
R E S E A R C H A R T I C L E

Hippocampal Neuroprotection by Minocycline and
Epigallo-Catechin-3-Gallate Against Cardiopulmonary
Bypass-Associated Injury
Aida Salameh1; Anne Einenkel1; Lydia Kühne1; Maria Grassl1; Sandy von Salisch2; Phillip Kiefer2;
Marcel Vollroth2; Ingo Dähnert1; Stefan Dhein2

1 Clinic for Pediatric Cardiology and 2 Clinic for Cardiac Surgery, University of Leipzig, Heart Centre, Leipzig, Germany.

Keywords

cardio-pulmonary bypass, EGCG,
hippocampus, histology, minocycline.

Corresponding author:

Aida Salameh, MD, PhD, Clinic for Paediatric
Cardiology, University of Leipzig, Heart
Centre, Leipzig, Struempellstr. 39,
04289 Leipzig, Germany (E-mail:
aida.salameh@medizin.uni-leipzig.de)

Received 16 September 2014
Accepted 17 December 2014
Published Online Article Accepted 13 January
2015

doi:10.1111/bpa.12242

Abstract
Surgical correction of congenital cardiac malformations mostly implies the use of cardio-
pulmonary bypass (CPB). However, a possible negative impact of CPB on cerebral
structures like the hippocampus cannot be neglected. Therefore, we investigated the effect
of CPB on hippocampus CA1 and CA3 regions without or with the addition of
epigallocatechin-3-gallate (EGCG) or minocycline. We studied 42 piglets and divided them
into six experimental groups: control without or with EGCG or minocycline, CPB without
or with EGCG or minocycline. The piglets underwent 90 minutes CPB and subsequently,
a 120-minute recovery and reperfusion phase. Thereafter, histology of the hippocampus
was performed and the adenosine triphosphate (ATP) content was measured. Histologic
evaluation revealed that CPB produced a significant peri-cellular edema in both CA
regions. Moreover, we found an increased number of cells stained with markers for
hypoxia, apoptosis and nitrosative stress. Most of these alterations were significantly
reduced to or near to control levels by application of EGCG or minocycline. ATP content
was significantly reduced within the hippocampus after CPB. This reduction could not be
antagonized by EGCG or minocycline. In conclusion, CPB had a significant negative
impact on the integrity of hippocampal neural cells. This cellular damage could be signifi-
cantly attenuated by addition of EGCG or minocycline.

INTRODUCTION
The invention of the heart–lung machine was a milestone in the
development of cardiac surgery. This technique of extracorporeal
circulation allowed the correction of very complex heart opera-
tions and although, several cardiac operations can be carried out
without cardiopulmonary bypass (CPB), the heart–lung machine
is indispensable for corrective surgery of most inborn cardiac
diseases. However, negative effects of CPB on brain function in
children undergoing cardiac surgery cannot be ignored. The neu-
rologic deficits are subtle and neurologic defects clinically mani-
fest often years after successful correction of the inborn heart
defect (34) and might include various cognitive impairments like
learning disabilities, memory deficits, hyperactivity or behavioral
disorders (40). The causes of neurologic deficits following CPB
are multiple and complex and might involve the artificial laminar
flow of CPB, hypothermia, temporary hypoperfusion associated
with low blood pressure, inflammatory and microembolic pro-
cesses (40). All these factors might therefore contribute to an
impairment of cognitive performance, which is detectable in up to
10% of the operated children. The pathophysiologic reasons why
the developing brain is sensible to ischemic lesions are diverse, but
it is accepted that the immature brain is especially sensitive to

hypoxic and low flow conditions because of the immature fragile
vasculature with less autoregulative capabilities (11, 23).

Several children studies report on reduced abilities in language
and speech after successful correction of the congenital heart
defect. Moreover, behavioral and academic problems, seizures and
deficits in motor skills have been described. The children’s neuro-
logic problems seem to be associated with bypass duration and
were more prevalent in patients operated with circulatory arrest
compared with low flow conditions (6, 7, 17, 22).

In contrast, adult patients––frequently operated because of
ischemic heart or degenerative valve diseases––are for the most
part affected by reversible neuropsychological deficits like tempo-
rary psychosyndromes or transient ischemic attacks although
stroke and intracerebral bleeding are also known and severe com-
plications (28, 33). However, it needs to be noted that children
have a high risk to receive permanent neurologic deficits during
cardiac operations with long life impairment of their skills.

