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Abstract
Brain energy metabolism is increased during postnatal development and diminished in
neurodegenerative diseases linked to senescence. The objective of this study was to determine if
these conditions could involve postnatal or senescence-related shifts in activity or expression of
dihydrolipoamide dehydrogenase (DLDH), a key mitochondrial oxidoreductase. Rats ranging from
10 to 60 days of age were used in studies of postnatal development, whereas rats aged 5 or 30 months
were used in the aging studies. The expression of DLDH was determined by Western blot analysis
using anti-DLDH antibodies and DLDH diaphorase activity was measured by an in-gel activity
staining method using nitroblue tetrazolium (NBT)/NADH. Activity of DLDH dehydrogenase was
measured as NAD+ oxidation of dihydrolipoamide. When these measures were considered in separate
groups of 10-, 20-, 30-, or 60-day-old rats, all three showed an increase between 10 and 20 days of
age. However, dehydrogenase activity of DLDH showed a further, progressive increase from 20 days
to adulthood, in the absence of any further change in DLDH expression or diaphorase activity. No
age-related decline in DLDH activity or expression was evident over the period from 5 to 30 months
of age. Moreover, aging did not render DLDH more susceptible to oxidative inactivation by
mitochondria-generated reactive oxygen species (ROS). Taken together, results of the present study
indicate that (1) brain DLDH expression and activity undergo independent postnatal maturational
increases; (2) Senescence does not confer any detectable change in the activity of DLDH or its
susceptibility to inactivation by mitochondrial oxidative stress.
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1. Introduction
Mammalian mitochondrial dihydrolipoamide dehydrogenase (DLDH, EC 1.8.1.4) is a flavin-
dependent, pyridine dinucleotide oxidoreductase. It is the third component of pyruvate
dehydrogenase complex, α-ketoglutarate dehydrogenase complex, and branched chain keto
acid dehydrogenase complex (Patel and Roche, 1990, Williams, 1992). DLDH is also the L
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protein in the glycine cleavage system (Faure, et al., 2000, Neuburger, et al., 2000).
Structurally, the active form of DLDH is a stable homodimer, with each monomer possessing
a non-covalently but tightly bound FAD molecule, a transiently bound NAD+ or NADH
molecule, and a redox active center containing two cysteine residues (Cys-45 and Cys-50 in
both human and rat) that are directly engaged in thiol-disulfide exchange reactions during
catalysis (Brautigam, et al., 2005, Ciszak, et al., 2006, Thorpe and Williams, 1976, Williams,
1992). In vivo, DLDH oxidizes dihydrolipoamide that is covalently linked to acyltransferase
using NAD+ as the electron acceptor, leading to the release of NADH (Patel and Roche,
1990, Vettakkorumakankav and Patel, 1996, Williams, 1992). This reaction is usually referred
to as the forward reaction of DLDH, as opposed to the reverse reaction, in which DLDH
catalyzes the oxidation of NADH using lipoamide as the electron acceptor.

DLDH exhibits a number of additional functional capacities. In vitro, DLDH can act as a
diaphorase (Massey, et al., 1960) that is capable of transferring electrons from NADH to
electron acceptors such as cytochrome c (Igamberdiev, et al., 2004) and ubiquinone (Olsson,
et al., 1999, Xia, et al., 2001), and to electron-accepting dyes such as 2,6-
dichlorophenolindophenol (DCPIP) (Patel, et al., 1995) and nitroblue tetrazolium (NBT)
(Scouten and McManus, 1971, Sokatch, et al., 1981). While DLDH itself may be a source of
reactive oxygen species (Bando and Aki, 1991, Gazaryan, et al., 2002, Sreider, et al., 1990,
Tahara, et al., 2007), it is also capable of scavenging nitric oxide (Igamberdiev, et al., 2004)
and can serve as an antioxidant by protecting other proteins against oxidative inactivation by
4-hydroxyl-2-nonenal (Korotchkina, et al., 2001). Moreover, DLDH can also act as a
proteolytic enzyme when the stability of its homodimer is altered (Babady, et al., 2007).

