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Aging is associated with increase in oxidative stress. Earlier, we
have shown that higher basal protein kinase C (PKC) activity
in the proximal tubules (PTs) of old rats contributes to the
hyperphosphorylation of Na,K-ATPase and subsequent de-
crease in basal Na,K-ATPase activity, resulting in diminished
natriuretic response to dopamine in these animals. We hypoth-
esized that the increase in PKC activity in PTs of old rats is
caused by increased oxidative stress and that antioxidants
administration should reduce/normalize the elevated PKC
activity in the renal PTs of old rats. We studied the effect of
two antioxidants, namely, a-lipoic acid (LA) and tempol, on
oxidants level and PKC activity in the PTs of adult (6-month) and
old (24-month) Fischer 344 rats. We found that the accumulation
of fluorescent dichlorofluorescein (DCF), an indicator of oxidant
production, was higher in the PTs of old compared to aduit
rats. Dietary supplementation with LA for 2 weeks normalized
the increased DCF level in old rats. Carboxymethylysine and
malondialdehyde, markers of oxidative damage, were elevated
in the PTs of old rats, which were normalized to the level of adult
rats when tempol was provided in drinking water for 3 weeks.
Both LA and tempol treatment also normalized the higher basal
PKC activity in the PTs of old rats to the level seen in aduit rats.
These results suggest that increase in oxidative stress causes
an increase in PKC activity, and that antioxidants, while
reducing oxidative stress, also normalize PKC activity in the
PTs of old rats. Exp Biol Med 229:270-275, 2004
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ellular oxidants are produced continuously at a high
rate as a by-product of aerobic metabolism. These

oxidants include superoxide (O2-), hydrogen per-

oxide (H,05), and hydroxyl radicals (OH’) and are known to
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damage cellular macromolecules such as DNA (1), protein
(2), and lipid (3). At the same time, cells are known to
possess defense systems to battle these reactive oxidants (4).
However, under several conditions, such as aging and
hypertension, these defenses do not function properly, and
consequently cellular macromolecules become oxidatively
damaged.

Mitochondria consume approximately 85% of the
cellular oxygen for ATP production and appear to contribute
the greatest source of oxidants (5). The increase in cellular
oxidant production has been implicated in the decline of
mitochondrial function, which can impair normal cellular
activities and compromise the cell’s ability to adapt to vari-
ous physiological stresses in many diseases (6, 7) as well
as in aging (5, 8).

Aging is associated with increase in oxidative stress
and characterized by a general decline in physiological
function that leads to morbidity and mortality. Several
studies suggest that oxidation is a major contributor to
cellular aging and degenerative diseases that accompany
aging, such as cancer, immune-system decline, brain
dysfunction, cataracts, and cardiovascular disease (9).
Dietary antioxidants, namely, ascorbate, tocopherol, and
carotenoids, are known to protect against these degenerative
diseases (9).

Previously, we have shown that the natriuretic response
to dopamine is diminished in old compared to adult rats.
This diminished response in old rats is due to the inability
of dopamine to inhibit sodium transporters Na,K-ATPase
(10) and Na,H-exchanger (11) in renal proximal tubules
(PTs). The reasons for reduced inhibition of Na,K-ATPase
in the PTs of old rats are due in part to D1 receptor G-
protein uncoupling and higher basal protein kinase C (PKC)
activity, causing hyperphosphorylation of Na,K-ATPase
and hence resulting in a decrease in basal Na,K-ATPase
activity in these animals (10-12). In many situations,
oxidants are known to stimulate PKC activity (13, 15). In
this study we provide evidence that higher basal PKC
activity in the PTs of old rats is due to increased oxidant
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levels, which is normalized to the level of adult rats when
oxidative stress is reduced with antioxidants.

Methods

Animals. Male Fischer 344 rats aged 6-months (adult)
and 24-months (old) were bought from the National Institute
on Aging (Bethesda, MD) and kept in the University of
Houston animal care facility. The institution’s Animal Care
and Use Committee approved the use of animals.

