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Abstract

Intermittent hypoxia preconditioning (IHP) has been shown to protect neurons against ischemic
stroke injury. Studying how proteins respond to IHP may identify targets that can help fight stroke.
The objective of the present study was to investigate whether mitochondrial dihydrolipoamide
dehydrogenase (DLDH) would respond to IHP and if so, whether such a response could be linked
to neuroprotection in ischemic stroke injury. To do this, we subjected male rats to IHP for 20 days
and measured the content and activity of DLDH as well as the three a-keto acid dehydrogenase
complexes that contain DLDH. We also measured mitochondrial electron transport chain enzyme
activities. Results show that DLDH content was indeed upregulated by IHP and this upregulation
did not alter the activities of the three a-keto acid dehydrogenase complexes. Results also show
that the activities of the five mitochondrial complexes (I-V) were not altered either by IHP. To
investigate whether IHP-induced DLDH upregulation is linked to neuroprotection against ischemic
stroke injury, we subjected both DLDH deficient mouse and DLDH transgenic mouse to stroke
surgery followed by measurement of brain infarction volume. Results indicate that while mouse
deficient in DLDH had exacerbated brain injury after stroke, mouse overexpressing human DLDH
also showed increased brain injury after stroke. Therefore, the physiological significance of
IHP-induced DLDH upregulation remains to be further investigated.

Key words: dihydrolipoamide dehydrogenase, intermittent hypoxic preconditioning, ischemic stroke, mito-
chondria, neuroprotection

Introduction

Intermittent hypoxia (IH) has been linked to
many age-related disorders such as hypertension [1,
2], sleep apnea [3], diabetes [4-6], and stroke [7, 8].
Interestingly, when applied purposely with the use of
appropriate dosage, IH has been demonstrated to
show preconditioning effects that can lead to nu-

merous beneficial outcomes [9-11]; one of which is
neuroprotection against ischemic stroke injury
[12-16]. Therefore, studying how proteins respond to
intermittent hypoxic preconditioning (IHP) in per-
spective of either protein expression or posttransla-
tional modifications [17] has been of great interest
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lately as identification of such targets may help fight
stroke.

Mitochondrial dihydrolipoamide dehydrogen-
ase (DLDH) is an NAD*-dependent oxidoreductase
[18]. It exists in three mitochondrial complexes in-
cluding  pyruvate  dehydrogenase  complex,
a-ketoglutarate  dehydrogenase complex, and
branched chain amino acid dehydrogenase complex.
DLDH is also a component of the glycine cleavage
system [19]. Therefore, DLDH is a house-keeping
protein and its knockout has been proven to be lethal
[20]. Structurally, DLDH is a redox-sensitive enzyme
because of its two cysteine residues at its active center
[21, 22]. The protein can either exacerbate [23-30] or
attenuate [31, 32] oxidative stress depending on the
experimental conditions [33]. However, whether
DLDH would respond to IHP has never been exam-
ined. The purpose of this study was thus to investi-
gate whether DLDH expression changes in response
to IHP and whether this change has any link to neu-
roprotection against brain ischemic injury.

Materials and methods

Chemicals

Dihydrolipoamide was synthesized from
lipoamide using sodium borohydride as previously
described [34, 35]. All PCR primers were purchased
from  Life  Technologies  (Carlsbad, CA).
e-amino-N-caproic acid was obtained from MP Bio-
chemicals. Acrylamide/bisacrylamide, ammonium
persulfate, Bradford protein assay solution, and
Coomassie brilliant blue (CBB) R-250 were from
Bio-Rad laboratories (Richmond, CA, USA). NADH,
BSA, lipoamide, EDTA, and NBT chloride tablets
were obtained from Sigma (St. Louis, MO, USA).
Serva Blue G was purchased from Serva (Heidelberg,
Germany). Rabbit anti-DLDH polyclonal antibodies
(IgG) and goat anti-rabbit IgG conjugated with
horseradish peroxidase were purchased from US Bi-
ological (Swampscott, MA, USA) and Invitrogen (San
Diego, CA, USA), respectively. Hybond-C membrane
and an ECL immunochemical detection kit were ob-
tained from GE Healthcare (Piscataway, NJ, USA).