It is noteworthy that decreases in the activity of the DLDH-associated complexes α-
ketoglutarate dehydrogenase and pyruvate dehydrogenase, in brain, represent a common
element in several age-associated neurodegenerative diseases, including Alzheimer’s and
Parkinson’s diseases (Gibson, et al., 2000, Sullivan and Brown, 2005). Studies of adult DLDH-
deficient mice have suggested that a partial decrease of DLDH, which is sufficient to diminish
activity of its associated enzyme complexes (Johnson, et al., 1997), results in an elevated level
of susceptibility to chemical neurotoxicity (Klivenyi, et al., 2004). Moreover, variations in the
DLD gene have been linked to Alzheimer’s disease (Brown, et al., 2004, Brown, et al.,
2007).

Whereas a loss of DLDH activity can be linked to neurodegenerative disease, the effect of
aging, per se, on the function of DLDH has not been investigated. Thus, one purpose of the
current study was to determine whether or not DLDH of brain mitochondria exhibits an age-
related decline in its function, or an increase in its susceptibility to oxidative inactivation. It is
well established that oxidative stress is associated with aging and brain dysfunction (Navarro
and Boveris, 2007), and a significant contributing factor may be the oxidative inactivation of
selected proteins (Smith, et al., 1992). For example, it has been previously reported that upon
brain aging, both complex I and complex IV activities decrease in accordance with an increase
in mitochondrial oxidative stress (Navarro and Boveris, 2004, Navarro and Boveris, 2007).

A second purpose of the current study was to determine the extent to which maturational
changes in DLDH could be involved in postnatal ontogeny of the rodent brain. The rat brain
is functionally and bioenergetically immature at birth. During the normal development of the
rat brain, ketone bodies and glucose are used as respiratory substrates, whereas the energy
requirements of the adult rat brain are almost exclusively dependent on glucose oxidation
(Malloch, et al., 1986). Such a transition in fuel utilization is accompanied by two general
characteristics that occur in mitochondria. First, mitochondria isolated from the brain of
newborn rats have a poor capacity of oxidative phosphorylation (Land, et al., 1977). Second,
as energy demand and oxygen consumption increase postnatally, the activities of many
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mitochondrial enzymes involved in energy metabolism are gradually increased (Kalous, et al.,
2001). These enzymes include adenine nucleotide translocase (Schonfeld and Bohnensack,
1995), creatine kinase (Holtzman, et al., 1993, Schonfeld and Reiser, 2007), malic enzyme
(Bukato, et al., 1992), the pyruvate dehydrogenase complex (Malloch, et al., 1986), the electron
transport chain complexes (Almeida, et al., 1995, Bates, et al., 1994), Krebs cycle enzymes
(Clark, et al., 1981, Leong and Clark, 1984), glutamate dehydrogenase (Leong and Clark,
1984), as well as antioxidant enzymes such as superoxide dismutase, catalase and glutathione
peroxidase (Mavelli, et al., 1982). To our knowledge, however, changes in rat brain DLDH
expression and activity during postnatal development have not been reported.

Development-related studies were conducted in rats ranging from 10 to 60 days of age, while
aging-related studies were conducted in rats when they were 5 or 30 months of age. In these
age groups we studied (i) DLDH expression measured by Western blot immunostaining using
anti-DLDH antibodies (ii) DLDH diaphorase activity measured by an in-gel activity staining
method using NBT/NADH (Yan, et al., 2007) and (iii) DLDH dehydrogenase activity
measured spectrophotometrically using dihydrolipoamide as the substrate in the presence of
NAD+ (Patel and Hong, 1998, Patel, et al., 1995). Results of the present study suggest that (i)
DLDH undergoes postnatal maturation during brain development, and (ii) DLDH does not lose
its activity or gain susceptibility to oxidative stress during the normal brain aging process.

2. Experimental procedures
2.1. Animal and chemicals

Pregnant female Sprague-Dawley rats and adult male Sprague-Dawley rats were obtained from
Harlan (Indianapolis, IN). In postnatal development studies, pups of either sex were used, while
in the aging studies, only male rats were used. All chemicals were purchased from Sigma (St.
Louis, MO) unless otherwise stated. Dihydrolipoamide was prepared using sodium
borohydride reduction of lipoamide as previously described (Patel and Hong, 1998, Patel, et
al., 1995).