Therefore, protection of the brain during cardiac surgery is
especially important and can be achieved through various strate-
gies such as moderate hypothermia, selective brain perfusion or
pulsatile flow (9, 13). Moreover, there are several hints that the
antioxidant catechin epigallocatechin-3-gallate (EGCG)––the
main ingredient of green tea––and the antibiotic and anti-apoptotic

Brain Pathology ISSN 1015-6305

1Brain Pathology •• (2015) ••–••

© 2015 International Society of Neuropathology
Brain Pathology 25 (2015) 733–742

VC 2015 International Society of Neuropathology

733



drug minocycline might be beneficial against ischemia and
reperfusion injury (1, 4). Especially from minocycline neuropro-
tective effects have been demonstrated in brain injury models. For
example, Drabek et al (14) demonstrated in their animal study that
minocycline significantly attenuated neuroinflammation after
hypothermic circulatory arrest. Moreover, a less recent study on
neonatal rats revealed that minocycline also has prolonged protec-
tive effects on the hippocampus (15).

Thus, the aim our study was to evaluate whether CPB might
injure hippocampal structures, and whether EGCG or minocycline
might have positive effects. Therefore, 4-week-old piglets under-
went CPB with or without medical treatment, and the hippo-
campus was histolopathogically studied with respect to ischemic
lesions. According to previous work of our study group, we
analyzed transcriptions factors and molecules involved in pro-
cesses of hypoxic tissue damage and early induction of apoptosis
(hypoxia-inducible factor-1α [HIF-1α], apoptosis-inducing factor
[AIF], cleaved caspase-3 [cC3], poly-adenosine diphosphate-
ribose [PAR] and nitrotyrosine) (42, 43).

METHODS
The following procedures were reviewed and approved by the
Animal Care Committee of the German Regional Council Leipzig,
which ensured humane treatment of all animals as indicated by the
“Guide for the Care and Use of Laboratory Animals” published by
the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

Anesthesia and perioperative management of the domestic pigs
were carried out by veterinarians, thoracotomy and connection to
the CPB by experienced heart surgeons and operation of the heart–
lung machine was done by cardio technicians.

The experimental setup is analogous to that reported previously
from our working group (42).

In brief, 42 piglets of 4 weeks of age weighting between 8
and 12 kg received a premedication of midazolam 0.5 mg/kg and
ketamine 25 mg/kg of body weight (b.w.). They were intubated and
general anesthesia was induced with 2–3% isoflurane and main-
tained with 1.5–2.0% isoflurane and sufentanil-dihydrogenecitrate
(bolus 3 μg/kg b.w. followed by 1–2 μg/h/10 kg b.w.). Ventilation
of the piglets was performed with 50% air and 50% O2 using the
Cato anesthesia apparatus (Drägerwerk, Lübeck, Germany).
During CPB the piglets were anesthetized with propofol (20–
30 mg/kg b.w.) and after CPB anesthesia was continued with
isoflurane. All experimental groups (controls without or with
drugs and CPB without or with drugs) received the same
anesthesia protocol.

Oxygen saturation, pH, lactate, blood gases as well as central
venous pressure were controlled. The mean systemic arterial pres-
sure was >50 mmHg.

21 of the 42 piglets underwent CPB for 90 minutes and 28°C
(without or with either EGCG or minocycline, respectively)
followed by a 120-minute reperfusion and recovery interval, the
other 21 piglets (without or with either EGCG or minocycline,
respectively) served as time and drug controls and were also
thoracotomized, but not connected to the CPB.

Thus, with both the CPB and the control group, three different
experimental designs were performed: no drug administration,
administration of EGCG or administration of minocycline.

The following time scale was used:
• time 0: clamping of the aorta and start of CPB or start of
controls;
• time 90: opening of aortic cross clamp and reperfusion (weaning
from CPB);
• time 120: disconnection of CPB; and
• time 210: end of the reperfusion time and also end of the
controls.
In piglets receiving medication EGCG (10 mg/kg b.w.) or
minocycline (4 mg/kg b.w.) were administered 15 minutes before
time 0 and again at time 120, a second drug administration was
performed (EGCG 10 mg/kg b.w. or minocycline 2 mg/kg b.w.).