Diets. Two antioxidants, namely, a-lipoic acid (LA)
and 4-hydroxy-2,2,6,6-tetramethyl piperidinoxyl (tempol),
were used in two different studies. In one study, adult and
old rats were placed on AIN93M standard rodent diet
supplemented with 0.4% LA (Research Diets, Brunswick,
NJ). The control groups of rats received AIN93M diet
without LA. The diets and tap water were freely accessible
to rats for 2 weeks. In another study, adult and old rats were
given tempol (1 mmol/L) in drinking water for 3 weeks. The
control groups of rats received water without tempol.

Surgery. At the conclusion of the antioxidant supple-
mentation period, the rats were anesthetized by intraperito-
neal injection of pentobarbital (50 mg/kg), a midline
abdominal incision was made, and kidneys were isolated
and used to prepare and enrich proximal tubular suspension
according to a routinely used procedure in our laboratory
and described elsewhere (10).

Dichlorofluorescein (DCF) Measurement. The
level of oxidants in PTs was measured using 2',7'-di-
chlorofluorescin diacetate (DCF-DA) as a probe according
to Bejma et al. (16). Briefly, PTs were suspended in assay
buffer (mM): 118 NaCl, 4 KCl, 1 KH,PO,, 27.2 NaHCO3,
1.25 CaCl,, 1.2 MgCl,, 10 HEPES, 5 p-glucose, pH 7.4,
and loaded with 20 uM DCF-DA for 30 mins at 30°C. The
tubules were washed to remove the extracelluar DCF-DA
and further incubated at 37°C for 15 mins. This allowed
DCF-DA to be cleaved by intracellular esterase to derive
DCFH (reduced form), which was oxidized to DCF by
cellular oxidants. The reaction was stopped by placing PTs
on ice. The oxidized DCF emits fluorescence, which was
read on a spectrofluorometer using excitation (503 nm) and
emission (525 nm) wavelengths in a final volume of 3 ml
containing 40-50 pg PTs. At the end of the measurement,
1 umol of H,0, (final 330 uM) was added to ascertain that
the DCF was at saturating concentration.

Carboxymethylysine (CML) Measurement.
Oxidant-induced accumulation of CML, a biomarker of
oxidative stress (17), in PTs was measured by non-
competitive ELISA using a previously described method
(18) with some modifications. Briefly, PTs were homo-
genized in a buffer containing (mM) HEPES 10, sucrose
320, EDTA 1, DTT 1, and protease inhibitor cocktail and
centrifuged at 12,000 g for 10 mins. The supernatant was
diluted to a final protein concentration of 0.8-3 ug/ml
(linear range of detection) with PBS containing 0.05%
NaNs;. The wells of ELISA plate (Nunc-Immuno Plate,

MaxiSorp Surface) were coated with 100 ul of the sample
and incubated overnight at 4°C. After washing with PBS
containing 0.1% tween-20 (T-20; buffer A), the wells were
blocked with PBS containing 2% normal goat serum, 1%
nonfat dry milk, and 0.05% T-20 (blocking buffer) for 2 hrs
at room temperature (RT). The wells were washed with
buffer A and incubated with 100 pl mouse monoclonal
CML antibody (1:1600) (ICN Biomed, Aurora, OH) in
blocking buffer for 2 hrs at RT. After washing, the primary
antibody was probed with 100 pl HRP-conjugated goat
anti-mouse antibody in blocking buffer (Santa Cruz Biotech
Inc., Santa Cruz, CA). Finally, 100 pl of tetramethyl
benzidine (Substrate System for ELISA; Sigma Chemical
Co., St. Louis, MO) were added and incubated for 20 mins
at RT. The reaction was terminated with 100 pl of 1-N
sulfuric acid, and the color developed was read at 410 nm
in an ELISA plate reader (BIO-TEK Instruments, Inc.,
Winooski, VT).