2.2. Preparation of mitochondria
The isolation of mitochondria from whole brain was carried out as previously outlined (Sims,
1993) with modifications (Yan, et al., 2007). 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-HCl, pH 7.1. The homogenate was centrifuged at 1,330 g for 10 min and the
supernatant was saved. The pellet was resuspended in 0.5 (7.5 ml) volume 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 that was prepared in mitochondrial isolation buffer and centrifuged at
6,900 g for 10 min. The resulting supernatant was then carefully removed by vacuum. The
obtained soft pellet was resuspended in 10 ml of the mitochondrial isolation buffer and
centrifuged again at 6,900 g for 10 min. Preparation of mitochondria from liver, heart and
kidney was carried out as previously described (Navarro, et al., 2004, Yan, et al., 2002, Yan,
et al., 2005). All of the mitochondrial pellets obtained after centrifugation were either used
immediately or frozen at −80°C until analysis. All the protein concentrations were determined
by bicinchoninic acid assay (Smith, et al., 1985) using a kit obtained from Pierce (Rockford,
IL).

2.3. Preparation of mitochondrial extracts
Whole mitochondrial extracts as the source of DLDH analyses were prepared as previously
described (Patel and Hong, 1998, Patel, et al., 1995). Briefly, mitochondrial pellet (either fresh
or frozen) was resuspended at a protein concentration of approximately 0.5 mg/ml in a

Yan et al. Page 3

Mech Ageing Dev. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hypotonic buffer containing 20 mM potassium phosphate (pH 7.4), 1% Triton X-100, 2 mM
EDTA, 2 mM EGTA and protease inhibitors. The suspension was sonicated in a Branson
Sonifier 150, four times for 30 s at 1-min intervals. The sonicated sample was kept on ice for
30 min and clarified by centrifugation at 20,000 g for 30 min. The clear DLDH-containing
supernatant was then used for mitochondrial DLDH assays. Where indicated, mitochondrial
extracts were passed through PD-10 columns (Amersham Bioscience) to remove small
molecular weight molecules such as NADH according to the instructions given by the
manufacturer.

2.4. Western blot detection and densitometric quantification of DLDH expression
For detection and densitometric quantification of DLDH expression, mitochondrial extracts
were resolved by SDS-PAGE (10% w/v) followed by electrophoretic gel transfer to Hybond-
C membranes with a Mini-Trans-Blot electrophoretic transfer cell (Bio-Rad, Richmond, CA)
according to the method described by Towbin et al. (Towbin, et al., 1979) with slight
modifications (Yan and Sohal, 1998). Transference was carried out at 100 V (constant voltage)
for 1 h in a buffer containing 25 mM Tris, 192 mM glycine, and 10% methanol (v/v), pH 8.3.
Western blot detection of DLDH using anti-DLDH antibodies was performed as previously
described (Yan, et al., 1998). The blots were incubated with 50 ml of 5% nonfat dried milk (w/
v) for 1 h, followed by three washes, 10 min each, with Tris-buffered saline that contained
0.1% Tween-20 (TBST). Blots were then incubated over night at 4°C with anti-DLDH
antibodies purchased from US Biological (Swampscott, MA) (diluted 1:25,000 in TBST
containing 0.2% BSA). The primary antibody was removed and the blots were washed three
times, 10 min each, with TBST. The blots were then incubated in horse-radish peroxidase-
conjugated goat anti-rabbit IgG (diluted 1:50,000 in TBST containing 0.2% BSA) for 3 h at
room temperature. After washing the blots with TBST three times (10 min each), the DLDH
protein band was visualized with an enhanced chemiluminescence kit obtained from
Amersham Bioscience. All gel and immunoblot images were scanned by an EPSON
PERFECTION 1670 scanner and densitometric quantifications were performed using Scion
Image software (version 4.0.3).