Intermittent hypoxia preconditioning (IHP)
treatment

All animal protocols have been approved by the
UNTHSC committee for animal research. An IHP
program described by Ju et al. [36] was used in this
study. Briefly, IHP was applied every morning for 20
days. Rats at age of 8-12 weeks were hypoxia- or
sham-conditioned in 267-liter acrylic chambers that
were custom-made. The IHP program consisted of
brief (5-10 min) hypoxic exposures (5-8 bouts/day)

with intervening 4-min reoxygenation periods [36].
Fractional inspired O (FIO) in the chamber was
monitored with a precision O, sensor (Alpha Omega
Instruments model 2000). Compressed nitrogen was
introduced into the chamber to lower O, content to
the prescribed value within 90 s. Reoxygenation was
achieved by opening the top of the chamber. Non-IHP
groups underwent sham conditioning protocols in
which compressed air instead of nitrogen was intro-
duced to maintain FIO; at 21%. Under these condi-
tions, rats exhibited no distress during the IHP or
sham conditioning sessions [36]. After the 20-day IHP
treatment, rats were placed under normal conditions
for 7 weeks, followed by sacrifice and tissue collec-
tion. Therefore, the whole IHP regimen contained
20-day IHP and 7-week normoxic exposure.

Mouse models

DLDH deficient mouse generated by Johnson et
al [20] was obtained from Jackson laboratories via
cryorecovery. DLDH transgenic mice overexpressing
human DLDH (Fig. 4) was kindly generated on the
background of FvBN mouse by Cyagen (Santa Clara,
CA). Both DLDH deficient and DLDH transgenic mice
were bred and maintained in our own colony in the
animal facility of UNTHSC. All mice at age of 8-12
weeks were used throughout this study regardless of
their genotypes.

Transient cerebral ischemia

For transient middle cerebral artery occlusion
(tMCAO), an intraluminal filament model was used
as previously described [37]. The internal carotid ar-
tery (ICA) was exposed, and a 3-0 monofilament ny-
lon suture (0.22 £ 0.01 mm) purchased from Doccol
Corporation (Sharon, MA) was introduced into the
ICA lumen through a puncture and gently advanced
to the distal internal carotid artery until proper re-
sistance was felt. After 1 hour, the suture was with-
drawn and the distal ICA was cauterized. At the end
of 24 h reperfusion, the animals were sacrificed and
the brains were harvested for either TTC staining or
for mitochondria preparations (both as described be-
low).

Measurement of infarct size

Brain ischemic damage was assessed by meas-
uring the infarct size using 2,3,5-triphenyltetrazolium
chloride (TTC) staining [37]. Briefly, brain slice was
incubated for 30 minutes in a 2% solution of TTC in
physiological saline at 37 ©C, and then fixed in 10%
formalin. The stained slice was digitally scanned and
subsequently measured for the ischemic lesion size
(AlphaEaseFC) [38]. The percentage of infarction
volume over total brain volume was calculated as
previously described [39].
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Preparation of brain mitochondria

Mitochondria isolation from whole brain was
carried out using Percoll gradient centrifugation as
previously reported [40] with slight modifications [41,
42]. Brains were removed rapidly and homogenized
in 15 ml of ice-cold, mitochondrial isolation buffer
containing 0.32 M sucrose, 1 mM EDTA and 10 mM
Tris-HCI, pH 7.1. The homogenate was centrifuged at
1,330 g for 10 min and the supernatant was saved. The
pellet was resuspended in half volume (7.5 ml) of the
original isolation buffer and centrifuged again under
the same conditions. The two supernatants were
combined and centrifuged further at 21,200 g for 10
min. The resulting pellet was resuspended in 12%
Percoll solution prepared in mitochondrial isolation
buffer followed by centrifugation at 6,900 g for 10
min. The obtained soft pellet was resuspended in 10
ml of the mitochondrial isolation buffer and centri-
fuged again at 6,900 g for 10 min. All of the mito-
chondrial pellets obtained after centrifugation were
either used immediately or frozen at -80°C until
analysis. Protein concentrations were determined by
Bradford assay [43].

Measurement of enzyme activities

DLDH dehydrogenase activity was measured in
the forward reaction or in the reverse reaction as pre-
viously described [41, 42]. Measurement of mito-
chondrial complexes I, IV and V activities was also
conducted as previously described using in-gel based
assays [44]. Activities for complexes II and III were
measured spectrophotometrically as previously de-
scribed [45, 46]. Pyruvate dehydrogenase complex
activity was determined according to the method of
Schwab et al [47] and a-keto glutarate dehydrogenase
complex activity was measured by the method de-
scribed by Brown and Perham [48]. Branched chain
amino acid dehydrogenase complex activity was as-

A

125- Control

sessed according to the method of Marshall and So-
katch [49].