Detailed study protocol

After thoracotomy and cannulation of the right auricle and the
aortic bow heparin was administered to achieve an activated clot-
ting time (ACT) of 400 s and the CPB was connected (SIII pump,
Stöckert, Munich, Germany; priming volume was 350 mL whole-
blood). Pump flow rate was maintained at 100 mL/kg/min and
ACT was controlled to monitor heparin therapy. Aorta was cross-
clamped and cardiac arrest was initiated with 350 mL cold
cardiolplegic solution (Custodiol, Koehler Chemie, Bensheim,
Germany). At the end of CPB heparin was antagonized stepwise
with protamine. The piglets were randomly assigned to each
experimental group.

During CPB, all piglets were subjected to a moderate hypother-
mia (28°C for 60 minutes followed by a rewarming step). After a
total of 90 minutes, the aortic cross clamp was reopened to start the
reperfusion period (30 minutes) during which the flow of CPB was
consecutively reduced to zero. CPB was disconnected and a
90-minute recovery interval followed (i.e., a total of 120 minutes
reperfusion and recovery).

All piglets were successfully weaned from CPB. If necessary,
during reperfusion and recovery catecholamines were adminis-
tered to stabilize the circulatory system. The control piglets
received thoracotomy, but were not connected to CPB. In the
experimental drug groups EGCG or minocycline were applied at
the time points described above.

At the end of the investigation (time 210 minutes) the cranium
was opened rapidly in deep anesthesia, the brain was removed and
the hippocampi were either fixed in neutral buffered 4% formalin
solution for histologic examination or snap frozen in liquid nitro-
gen for adenosine triphosphate (ATP) analysis.

ATP measurement by high-pressure liquid
chromatography (HPLC)

Tissue ATP levels were determined by HPLC as previously pub-
lished (42). Briefly, tissue samples were homogenized on ice with
perchloric acid and precipitated with KOH. Thereafter, probes
were clarified by centrifugation and 20 μL of each supernatant
were injected at a flow of 1 mL/min onto a pre-equilibrated RP18
column (Lichrocart, Merck, Darmstadt, Germany). For detection
of ATP an ultraviolet detector (PDA Detector 2800, Knauer,
Berlin, Germany) and a HPLC-apparatus from Knauer (Berlin,
Germany) was used. Peaks were measured at 254 nm. For calibra-
tion we injected three concentrations of ATP (2, 20 and 60 μg/mL).
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Each sample (standard and probe) was injected three times, and
the concentration was determined as the mean of these three
detections.

Histology

Preparation and staining of the samples were done as previously
published (43). Briefly, specimens of the hippocampus were
embedded in paraffin and 2 μm sections were cut. Thereafter, the
various stains were performed. All specimens were viewed and
analyzed using the Axioimager M1 from Zeiss and the Zen Pro
2012 software (Jena, Germany). Pictures were taken at 400× mag-
nification and at least 10 pictures per piglet were evaluated by a
blinded observer.

Testing of antibody specificity was carried out by Western blot-
ting (see Supporting Information) and revealed that the antibodies
used in our histologic analysis were specific for our target proteins.

Hematoxylin-eosin (HE) staining

To evaluate cellular edema HE staining was performed following
classical protocols. Cells with pericellular edema were evaluated
and for analysis at least 150–200 cells of the CA1 and 150–200
cells of the CA3 region were counted. The percentage of edema-
tous cells was evaluated separately for each region.

Immunohistology

HIF-1α

The transcription factor HIF-1α responds to changes in ambient
oxygen with translocation from the cytoplasm into the nucleus
(39). Thus, we aimed to evaluate HIF-1α positivity within the
CA1 and CA3 regions of the hippocampus. Therefore, histologic
samples were blocked with 1% bovine serum albumin to reduce
unspecific background and stained with rabbit anti-HIF-1α
primary antibody (1:100, Santa Cruz, Heidelberg, Germany) at
4°C over night. After washing secondary horseradish peroxidase
(HRP)-labeled antibody was applied (1 h, room temperature)
and visualized using the red chromogen AEC (3-amino-9-
ethylcarbazol, DAKO, Hamburg, Germany). Again, cells of the
CA1 and CA3 region were counted and the percentage of positive
(i.e., red) nuclei was calculated for each region separately.