2.5. Spectrophotometric measurement of DLDH dehydrogenase activity
DLDH dehydrogenase activity was measured in the forward reaction or in the reverse reaction
where indicated. In the forward reaction, the activity was measured by DLDH catalyzed
oxidation of dihydrolipoamide at the expense of NAD+ (Patel and Hong, 1998, Patel, et al.,
1995). The final volume of reaction was 1 ml, and the mixture contained 100 mM potassium
phosphate, pH 8.0, 1.5 mM EDTA, 0.6 mg/ml BSA, 3.0 mM dihydrolipoamide and 3.0 mM
NAD+. In the reverse reaction, DLDH dehydrogenase activity was measured by reduction of
lipoamide at the expense of NADH. The final volume of reaction was also 1 ml, and the mixture
contained 100 mM potassium phosphate, pH 6.3, 1.5 mM EDTA, 0.6 mg/ml BSA, 0.6 mM
lipoamide, 0.1 mM NAD+ and 0.1 mM NADH. For both the forward and the reverse reactions,
a solution containing all the assay components except mitochondrial extracts was used as the
blank. The reaction was initiated by the addition of appropriate amount of mitochondrial
extracts (10–20 μg/ml assay solution) and the change in absorbance at 340 nm was followed
at room temperature. An extinction coefficient of 6.22 mM−1 cm−1 for NADH was used for
the calculation of enzyme activity (Patel and Hong, 1998, Patel, et al., 1995). One unit of
dehydrogenase activity was defined as 1 μmol of NAD+ reduced or 1 μmol of NADH oxidized
per min.

2.6. In-gel DLDH diaphorase activity staining
In-gel staining of DLDH diaphorase activity by NBT/NADH was performed using blue native
polyacrylamide gel electrophoresis (BN-PAGE) as recently described (Yan, et al., 2007).
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Essentially, a non-gradient blue native gel (9%, w/v) was performed. The gel buffer contained
500 mM aminocaproic acid and 50 mM Bis-Tris, pH 7.0. The cathode buffer contained 50 mM
tricine, 15 mM Bis-Tris, pH 7.0, and 0.02% Serva blue G-250, whereas the anode buffer
contained 50 mM Bis-Tris, pH 7.0. The sample buffer was 50 mM aminocaproic acid (final
concentration) containing 0.3% Serva blue G-250 (w/v, final concentration). Following sample
loading (typically, 20 μg protein/lane), the gel was run at 150 V until the front line had entered
into one-third of the gel where the cathode buffer was replaced by the one that did not have
Serva blue G-250 (50 mM Tricine, 15 mM Bis-Tris, pH 7.0). Gel running was then continued
at 200 V until complete. The gel was incubated in 50 mM potassium phosphate buffer (pH 7.0)
containing 0.2 mg/ml NBT and 0.1 mg/ml NADH. When an appropriate color of DLDH band
appeared, the staining solution was discarded and the gel was scanned immediately for gel
documentation.

2.7. Spectrophotometric measurement of DLDH diaphorase activity
Where indicated, the diaphorase activity of DLDH was also measured by DLDH catalyzed
reduction of 2,6-dichlorophenolindophenol (DCPIP) at the expense of NADH (Patel, et al.,
1995). The final volume of reaction was 1 ml, and the mixture contained 1.5 mM EDTA, 0.6
mg/ml BSA, 40μM DCPIP, and 200 μM NADH. The reaction was initiated by the addition of
an appropriate amount of mitochondrial extract (10–20 μg/ml assay solution) and the decrease
in absorbance at 600 nm was followed at room temperature. An extinction coefficient of 21
mM−1 cm−1 for the oxidized form of DCPIP was used for the calculation of diaphorase activity
(Patel, et al., 1995).

2.8. In vitro DLDH oxidative inactivation by mitochondria-generated ROS
DLDH oxidative inactivation in isolated brain mitochondria was performed by supplementing
mitochondria with respiratory substrates in the presence of Antimycin A, a condition that is
known to enhance mitochondrial ROS generation (Turrens, 1997, Turrens, et al., 1985).
Mitochondrial incubation was carried out as previously described (Schonfeld and Reiser,
2006). Essentially, mitochondria (0.25 mg/ml) were incubated at 25°C for 60 min in incubation
buffer (110 mM mannitol, 10 mM KH2PO4, 60 mM Tris, 60 mM KCl, and 0.5 mM EGTA,
pH 7.4) in the presence of 50 μM Antimycin A. The mixture was then supplemented with
pyruvate plus malate (5 mM each) or succinate alone (10 mM) as mitochondrial respiratory
substrates. At the end of the incubation, mitochondria were pelleted by centrifugation at 8,000
g for 10 min, and mitochondrial extracts were then prepared as described above.