Polyacrylamide gel electrophoresis and
Western blot analysis

Typically, 10% resolving gel of SDS-PAGE was
performed unless otherwise indicated. One of the
resulting gels was stained with Coomassie colloid
blue [44], and the other gel was subjected to electro-
phoretic transfer to hybond-C membrane and im-
munoblotting [50]. Signals on the hybond-C mem-
brane were visualized with an enhanced chemilumi-
nescence kit. Nongradient blue native gel electro-
phoresis was performed as previously described [41].
All images were scanned by an EPSON PERFECTION
1670 scanner. All densitometric quantifications of gel
images were also analyzed by AlphaEaseFC software.

Data analysis

Statistical analysis of data was performed using
GraphPad's 2-tailed unpaired t test (GraphPad, San
Diego, CA). A probability value less than 0.05
(p < 0.05) was considered statistically significant.

Results

DLDH activity is elevated following IHP

We adopted a published IHP regimen that has
been shown to yield a neuroprotective effect [36]. To
evaluate how DLDH expression responds to this IHP
challenge, we measured DLDH activity by a spec-
trophotometric assay and also by blue-native gel
analysis [41]. Results shown in Fig. 1A indicate that
DLDH activity was significantly higher in the IHP
group than in the control group. This increase was
also observed on BN-PAGE (Fig. 1B) whereby densi-
tometric quantitation also showed a significant in-
crease (Fig. 1C).
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Figure 1. Comparison of brain mitochondrial DLDH activities between control and IHP-treated mice. (A) Spectrophotometric assay of DLDH activity; (B) blue
native gel analysis of DLDH activity; (C) densitometric quantitation of activity staining derived from (B).
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Figure 2. Left panel: higher DLDH protein content induced by IHP; A: Western blot assay of DLDH expression using anti-DLDH polyclonal antibodies from US
Biologicals; B: densitometric quantification of the band intensity between control and IHP. Right panel, IHP did not induce a detectable change in the content of
pyruvate dehydrogenase, a component of pyruvate dehydrogenase complex; C: Western blot assay of pyruvate dehydrogenase whereby actin was used as a loading
control, D: densitometric quantification of the band intensity between control and IHP. N=3, *p<0.05. Note: the Western blot signal was developed on a film using

X-ray developer.

Elevated DLDH activity by IHP is due to an
increased DLDH protein expression

To investigate whether this IHP induced change
in DLDH activity was due to the change in protein
expression, we then measured DLDH protein levels
by western blot assay using anti-DLDH antibodies.
Results show that DLDH expression was indeed
higher in the IHP group than in the control group
(Fig. 2A), and a densitometric quantification indicates
that this increase was significant (Fig. 2B). Further
investigation indicated that this increase in DLDH
protein content was not due to an increase in mito-
chondrial mass, as the content of mitochondrial py-
ruvate dehydrogenase, the first component of py-
ruvate dehydrogenase complex, was not increased
after the IHP treatment whereby actin was used as a
loading control (Fig. 2, C and D).

IHP does not alter the enzyme activities of the
three a-keto acid dehydrogenase complexes
that contain DLDH and the activities of the
five mitochondrial complexes (I to V)

The above results clearly show that DLDH ex-
pression was upregulated by IHP. As DLDH exists in
three a-keto acid dehydrogenase complexes, we
wondered if the activities of the three enzyme com-
plexes would also show changes after IHP treatment.
Accordingly, we measured the enzymes' activities of
all the three complexes by spectrophotometric assays.
Results in Fig. 3A show that none of the complexes’

activity changed in response to IHP, implicating that
DLDH was upregulated independent of the other two
components of the enzyme complexes whereby a
fixed ratio exists between each of the three compo-
nents [51]. Moreover, the activities of the five mito-
chondrial complexes (I to V) in the mitochondrial
membrane involved in electron transport chain and
ATP production were not altered either (Fig. 3B).