cC3, AIF and PAR

Caspase-3, which is involved in the programmed cell death and
AIF a protein, which triggers the caspase-independent pathway of
apoptosis were also evaluated in our organ samples (36, 45).
Moreover, as PAR is also involved in cell death via stimulation of
mitochondrial AIF-release we aimed to investigate PAR as well
(46). Therefore, histologic specimen were stained with either anti-
cC3 primary antibody (1:100 New England Biolabs, Frankfurt,
Germany), or anti-AIF primary antibody (1:100, Santa Cruz,
Heidelberg, Germany) or with anti-PAR primary antibody (1:200,
BD Biosciences, Heidelberg, Germany). The immunohistologic
staining and evaluation of hippocampus was carried out as
described earlier.

Nitrotyrosine staining

Nitrogen species such as peroxynitrite induce nitrosylation of
tyrosine residues. The resulting product nitrotyrosine is responsi-
ble for protein dysfunction. Peroxynitrite itself induces DNA
strand brakes, which then in turn activate the DNA repair enzyme
PAR polymerase (PARP). This enzyme restores DNA integrity in
an ATP-consuming process thereby releasing PAR (30).

Thus, we also stained our samples for nitrotyrosine-positive
structures using an anti-nitrotyrosine primary antibody (1:200,
Millipore, Darmstadt, Germany) followed by secondary HRP-
labeled antibody and AEC-staining. To analyze nitrotyrosine-
positivity we measured the percentage of nitrotyrosine-positive
cells in the CA1 and CA3 region of the hippocampus.

MATERIALS
Secondary HRP-labeled antibodies and all other chemicals were
purchased from Sigma-Aldrich (Steinheim, Germany).

Statistic analysis

For statistic analysis, analysis of variance (ANOVA) was per-
formed, and if ANOVA indicated significant differences (P < 0.05),
data were additionally analyzed with the post hoc Tukey’s honestly
significant difference test. Statistic analysis was carried out using
the software Systat for Windows, version 11 (Systat Inc., Evanston,
IL, USA).

All data are given as means ± standard error of the mean of
n = 7 experiments per group.

RESULTS
All piglets in all groups could be successfully weaned from CPB.
In Table 1, heart rate, mean arterial pressure, arterial O2 saturation
and hematocrit are depicted. In both the CPB and CPB + EGCG
groups hematocrit were slightly lower at the end of bypass and also
at the end of reperfusion.

Tissue ATP levels and lactate

Blood lactate concentration significantly increased nearly three-
fold during CPB. Application of either EGCG or minocycline had
no influence on this increase.

In contrast, hippocampal ATP levels decreased to nearly 25% in
the CPB group. Again, neither EGCG nor minocycline could
prevent the ATP decline (Figure 1A,B).

Cellular edema

HE staining of CA1 and CA3 regions of the hippocampus revealed
that––compared with control conditions––CPB resulted in a sig-
nificant pericellular edema within the CA1 and CA3 regions. Pre-
treatment of the piglets with EGCG significantly diminished edema
formation although control levels were not reached. However,
minocycline application completely prevented from peri-cellular
edema in both CA areas (Figure 2A,B). Under control conditions
drug administration had no influence on pericellular edema.
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HIF-1α staining

During CPB HIF-1α positivity was significantly increased in cell
nuclei of both CA areas, indicating formation of HIF-1α and
translocation of this transcription factor from the cytoplasm into
the nucleus. Pretreatment with EGCG could diminish the CPB-
induced rise in nuclear HIF-1α, and minocycline completely
inhibited HIF-1α translocation (Figure 3A,B). Both drugs had no
effect on HIF-1α translocation in hippocampi of control piglets.

AIF, cC3 and PAR staining

Both apoptosis-inducing factors AIF and cC3 were elevated during
CPB. Application of EGCG decreased AIF translocation, although
control levels were not reached (Figure 4A,B). In contrast,
minocycline completely inhibited AIF translocation.

Interestingly, in the cC3 stains we saw a reverse picture: EGCG
completely inhibited cC3 activation, whereas minocycline signifi-
cantly reduced cC3 translocation without reaching control levels
(Figure 5A,B).

During CPB, PAR formation was significantly enhanced, which
was significantly reduced by both drugs (Figure 6A,B).

Again under control conditions EGCG and minocycline had no
impact on translocation of apoptosis-inducing factors or PAR.