2.9. Data analysis
All experiments were performed independently at least three times using different animals.
Results are expressed as means ± SEM. Statistical analysis was performed with Welch’s t test
using Instat software (Graphad Software, San Diego, CA). A probability value less than 0.05
(p < 0.05) was considered significant.

3. Results
3.1. Changes in DLDH expression and activity during postnatal development in the rat brain

Table 1 shows the brain weights at the different ages examined. As expected, the brain weight
increased during postnatal development. However, there was no further increase beyond 60
days of age (data not shown). Comparison of DLDH expression, diaphorase activity and
dehydrogenase activity was made between 10-, 20-, 30-, and 60-day-old rats. Fig. 1A shows
DLDH expression as determined by anti-DLDH Western blots. A quantitative result derived
from this figure shows that there was approximately a 30% increase in DLDH expression
between 10 and 20 days of age, whereas there was no further increase during the period from
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20 to 60 days (Fig. 1B). Similarly, the diaphorase activity, determined by in-gel NBT/NADH
staining using blue native PAGE (Fig. 2A), showed a 46% increase between 10 and 20 days
of age, and there was also no further increase between 20 and 60 days (Fig. 2B). DLDH
dehydrogenase activity, however, increased progressively over the period from 10 to 60 days
of age (Fig. 3). The incremental increase was: 63% between 10 and 20 days, 30% between 20
and 30 days, and 25% between 30 and 60 days of age.

3.2. Changes in postnatal DLDH activity in heart, liver and kidney
For the purpose of comparing DLDH in brain and peripheral tissues, we also investigated
changes in DLDH diaphorase and dehydrogenase activities in heart, liver and kidney using the
same approach as described above for brain DLDH. The results in Fig. 4 show DLDH
diaphorase and dehydrogenase activity in these tissues as determined in 10-, 20-, 30-, or 60-
day-old rats. Between 10 and 60 days of age, no increase in DLDH diaphorase activity could
be detected in any of the three tissues. In both heart and kidney, a small, albeit significant
increase in DLDH dehydrogenase activity was observed only for the period between 30 and
60 days of age. In liver, an increase in DLDH dehydrogenase activity of similar small
magnitude was observed between 10 and 20 days of age, with no further increase evident
thereafter.

3.3. Changes in DLDH expression and activity during brain aging
We further evaluated changes in DLDH expression, diaphorase activity and dehydrogenase
activity during the aging process using male rats aged 5 or 30 months. Although the objective
of this particular experiment was to focus on senescence-related changes in DLDH, 20-day-
old pups were also included in this experiment for comparative purposes. The results are
summarized in Fig. 5. A densitometric quantification of the immunostaining shown in Fig. 5A
did not indicate a significant difference in DLDH expression among the three age groups
examined (Fig. 5B). Similarly, DLDH diaphorase activity, determined by in-gel NBT/NADH
staining (Fig. 5C), did not show any change when quantified densitometrically (Fig. 5D).
Furthermore, there was no detectable decrease in DLDH dehydrogenase activity between 5
and 30 months of age (Fig. 5E). As expected, there was a significant increase in dehydrogenase
activity between 20 days and 5 months of age that was in accordance with the results obtained
in the developmental studies (Fig. 3).