Both DLDH deficiency and DLDH
overexpression increase ischemic brain injury

As IHP is known to induce neuroprotective ef-
fect in stroke [14, 52], we reasoned that changes in
DLDH expression might be linked to neurodegenera-
tion or neuroprotection after stroke, depending on
whether DLDH is down- or up-regulated. To test
these possibilities, we used two mouse models. One
was DLDH deficient mouse in which only 50% DLDH
is expressed when compared to wildtype mice [20],
and the other was DLDH transgenic mouse in which
human DLDH was globally overexpressed. As shown
in Fig. 4, a transgenic vector (pRP.ExSi-EF1la-DLDH,
Fig. 4A) was constructed followed by injection into
the pronucleus of fertilized eggs in FvBN strain. The
injected eggs were implanted into surrogate mothers
afterwards. The mentioned transgenic founders and
their offspring were identified by PCR genotyping
(Fig. 4B) using the primers as shown in Fig. 4C,
whereby the internal control primers for the wildtype
mice were also given.
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Figure 3. Measurements of activities of a-keto acid dehydrogenase complexes
containing DLDH and activities of mitochondrial oxidative phosphorylation
complexes | to V following IHP. (A) Activities of the three a-keto acid dehy-
drogenase complexes; (B) Activities of complexes | to V. Please refer to the text
for detailed methods.

The idea of using the two mouse models was
that a lower level of DLDH in the DLDH deficient
mouse would render the mouse more vulnerable to
stroke injury given the observation that DLDH defi-
cient mouse is more susceptible to chemical neuro-
toxicity [53], while a high level of DLDH would ren-
der some degree of tolerance to stroke injury based on

the establishment that excess DLDH can exist inde-
pendently of the a-keto acid dehydrogenase com-
plexes and can act as an antioxidant [31, 32]. Results
indicate that DLDH content in the DLDH deficient
mouse was indeed nearly 50% lower than that in the
wildtype mouse (Fig. 5 A and B); and brain infarction
volume in DLDH deficient mouse was indeed greater
than that in the wildtype mouse (Fig. 5 C and D).
Unexpectedly, brain infarction volume in the trans-
genic mouse was also greater than that in the control
mouse (Fig. 6 C and D), though DLDH content in the
transgenic mouse was higher than that in the
wildtype mouse (Fig. 6 A and B). These results indi-
cate that while DLDH deficiency exacerbated brain
ischemic injury, overexpression of DLDH also wors-
ened brain ischemic injury, at least for this transgenic
mouse model under our experimental conditions.

Overexpressed human DLDH in the mouse
lacks enzyme activity

To explore why human DLDH overexpression
in the mouse model did not confer neuroprotection
against ischemic stroke injury, we further measured
DLDH activity in the brains of both wildtype and
transgenic mice, along with that in DLDH deficient
mice. Results in Fig. 7 indicate that while there was a
40%-50% decrease in DLDH activity in DLDH defi-
cient mouse, the enzyme activity in the transgenic
mouse model did not show any increase when com-
pared with that of the wildtype mouse. Such results
indicate that the overexpressed mitochondrial DLDH
lacked enzyme activity and might be toxic to the brain
given that inactive proteins may aggregate to elicit
neurotoxicity.

B
fl ori
— 384 bp
- — 196 bp
ampiciltin PRP.EXSi-EF1a-
DLDH
B Transgenic primer:
] DLDH(BCO018648.2) Forward: 3'-AATCTTGCTGCGTCATTTGG-5’
pUC ori Reverse: 3’-TGAAGGCTCTCAAGGGCATC-5
SV40 pA Internal control primer:
Forward: 3'-TCTTAGCTCTGCTCTCCGGT-5
Reverse: 3'-CACTGGCTGAGGAAGGAGAC-5

Figure 4. (A) Map of pRP.ExSi-EF1a-DLDH vector containing the human DLD gene used for generation of the transgenic mouse model that globally overexpresses
human DLDH. (B) Agarose gel electrophoresis of PCR genotyping products from the transgenic and wildtype. PCR product showing the existence of only 196 base
pairs is that of wildtype mouse, while that showing an additional band containing 384 base pairs is that of transgenic mouse. (C) PCR genotyping primers used for
identification of the transgenic mice and the corresponding control mice following breeding.
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Discussion

In the present study, we have demonstrated that
DLDH responds to IHP by upregulating its protein
content in the rat brain (Figs. 1 and 2). We further
demonstrated that the mitochondrial complexes con-
taining DLDH did not show any detectable activity
changes after IHP treatment (Fig. 3A), indicating that
DLDH is upregulated by the IHP regimen without
changes in the activities of the three a-keto acid de-
hydrogenase complexes. Additionally, we have also
demonstrated that the activities of the five mitochon-
drial complexes (I-V) did not show detectable changes
either (Figs. 3B). It should be noted that DLDH up-
regulation by IHP was not due to any possible in-
crease in mitochondrial mass as the protein content of
pyruvate dehydrogenase was not changed by IHP
(Fig. 2 C and D). Moreover, while DLDH deficiency
expectedly increased brain ischemic injury (Fig. 5),
DLDH overexpression also exacerbated brain is-
chemic injury as DLDH transgenic mouse also
showed an increased infarction volume after ischemic
stroke surgery (Fig. 6).