Nitrotyrosine staining

During CPB we observed a significant increase in nitrotyrosine
within the cytoplasm of cells of the CA1 and CA3 regions. This
CPB-dependent rise in nitrosylated proteins was significantly
inhibited by pretreatment with both EGCG and minocycline
(Figure 7A,B). In the control piglets, both drugs exhibited no
influence on nitrotyrosin formation.

DISCUSSION
In general, during ischemia and reperfusion, the following cascade
of neuronal damage might occur: initially, ischemic conditions
lead to ATP depletion and might promote expression of HIF-1α an
indicator of low oxygen; secondly, during reperfusion phase,
oxygen radicals react with NO and form reactive nitrogen species
as peroxynitrite, which in turn lead to DNA damage and PARP
activation with the consequence of PAR formation. This latter
process, which is highly ATP consuming, will then lead to a further
reduction in energy rich phosphates. Another factor––involved in
AIF-independent apoptosis––is caspase-3. This effector caspase is
activated during hypoxic conditions. cC3 inhibits PARP activity,
thereby inhibiting the repair of DNA strand breaks on one hand,
but on the other hand via PARP cleavage leads to less ATP con-
sumption, which might be beneficial for the cell (8, 18).

In summary, in our study, we could demonstrate that CPB had
a significant negative influence on the neural cell band of the
hippocampus. We saw a significant and severe reduction of ATP
concentration and a significant elevation of HIF-1α translocation,
indicating an insufficient oxygen supply. Factors of apoptosis such
as AIF and cC3 were also significantly elevated during CPB. Addi-
tionally, nitrotyrosine and PAR formation was stimulated, which
may point towards tyrosine-nitrosylation and DNA strand breaks
by peroxynitrite. Interestingly, cellular damages in CA1 and CA3
regions were not evenly, but rather inhomogeneously distributed.
Both drugs applied during CPB––the antioxidant EGCG and the
anti-apoptotic antibiotic agent minocycline––were able to reduce
or even completely inhibit cellular damage, despite the fact that
ATP was reduced.

Surprisingly, also during control conditions a small number of
cC3-positive cells could be detected, which were reduced by
EGCG by about one-third. This slight elevation might be due to an

Table 1. Heart rate, mean arterial pressure, hematocrit and arterial pO2 saturation at 0′ (baseline), 120′ (disconnection of CPB) and 240′ (end of
reperfusion).

Heart rate
(1/min)

Mean arterial
pressure (mmHg)

Arterial O2

saturation (%)
Hematocrit
(%)

Control 0′ 115 ± 10 57 ± 1 99.3 ± 0.3 23.0 ± 2.0
Control 120′ 122 ± 8 61 ± 2 99.1 ± 0.4 23.0 ± 2.4
Control 240′ 122 ± 5 64 ± 3 99.1 ± 0.5 26.0 ± 3.3
Control + EGCG 0′ 118 ± 5 64 ± 4 99.7 ± 0.3 23.0 ± 1.8
Control + EGCG 120′ 124 ± 4 70 ± 4 99.7 ± 0.1 26.0 ± 1.2
Control + EGCG 240′ 125 ± 5 65 ± 2 99.6 ± 0.2 30.0 ± 2.2
Control + minocycline 0′ 129 ± 12 65 ± 3 99.9 ± 0.1 25.0 ± 1.0
Control + minocycline 120′ 124 ± 5 67 ± 5 99.1 ± 0.4 26.0 ± 1.9
Control + minocycline 240′ 121 ± 5 61 ± 3 99.0 ± 0.3 25.0 ± 2.1
CPB 0′ 115 ± 5 55 ± 3 99.6 ± 0.3 24.0 ± 1.5
CPB 120′ 128 ± 5 54 ± 2 97.6 ± 0.5 18.0 ± 1.7*†
CPB 240′ 126 ± 7 63 ± 3 97.5 ± 0.7 17.0 ± 1.4*†
CPB+EGCG 0′ 119 ± 5 65 ± 11 99.5 ± 0.3 23.0 ± 1.8
CPB+EGCG 120′ 114 ± 7 57 ± 6 98.7 ± 0.5 18.0 ± 1.7*†
CPB+EGCG 240′ 127 ± 11 60 ± 8 98.8 ± 0.4 16.0 ± 1.9*†
CPB + minocycline 0′ 136 ± 5 59 ± 2 99.5 ± 0.3 26.0 ± 1.6
CPB + minocycline 120′ 123 ± 10 57 ± 5 98.6 ± 0.7 27.0 ± 1.4
CPB + minocycline 240′ 131 ± 7 67 ± 4 99.0 ± 0.5 28.0 ± 2.9