3.4. Comparison of DLDH activity following gel filtration of mitochondrial extracts
Given the fact that DLDH dehydrogenase activity can be inhibited by an excessive amount of
NADH via a feedback inhibitory mechanism (Wilkinson and Williams, 1981), we then
addressed the possibility that the relatively lower DLDH dehydrogenase activity observed at
20 days of age (Fig. 5E) is due to NADH inhibition. In this study, enzyme activity was measured
after the mitochondrial extracts had been passed through PD-10 columns, so that NADH would
be removed from the preparations. As there was no difference in DLDH dehydrogenase activity
between 5 and 30 months of age (Fig. 5E), this comparison of enzyme activity involved samples
from 20-day-old and 5-month-old rats. Moreover, DLDH dehydrogenase activity was assayed
in both the forward and the reverse reactions in this study, along with a spectrophotometric
measurement of DLDH diaphorase activity using DCPIP as the artificial electron acceptor.
The results shown in Fig. 6 indicate that after gel filtration of mitochondrial extracts, DLDH
dehydrogenase activity at 20 days of age was still significantly lower than at 5 months of age,
and the magnitude of the difference was the same in both the forward and the reverse reactions.
This result ruled out the possibility that the lower DLDH dehydrogenase activity observed in
pups was due to NADH inhibition. No difference in diaphorase activity was evident between
20 days and 5 months of age, a finding that was in accordance with the result obtained by the
in-gel NBT/NADH staining method (Fig. 5D).
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3.5. In vitro DLDH oxidative inactivation by mitochondria-generated ROS
The finding that brain DLDH dehydrogenase activity did not decline between 5 and 30 months
of age (Fig. 5E) indicates that DLDH does not undergo a significant aging-related oxidative
inactivation, but did not necessarily rule out the possibility of an age-dependent increase in
susceptibility to inactivation by mitochondria-generated ROS. Therefore, we investigated the
status of in vitro DLDH inactivation by mitochondria-generated ROS in the different age
groups. The results shown in Fig. 7 indicate that DLDH did indeed lose activity under the
experimental conditions, but the percentage loss was virtually the same for the three age groups
examined. Therefore, DLDH oxidative inactivation in vitro was age-independent, indicating
that the susceptibility of DLDH to ROS attack does not change during brain development and
aging. In addition, the percentage loss in DLDH dehydrogenase activity in each age group was
independent of mitochondrial respiratory substrates in the presence of Antimycin A.

4. Discussion
The main findings of the present study are: (i) DLDH dehydrogenase activity in brain tissue
increases progressively from 10 days of age into adulthood, whereas DLDH expression and
diaphorase activity show little change after 20 days; (ii) Neither the activity nor the expression
of DLDH showed significant senescence-related change and; (iii) Aging did not result in
greater susceptibility of DLDH to oxidative inactivation by mitochondria-generated ROS (Fig.
7).

Data collected in the present study indicate that postnatal maturation of DLDH occurs in
distinguishable stages. In an initial stage, ending between postnatal days 10 and 20, diaphorase
and dehydrogenase activity of DLDH both increase in accordance with an augmentation of
DLDH expression. Given that postnatal increases in brain mitochondrial mass are nearly
complete by 20 days of age (Dahl and Samson, 1959, Land, et al., 1977), our results for DLDH
expression over the period from 10 to 20 days postnatally (Fig 1B) are in accordance with the
overall growth of brain mitochondrial mass during postnatal development. The increase in
DLDH expression during this period would thus fully account for the observed increase in
diaphorase and dehydrogenase activity, and these effects may be driven by a postnatal increase
in brain energy demand. Studies of caloric restriction in adult rodents suggest that DLDH
expression is indeed responsive to shifts in energy demand (Poon, et al., 2006). Moreover, a
development-associated increase in DLDH expression caused by an increased energy demand
has been previously reported in a study of pea seedling development (Luethy, et al., 2001).

During a second phase, beginning after postnatal day 20 and continuing into adulthood,
dehydrogenase activity shows an additional, progressive, age-related increase in the absence
of any detectable change in DLDH expression or diaphorase activity. The observed increase
in DLDH dehydrogenase activity against an unchanged DLDH expression during this stage
could be due to an increased catalytic efficiency of the enzyme in association with an increased
energy demand during brain development. That DLDH diaphorase activity is not similarly
changed during this stage could be attributed to three factors: (i) there is no change in DLDH
expression; (ii) there are no defined binding sites on DLDH for non-lipoyl electron acceptors
in the presence of NADH; and (iii) DLDH catalyzed diaphorase reactions are achieved by a
four-electron-reduced enzyme (Argyrou, et al., 2003), while DLDH catalyzed dehydrogenase
reactions are accomplished by a two-electron-reduced enzyme (Argyrou, et al., 2003).