Malondialdehyde (MDA) Measurement. Oxidant-
induced lipid peroxidation in PTs was determined by
measuring MDA level by the method of Buege and Aust
(19). The PTs were homogenized, and supernatant was
collected as described previously. The supernatant was
diluted to 0.4 mg/ml with 1.15% KCl and boiled with 2 ml
of 15% trichloroacetic acid, 0.375% thiobarbituric acid, and
0.25-N HCI for 15 mins. The sample was cooled and
centrifuged at 1000 g for 10 mins, and the color was read at
535 on a spectrophotometer. MDA was quantitated using
molar extinction coefficient 1.56 X 10° M~ cm™.

Protein Kinase C (PKC) Activity Measure-
ment. The PKC activity in PTs was measured using the
manufacturer’s protocol (catalog no. V5330; Promega
Corporation, Madison, WI) and published elsewhere (12).
Briefly, the reaction was carried out in a final volume of
25 pl containing (mM) 20 HEPES, pH 74, 1.3 CaCl,, 1
DTT, 10 MgCl,, 1 ATP, 0.05% Triton X-100, 0.2 mg/ml
phosphatidylserine, and 2 pg fluorescent PepTag C1
peptide substrate (P-L-S-R-T-L-S-V-A-A-K, amino acid
sequence). A dye molecule attached to the peptide
substrate imparts the hot pink fluorescence. The reaction
was started by the addition of 25-50-ug proteins and
carried out for 30 mins at 30°C. The samples were heated
at 95°C for 10 mins to stop the reaction. The PKC-
mediated phosphorylation on PepTag Cl1 peptide was
separated from the nonphosphorylated peptide by electro-
phoresis on 0.8% agarose. The phosphorylated peptide was
cut under UV light, agarose was melted, and the fluorescence
intensity was recorded using excitation and emission wave-
lengths of 568 and 592 nm, respectively, on a spectro-
fluorometer. The fluorescence intensity was read on
a standard curve prepared by using pure PKC enzyme
(040 ng) as standard supplied with the kit. The PKC
enzyme (catalog no. V5261; Promega) supplied was purified
from rat brain and is greater than 90% pure as determined
by SDS-PAGE, which consists primarily of a, B, and v
isoforms with lesser amount of 3 and { isoforms.
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Figure 1. o-Lipoic acid (LLA) treatment significantly decreased the level of oxidants in the proximal tubules of old rats. DCFH-DA (20 uM) was
loaded with PTs, and the fluorescence from oxidized DCF was read using excitation (503 nm) and emission (525 nm) wavelengths (details in the
Methods section). Values represent mean + SEM of five experiments. *Significantly different from adult fed on standard diet (AIN93M) (P <
0.05, t test). #Significantly different from old rats fed on standard diet (P < 0.05, t test).

Na,K-ATPase Activity Measurement. The activity
of Na,K-ATPase in the PTs was measured colorimetrically
by the method of Quigly and Gotterer (20). We have
employed this technique routinely in our laboratory and
published earlier (10, 12).

Protein Measurement. Proteins were measured
using BCA protein assay kit (Pierce, Rockford, IL) and
BSA as standards.

Statistics. Results are presented as mean * SEM.
Data were analyzed by ANOVA followed by Bonferroni’s
multiple comparison test. A value of P < (.05 was con-
sidered to be significant.

Materials

The 2',7'-dichlorofluorescein was bought from Molec-
ular Probes (Eugene, OR). Carboxymethylysine antibody
was purchased from ICN Biomed. PKC assay kit and agarose
were bought from Promega. All other chemicals used in this
study were purchased from Sigma Chemical.

Results

Daily Food Intake and Body Weight of Adult
and Old Rats. Supplementation of antioxidants either in
diet (for lipoic acid) or in water (for tempol) did not affect
the food and water intake of adult (AIN93M vs. AIN93M-
LA: 16.0 = 0.9 vs. 14.0 = 0.8 g/day/rat; vehicle vs. tempol:
27 * 1 vs. 28 * 1 ml/day/rat) and old (AIN93M vs.
AIN93M-LA: 17.0 * 0.8 vs. 15.0 = 0.6 g/day/rat; vehicle
vs. tempol: 24 * 2 vs. 26 * 3 ml/day/rat) rats. We did not
find any significant changes in the body weight of either
adult (AIN93M vs. AIN93M-LA: 378 + 10 vs. 350 = 7 g/
rat; vehicle vs. tempol: 438 = 7 vs. 426 * 3 g/rat) or old
(AIN93M vs. AIN93M-LA:-436 * 4 vs, 425 = 10 g/rat;
vehicle vs. tempol: 444 = 12 vs, 430 * 10 g/rat) rats during
the period of antioxidant supplementation.