CPB = cardio-pulmonary bypass; EGCG = epigallocatechin-3-gallate.
*Significance versus control (P < 0.05).
†Significance versus 0′ (P < 0.05).
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impairment of hippocampal cells by the volatile anesthetic
isoflurane, from which it is known that it might induce cellular
apoptosis (35). On the other hand, a certain neutroprotective effect
has been ascribed to isoflurane during mild to moderate ischemia, as
outlined the comprehensive review of Kitano et al (27). However, as
all piglets received the same amounts of isoflurane the differences
among the groups are unlikely attributable to isoflurane effects.

The histologic damages seen in our experimental model resemble
a hypoperfusion/reperfusion injury. It should be noted that despite a
normal perfusion flow, an impairment of hippocampal cells were
seen. We found cellular injury, which occurred in consequence of
CPB, as we did not see severe cellular changes in our controls.

Histopathologic changes in the hippocampus following CPB
have also been described by others (44, 48), who demonstrated

ischemic damage and neuronal apoptosis in the hippocampus of
piglets undergoing CPB. However, in contrast to our study, these
authors used prolonged low flow conditions, whereas in our
experimental setting a perfusion flow of 100 mL/kg/min was
administered, which is commonly used during CPB in man. Nev-
ertheless, although the piglets of our study had a normal blood
pressure and oxygen saturation with no differences between the
experimental groups injuring of hippocampal structures could be
demonstrated. This is remarkable as it seems imaginable to assume
that similar damages in the CA regions following CPB might also
be detectable in paediatric patients undergoing repair of severe
inborn heart diseases. Besides, congenital heart diseases are often
corrected in hypothermic circulatory arrest, which makes damages
even more likely and more severe.

In contrast to our study Han et al (19) did not see any PARP
activation within the hippocampus of their CPB control group.
However, these authors used different experimental conditions:
they used adult rats and a high CPB flow of 180 mL/kg b.w., which
makes a direct comparison difficult, although––in line with our
study––they also found enhanced PARP and nitration in the group
of 75-minute cardiac arrests.

To counteract the negative effects of CPB two different drugs
were applied during our experimental setting: EGCG and minocy-
cline. From the first one it is known that this ingredient of green tea
has positive effects on memory and learning and furthermore has
antioxidant and caspase-3-blocking properties, which can––as
EGCG passes the blood–brain barrier––exert influence on neuro-
nal cells (20, 26). Regarding the latter drug, besides its antibiotic
properties, beneficial side effects have been described. Minocycline
has a protective cerebral potential during ischemic conditions and in
addition has also anti-apoptotic qualities by inhibiting caspase-3-
dependent and -independent cell death pathways (5, 21). Moreover,
it has––at least in rats––positive effects on cognitive impairments
during general anesthesia (29). Furthermore, according to other
studies both drugs also seem to have anti-inflammatory activities,
which lower PARP activation and thereby PAR formation (2, 25).
Thus, apoptosis induction, which might occur on several routs
could be deactivated by EGCG or minocycline.

Cerebral edema formation after ischemia and/or inflammation
is not uncommon and might result in an increase in intracere-
bral pressure resulting in a fatal and irreversible damage of
hippocampal pyramidal cells. Both drugs investigated in our study
were able to reduce edema formation whereas minocycline was
more effective probably because of its anti-inflammatory activity
(24, 31). The mechanism of edema prevention is not known––
maybe a general membrane damage by ROS––but interestingly for
EGCG not restricted to the hippocampus as the same positive
effect was seen in kidneys (42).