The pattern of postnatal DLDH maturation in the brain differed markedly from that of
peripheral organs, including heart, kidney and liver. Over the period from 10 to 60 days of age,
there was a progressive, nearly 2-fold, age-associated increase in brain DLDH dehydrogenase
activity (Fig. 3), whereas in heart, liver and kidney, the increases were much smaller (between
20 and 30%) and did not occur incrementally as a function of age. The more prominent increases
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in DLDH dehydrogenase activity in brain, when compared with the peripheral organs, may
reflect unique energy requirements associated with the relatively greater amount and
complexity of postnatal maturation occurring within the brain. These changes include
development of microneurons, cell migration, axonal and dendritic growth, synapse
proliferation, and myelination (Bates, et al., 1994,Kalous, et al., 2001).

It is established that an elevated level of protein oxidation is associated with aging (Berlett and
Stadtman, 1997, Smith, et al., 1992). For example, mitochondrial aconitase (Yan, et al.,
1997, Yarian, et al., 2006) and adenine nucleotide translocase (Yan and Sohal, 1998) can lose
their functional activities due to age-related oxidative damage. Interestingly, DLDH, as a redox
enzyme, does not incur age-related oxidative inactivation in the rat brain. This is in contrast to
in vitro studies where DLDH can be inactivated by mitochondria-generated ROS (Fig. 7 of
this study), by metal-catalyzed oxidation (Gutierrez-Correa and Stoppani, 1995), as well as by
the myeloperoxidase system (Gutierrez-Correa and Stoppani, 1999). Our observation that
DLDH did not lose activity and did not become more susceptible to oxidative inactivation
during aging not only indicate that DLDH is stable during brain aging, but also confirm the
notion that protein oxidation during aging is a highly selective process (Das, et al., 2001, Jana,
et al., 2002, Prokai, et al., 2007, Toroser, et al., 2007, Yan, et al., 1997, Yan, et al., 2000, Yan
and Sohal, 1998). Additionally, given that mitochondrial ROS generation capacity does not
change during postnatal brain development (Schonfeld and Reiser, 2007), it is reasonable to
think that the lower DLDH dehydrogenase activity observed in rat pups is not a consequence
of oxidative stress, but rather an adaptive component of postnatal development reflective of
changes in energy demand.

It should be pointed out that under certain in vivo oxidative stress conditions, DLDH has been
found to be oxidatively modified. For instance, DLDH was found to be modified by 4-
hydroxynonenal (HNE) in the ventilatory muscles of rats challenged by lipopolysaccharide
(Hussain, et al., 2006), and found to be nitrosylated in rat liver (Foster and Stamler, 2004) and
in Mycobacterium tuberculosis (Rhee, et al., 2005). Because DLDH activity was not measured
in these studies, it is not yet known whether or not the HNE modification or nitrosylation had
any significant inhibitory effects. In the case of the HNE modification, a loss of DLDH activity
would not necessarily be an outcome, as such modifications do not always lead to loss of
function (Moreau, et al., 2003). In the case of DLDH nitrosylation, it may be more probable
that DLDH activity is compromised. When isolated mitochondria were incubated with nitric
oxide donors, DLDH exhibited a substantial loss of activity (Yan, et al., 2007), indicating that,
in vivo, DLDH nitrosylation may have a deleterious effect on DLDH activity.

Because the current study was based on mitochondria from samples of whole brain, the current
studies do not rule out the additional possibility that activity of DLDH, or its associated
complexes, is altered selectively within different regions of the brain. Indeed, the degree of
age-associated oxidative stress/damage differs markedly among different regions of the brain
(Dubey, et al., 1996, Forster, et al., 1996, Rebrin, et al., 2007). Furthermore, studies of α-
ketoglutarate dehydrogenase complex activity in neurodegenerative diseases have also
suggested a dependence on brain region (Klivenyi, et al., 2004).