DLDH is a component of the a-keto acid dehy-
drogenase complexes and exists proportionally to the
other two components within each complex [51, 54,
55]. For example, in eukaryotic pyruvate dehydro-
genase complex, there are 30 subunits of pyruvate
decarboxylase, 60 subunits of dihydrolipoyl trans-
acetylase, and 12 subunits of DLDH. Hence overex-
pression of any of the three components will not be
able to be incorporated into the whole complex if the
other two components are not proportionally over-
expressed. Instead, the overexpressed component will
likely exist in excess and may freely float in mito-
chondria. This seems to be the case for DLDH upreg-
ulation by IHP as reflected by anti-DLDH Western
blot assay of mitochondrial preparation (Fig. 1). It
should be noted that it is possible that the change in
DLDH activity or expression is caused by other

changes taking place upstream of DLDH gene ex-
pression, which remains unknown at this time. Addi-
tionally, as we used whole brain instead of a specific
brain region for mitochondria isolation and analysis,
the increase in DLDH expression by IHP should truly
reflect the overall DLDH response to IHP challenges.

As upregulated DLDH existed independently of
the three a-keto acid dehydrogenase complexes in
mitochondria, we reasoned that this extra DLDH
might be functioning as an antioxidant. In other
words, the function of DLDH itself other than the
participation in mitochondrial keto acid dehydro-
genase complexes may be neuroprotective. Accord-
ingly, we overexpressed human DLDH in a mouse
model, then performed ischemic stroke on these mice.
Unexpectedly, however, the infarction volume in the
brain of transgenic mice was actually greater than that
in the control mice (Fig. 6C), a result similar to what
was found in the DLDH deficient mouse model (Fig.
5C), which is known to be susceptible to neurotoxic
challenges [53]. The reason for an increased brain in-
jury in the transgenic mouse could be due to the ob-
servation that overexpressed human DLDH is not
active (Fig. 7), which indicates that such overex-
pressed DLDH is not acting as an antioxidant enzyme,
at least in our experimental system.

We attempted to elucidate the mechanisms of
DLDH upregulation under the conditions of oxygen
glucose deprivation (OGD) using SH-SY5Y neuronal
cells [56]. Unfortunately, we failed to observe DLDH
upregulation after the OGD treatment. This result
indicates a discrepancy of DLDH response to hypoxia
between live animals and cultured cells. Nonetheless,
in the literature, it is well known that DLDH expres-
sion is controlled by the transcription factor cAMP
response element-binding protein (CREB) [57, 58],
which can be activated by IHP via cAMP activation of
protein kinase A [59-61] (Fig. 8) and is known to be
involved in preconditioning against stroke injury
[59-61]. Future studies may need to be conducted to
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confirm this mechanism using animals under the IHP
conditions. Additionally, there might also be a role for
Ca?* in activating the CREB signaling pathway. In
fact, it is well established that increased CREB phos-
phorylation and increased CREB binding to CRE may
also be partly regulated by the Ca?'/calmodulin-
regulated protein kinase (CaMK) signaling pathway
under hypoxic conditions [62-65]. Therefore, future
studies may also be needed to investigate the in-
volvement of this signaling pathway in DLDH up-
regulation by IHP.

Intermittent hypoxia preconditioning
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In summary, we report herein that DLDH was
upregulated by IHP and this upregulation occurred
without changes in mitochondrial function. The
a-keto acid dehydrogenase complexes containing
DLDH also didn't show alterations in their enzyme
activities after IHP. As both DLDH deficient mouse
and DLDH transgenic mouse showed a significant
increase in ischemic brain injuries, the physiological
or pathophysiological significance of DLDH upregu-
lation by IHP is unknown at this time and remains to
be further explored.
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Figure 8. Proposed signaling pathways of IHP-induced DLDH upregulation via the cAMP/CREB signaling pathway.
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