber into a parallel chamber containing the HEt
working solution. These slices were exposed to HEt for 30 minutes that began prior to three
sampling time points: t = −0.5 h, t = 0 h (no FBP only), and t = 4 h. After incubation for 30
minutes, slices were taken out and then fixed overnight in freshly prepared 4% formaldehyde
at 4°C. Thereafter the fixed slices were washed twice in PBS, and then immediately embedded
in optimum cutting temperature (OCT) compound (Sakura Fineteck), and cut into 10-μm-thick
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sections on a cryostat (Leica, CM1900, Solms, Germany). Sections were then studied with
fluorescence microscopy, with excitation wavelengths being 510−550 nm, and emission
wavelengths >580 nm for Et detection. Photomicrographs of the cerebral cortex were taken at
100× and 200× magnification with a Zeiss Axioskop Fluorescence Microscope. Image
intensities were analyzed on a Macintosh computer using the public domain program ”NIH
Image” (developed at the U.S. National Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/).

PRINCIPAL COMPONENT ANALYSIS
NMR intensities were analyzed with the SIMCA P+ v.11 multivariate analysis software by
Umetrics, Inc. of Umea, Sweden. The SIMCA P+ approach begins mathematically by creating
an N dimensional space, where N is the number of metabolites quantified per time point from
NMR spectra, which is 9 in our case: 6 from a 1H spectrum and 3 from a 31P spectrum. The
numerical values for each variable then undergo Pareto scaling, which establishes the same
standard deviation in each variable's distribution. For each NMR spectrum the six scaled
metabolite values define a single point in the six dimensional space. After each NMR spectra
is represented by a point, a Principal Component Analysis in 6 dimensions finds the principal
axis, which is the best straight line fit to all points, and then the orthogonal axis that defines
the plane having maximum cluster separations when data points are projected onto it. After
performing a Principal Component Analysis (PCA), the software, which considered the data
points as independent (X) variables, uses a Partial Least Squares Discriminant Analysis (PLS-
DA) to redefine all of the variables, defining some that are independent (X) and others that are
dependent (Y). These are then projected onto a two dimensional plane, as in the PCA.
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Figure 1A.
(With FBP)-(Without FBP) bar graph comparisons are shown for three time points for each of
six 1H metabolites, with each metabolite being measured relative to its control (value at the
start of experiment, t=−0.5 h, before hypoxia-ischemia). Two sets of three vertical bars are
shown for each metabolite. Each of the two groups within a set presents metabolite values,
going from left to right, for t=0, t=1.0 hrs, and t=4hrs. Each vertical bar represents the average
of N separate experiments, with N=2 for the ”With-FBP” group, and N=3 for the ”Without-
FBP” group. Twenty brain slices were used for each experiment, with 5 slices being taken at
each of four predetermined time points and pooled together for one PCA extraction. Arrows
placed over bars illustrate particular time points for different metabolites. Error bars indicate
standard deviations. Data from the FBP group are not statistically different from data from the
no-FBP group.
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Figure 1B.
A 2D scatter plot is shown for a Partial Least Squares Discriminant Analysis (PLS-DA) done
with the multivariate analysis program SIMCA Plus v.11. Biomarker datasets for each
experiment consisted of that time point's 1H NMR metabolites measured relative to starting
values, along with two ratios from that time point's 31P spectra: β-NTP/PCr and α-NDP/PCr.
Each biomarker dataset provides coordinates for a single point in the plot. However, instead
of plotting a point, the name of the data set is placed at the point's coordinates. ”F” means FBP
was used; ”N” means FBP was not used. Times when slices were removed are represented by:
”S”, the start of the experiment; ”0”, end of hypoxia; ”1.0” and ”4”, after 1.0 hrs and 4 hrs of
recovery. Coordinates in a PLS-DA multivariate analysis are obtained from a new set of axes
in multidimensional space is formed after scaling and centering each biomarker, and after a
Principal Component Analysis finds the axes of largest and second largest variance. The outer
circle is this plot's Hotelling's Tolerance Ellipse. Points outside the circle, and there are none
in this case, would be ”outliers”, indicating that the statistical model is poor.
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Figure 2.
Three representative 13C NMR spectra are shown for Perchloric Acid (PCA) Extracts from
slices taken from the superfusion chamber at different times: (A) before hypoxia-ischemia;
(B) at the end of hypoxia-ischemia; (C) after four hours of recovery following hypoxia-
ischemia. Resonances for particular metabolites are numbered: 1) lactate C3, which is
substantially increased in B and C relative to A ; 2) β−hydroxybutyrate C4; 3) GABA C3; 4)
glutamate C3; 5) glutamate C4; 6) succinate C2, C3; 7) GABA C2; 8) taurine. (D) a different
portion of the same spectrum shown in C, showing an increased resonance peak for C2 of
lactate, which is barely discernable in (E). (F) A representative portion of a 1H spectrum at the
end of hypoxia-ischemia. The large, narrow doublet at 1.33 ppm is from the methyl protons
on the C3 of unlabeled lactate. When the C3 of lactate is labeled with 13C, two doublets occur
as indicated by arrows instead of the narrow doublet at 1.33 ppm. In all spectra where 13C-
glucose is was not used, the combined area of the two small doublets was 1.1% of the large
central doublet, which is what occurs from natural abundance 13C.
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Figure 3.
Representative ethidium fluorescence in slices removed at times indicated in the figure. Slices
were incubated for 30 minutes with hydroethidine, which is converted to ethidium by
superoxide radicals. Higher magnification images (200×) are overlaid at the lower left corners
of lower magnification images (100×). The pial layer of the slice is at the left, and scale bars
are 100 μm and 30 μm respectively, in low and high magnification images. Qualitatively, the
least oxidation is before hypoxia-ischemia, and the most is at the end of 4 hrs recovery (p<0.05).
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