Finally, it should be pointed out that a comparison of amino acid sequences (retrieved from
Protein Database Bank) between rat and human DLDH reveals a 93% homology, and all the
key amino acid residues involved in catalysis such as the redox active center (Cys-45, Cys-50)
in one monomer and the essential histidine glutamic acid pair (His-452, Glu-457) in the other
monomer are conserved (Brautigam, et al., 2005, Ciszak, et al., 2006, Jentoft, et al., 1992).
Therefore, rat brain would be a good model for studying DLDH dysfunctions that might be
implicated in human brain development and neurodegenerative disorders.
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Fig. 1.
Comparison of DLDH expression at different postnatal ages. A shows Western blot detection
of DLDH expression; B shows the relative quantitative result derived from A. Values,
expressed as percentage of 10 days of age, are mean ± SEM of three independent experiments.
*p < 0.05 (all vs.10-day-old); Welch’s t test.
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Fig. 2.
Comparison of DLDH diaphorase activity determined by in-gel activity staining. DLDH was
resolved by blue native PAGE followed by diaphorase activity staining using the NBT/NADH
system as described in the text. A shows the gel image of activity staining; B shows
quantification of relative diaphorase activity derived by scanning the band intensity in A.
Values, expressed as percentage of 10 days of age, are mean ± SEM of three independent
experiments. *p < 0.05 (all vs. 10-day-old); Welch’s t test.

Yan et al. Page 15

Mech Ageing Dev. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Comparison of DLDH dehydrogenase activity measured spectrophotometrically. The
spectrophotometric measurement was performed by monitoring the increase of NADH
absorbance at 340 nm upon DLDH-mediated, NAD+-dependent oxidation of dihydrolipoamide
(the forward reaction). A solution containing all assay components except mitochondrial
sample was used as the blank. The dehydrogenase activity value was derived from the ratio
between the enzyme unit and the corresponding protein’s content that was determined
densitometrically as shown in Fig. 1B. Data, expressed as percentage of the values for 10 days
of age, are mean ± SEM of three animals for each age group. *p < 0.05 (20-day vs. 10-day),
**p < 0.05 (30-day vs. 20-day), and ***p < 0.05 (60-day vs. 30-day) all indicate statistical
significance (Welch’s t test).
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Fig. 4.
Changes in DLDH diaphorase activity and dehydrogenase activity during postnatal
development in heart, kidney and liver. DLDH protein content was determined as described
for Fig. 1. DLDH diaphorase activity was measured by the activity staining method described
for Fig 2. DLDH dehydrogenase activity was measured spectrophotometrically by following
the increase of NADH absorbance at 340 nm in the presence of dihydrolipoamide. Both
diaphorase activity and dehydrogenase activity were normalized based on the corresponding
DLDH expression and are expressed as a percentage of the values for 10-day-old pups. *p <
0.05 (Welch’s t test) for 60 vs. 30 days of age for heart and kidney and for 20 vs. 10 days for
liver.

Yan et al. Page 17

Mech Ageing Dev. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Comparison of DLDH expression, diaphorase activity and dehydrogenase activity between 20-
day-old, 5-month-old, and 30-month-old rats. A shows the anti-DLDH Western blot images;
B shows quantitative results of DLDH expression derived from A; C shows in-gel activity
staining of diaphorase activity; D shows quantitative results of DLDH diaphorase activity
derived from C; E shows DLDH dehydrogenase activity determined spectrophotometrically.
*p < 0.05 (both ages vs. 20-day-old); Welch’s t test. All values are mean ± SEM of three
independent experiments.
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Fig. 6.
Measurements of DLDH activities following treatment of mitochondrial extracts by PD-10
columns. Dehydrogenase activities in both the forward and the reverse reactions were
determined, along with determination of diaphorase activity. Values, expressed as percentage
of the values for 20-day-olds, are mean ± SEM of three independent experiments. *p < 0.05;
Welch’s t test.
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Fig. 7.
In vitro DLDH oxidative inactivation by mitochondria-generated ROS. Mitochondrial
respiration buffer contained 110 mM mannitol, 10 mM KH2PO4, 60 mM Tris, 60 mM KCl,
0.5 mM EGTA, pH 7.4. Mitochondria (0.25 mg/ml) were incubated in the presence of
Antimycin A (50μM) and the indicated respiratory substrates (pyruvate/malate: 5 mM/5 mM;
succinate: 10 mM). Control contained neither Antimycin A nor substrates. DLDH
dehydrogenase activity was measured spectrophotometrically as described in Figure legend 4.
Values, expressed as percentage of control in each group, are mean ± SEM of three independent
experiments. * p < 0.05 for comparison between the experimental groups and the control within
each age group.
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