Surprisingly, although as mentioned earlier, we used a normal
clinically relevant perfusion flow of 100 mL/kg/min together with
hypothermia alterations of hippocampal neural cells, which were
most likely due to ischemic conditions during CPB were seen. The
transcription factor HIF-1α and its downstream target vascular
endothelial growth factor has its function in mediating cellular
oxygen supply by promoting the formation of new blood
vessels. Moreover, several genes that allow survival under hypoxic
conditions like erythropoietin or glycolysis enzymes are up-
regulated by HIF-1α to stabilize energy balance of the cell (16). In
this context, it seems remarkable that despite low ATP levels
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Figure 1. A. Blood lactate concentration at 0 minute (baseline), 120
minutes (disconnection of cardiopulmonary bypass [CPB] ) and 240
minutes (end of reperfusion). B. Hippocampus adenosine triphosphate
(ATP) concentration. All values of are given as means ± standard error of
the mean (SEM). Significant differences to control are indicated by
asterisks (P < 0.05).
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Figure 2. A. Hematoxylin-eosin (HE) staining of hippocampus CA1 and
CA3 regions of control piglets without or with epigallocatechin-3-gallate
(EGCG) or minocycline and piglets after cardiopulmonary bypass (CPB)
without or with EGCG or minocycline, respectively. Bar graphs depict
the number of cells (in %) with pericellular edema. All values of are
given as means ± standard error of the mean (SEM). Significant differ-
ences to control are indicated by asterisks (P < 0.05), (P < 0.01); signifi-
cant differences to CPB by a hash # (P < 0.05), # # (P < 0.01). B. Original
image showing HE staining of hippocampus. Arrows indicate
pericellular edema of CA1 and CA3 regions.
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Figure 3. A. Hypoxia-inducible factor-1α (HIF-1α) staining of
hippocampus CA1 and CA3 regions of control piglets without or with
epigallocatechin-3-gallate (EGCG) or minocycline and piglets after car-
diopulmonary bypass (CPB) without or with EGCG or minocycline,
respectively. Bar graphs depict the number of positive cell nuclei (in %).
All values of are given as means ± standard error of the mean (SEM).
Significant differences to control are indicated by asterisks * (P < 0.05),
** (P < 0.01); significant differences to CPB by a hash # (P < 0.05). B.

Original image showing HIF-1α-staining of hippocampus CA1 and CA3
regions. Arrows indicate cell nuclei positive for HIF-1α (stained in red).
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Figure 4. A. Apoptosis-inducing factor (AIF)-staining of hippocampus
CA1 and CA3 regions of control piglets without or with epigallocatechin-
3-gallate (EGCG) or minocycline and piglets after cardiopulmonary
bypass (CPB) without or with EGCG or minocycline, respectively. Bar
graphs depict the number of positive cell nuclei (in %). All values of are
given as means ± standard error of the mean (SEM). Significant differ-
ences to control are indicated by asterisks * (P < 0.05), ** (P < 0.01);
significant differences to CPB by a hash # (P < 0.05). B. Original image
showing AIF-staining of hippocampus CA1 and CA3 regions. Arrows
indicate cell nuclei positive for AIF (stained in red).
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Figure 5. A. Cleaved caspase 3 (cC3) staining of hippocampus CA1 and
CA3 regions of control piglets without or with epigallocatechin-3-gallate
(EGCG) or minocycline and piglets after cardiopulmonary bypass (CPB)
without or with EGCG or minocycline, respectively. Bar graphs depict
the number of positive cell nuclei (in %). All values of are given as
means ± standard error of the mean (SEM). Significant differences to
control are indicated by asterisks ** (P < 0.01); significant differences to
CPB by a hash # (P < 0.05), # # (P < 0.01). B. Original image showing
cleaved caspase 3 (cC3)-staining of hippocampus CA1 and CA3 regions.
Arrows indicate cell nuclei positive for cC3 (stained in red).
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Figure 6. A. Poly-adenosine diphosphate-ribose (PAR) staining of
hippocampus CA1 and CA3 regions of control piglets without or with
epigallocatechin-3-gallate (EGCG) or minocycline and piglets after car-
diopulmonary bypass (CPB) without or with EGCG or minocycline,
respectively. Bar graphs depict the number of positive cell nuclei (in %).
All values of are given as means ± standard error of the mean (SEM).
Significant differences to control are indicated by asterisks * (P < 0.05),
** (P < 0.01); significant differences to CPB by a hash # (P < 0.05), # #
(P < 0.01). B. Original image showing PAR staining of hippocampus CA1
and CA3 regions. Arrows indicate cell nuclei positive for PAR (stained in
red).
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Figure 7. A. Nitrotyrosine staining of hippocampus CA1 and CA3
regions of control piglets without or with epigallocatechin-3-gallate
(EGCG) or minocycline and piglets after cardiopulmonary bypass (CPB)
without or with EGCG or minocycline, respectively. Bar graphs depict the
number of cells positive for nitrotyrosine (in %). All values of are given as
means ± standard error of the mean (SEM). Significant differences to
control are indicated by asterisks ** (P < 0.01); significant differences
to CPB by a hash # (P < 0.05), # # (P < 0.01). B. Original image showing
nitrotyrosine-staining of hippocampus CA1 and CA3 regions. Arrows
indicate cells positive for nitrotyrosine (cytoplasm stained in red).
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during CPB, both drugs were able to attenuate HIF-1α transloca-
tion. To explain this phenomenon, it is important to mention that
HIF-1α is activated not only by hypoxia, but also by reactive
oxygen species (ROS), which promote HIF-1α translocation (47).
As EGCG is able to scavenge ROS this might be the mechanism by
which HIF-1α translocation was lowered in our study (3). More-
over, a decrease of ROS has also been ascribed to minocycline
which has, like EGCG, a polycyclic aromatic ring system (37).

Another issue to discuss is the positive effects of both drugs on
markers of cellular apoptosis. ROS and peroxynitrite, which are
part of ischemia and reperfusion injury at the end lead to
nitrosylated proteins, DNA damage, AIF and caspase-3 activation.
In a very recent study it was demonstrated in a mouse model of
reduced AIF expression that cardiac ischemic/reperfusion injury
was significantly attenuated if AIF translocation was shut down
even if ROS levels were not altered (10). Thus, AIF relocation
seems to be important in the development of tissue damage.

The anti-apoptotic action of EGCG has been related to its
radical scavenging properties. In a model of cultured neuronal
cells it was demonstrated that EGCG preferentially protects
against apoptosis resulting from mitochondrial oxidative stress
probably by an accumulation in the mitochondria (38). Further-
more, NO measurements in rat hippocampus revealed that EGCG
scavenges NO during ischemia (about 70%); however, without
lowering hippocampal blood flow (32). In addition, minocycline
also reduced nitrotyrosine amount and restored blood–brain
barrier in a model of Parkinson’s disease (41). Thus, these findings
link well with our data of reduced nitrosative stress (i.e., less
nitrotyrosine) in the pharmaceutical groups. On the other hand, in
a recent study, the protective effects of nitrite therapy on heart
and brain after cardiac arrest and resuscitation have been pointed
out (12). The authors showed that nitrite therapy increased S-
nitrosothiol levels (a radical scavenger) and reduced mitochondrial
ROS formation. However, nitrite and NO must not be confounded.
While “normal” doses of NO are surely necessary for regular
cellular function excessive NO can cause nitration of proteins
leading to pathologic consequences. Thus, this chapter of NO and
neuroprotection has not been closed.

Taken together our results indicate that pharmacologic brain
protection against CPB-associated injury is in principle possible.
Both drugs seem to interfere with the post-ischemic signaling. The
present results obtained in a large animal model in a clinical
setting may stimulate further research on the brain-protective
activity of EGCG and minocycline.

LIMITATIONS
First of all, the study was carried out in piglets and not in humans
for obvious ethical reasons. However, we used a setup and opera-
tion protocol as typically used in the clinic.

In order to see whether the histologic changes may finally result
in functional deficits, a 4–12-week follow-up with neuropsy-
chological tests would be highly interesting. However, as only
∼10% of children undergoing CPB exhibit neuropsychological
impairment, very large groups of piglets would be required to
assess drug effects on this parameter. Thus, at present, the effects
of the different treatments, which showed acute positive neuropro-
tective effects here in our study, on long-term neuropsychological
outcome remain to be investigated.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:
Figure S1. Original immunoblots of hypoxia-inducible factor-1α
(HIF-1α), apoptosis-inducing factor (AIF), cleaved caspase 3
(cC3), poly-ADP-ribose (PAR) and nitrotyrosine. Lanes 1–3 indi-
cate hippocampal lysates of three different control piglets.
Appendix S1. Immunoblots of hypoxia-inducible factor 1-alpha,
apoptosis-inducing factor, cleaved caspase 3, poly-ADP-ribose
and nitrotyrosine.
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