Effect of LA on DCF Accumulation. As shown in
Figure 1, DCF accumulation was significantly higher in
the PTs of vehicle-treated old compared to adult rats. LA
treatment in old rats reduced the DCF level compared to
vehicle-treated old rats and normalized to the level of adult
rats. LA treatment had no effect on DCF accumulation in
adult rats.

Effect of LA and Tempol on CML Accumula-
tion. The CML accumulation in the PTs of vehicle-treated
old rats was significantly higher than adult rats (Fig. 2A and
B). Both LA (Fig. 2A) and tempol (Fig. 2B) treatment in old
rats significantly decreased the CML accumulation com-
pared to vehicle-treated old rats and normalized to the level
of adult rats (Fig. 2A and B). Both LA and tempol treatment
had no effect on CML accumulation in adult rats (Fig. 2A
and B).

Effect of LA and Tempol on MDA Level. MDA
level, an indicator of oxidant-induced lipid peroxidation,
was higher in the PTs of old compared to adult rats (Fig. 3A
and B). Both LA (Fig. 3A) and tempol (Fig. 3B) treatment
significantly reduced the MDA level in old rats. Antioxidant
supplementation (LA and tempol) normalized the elevated
MDA level in old rats to the level of adult rats (Fig. 3A and
B). Both LA and tempol had no effect on MDA level in
adult rats (Fig. 3A and B).

Effect of LA and Tempol on PKC Activity. In the
vehicle-treated groups, the basal PKC activity was 2-fold
higher in the PTs of old compared to adult rats (Fig. 4A and
B). Both LA (Fig. 4A) and tempol (Fig. 4B) significantly
decreased the elevated PKC activity in old rats to the level
of adult rats. The antioxidants treatment had no effect on
PKC activity in adult rats.

Effect of Antioxidant (LA) on Na,K-ATPase
Activity, In the control (AIN93M) groups, the basal
Na,K-ATPase activity was lower in the PTs of old compared
to adult rats (Fig. 5). LA supplementation normalized the
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Figure 2. (A) a-Lipoic acid (AIN93M -+ LA) supplementation in old
rats significantly reduced the elevated CML content in the PTs of old
rats fed with control (AIN93M) diet. (B) Tempol treatment in old rats
normalized the elevated CML content in the PTs of old rats treated
with vehicle. Noncompetitive ELISA was used to measure CML
content in the PTs (details in the Methods section). Bars represent
mean + SEM values of three separate experiments (N = 3). *Sig-
nificantly different (P < 0.05) from AIN93M/vehicle-treated adult rats.
#Significantly different (P < 0.05) from AIN93M/vehicle-treated old
rats. Data were analyzed by using ANOVA followed by Bonferroni's
muitiple comparison tests.

Na,K-ATPase activity in old rats to the level seen in adult
rats (Fig. 5).

Discussion

Our results show that the levels of oxidants in the
proximal tubules were higher in old compared to adult rats,
which are in agreement with the previous reports of in-
creased oxidative stress with aging in heart, liver (16, 21),
and kidney (22). In our study, we determined different
oxidant species in the PTs by measuring different markers of
oxidative stress. Dichlorofluorescein (DCF) is the mea-
surement of H,0, (23), while carboxymethylysine (CML)
determines the level of both superoxide (24) and hydroxyl
radicals (25). Malondialdehyde (MDA) measured in the
study is considered the general marker of oxidative stress
arising from oxidant-induced lipid peroxidation (19). Two
different antioxidants, o-lipoic acid and tempol, were used
in the study to see their effect on oxidant levels and PKC
activity in renal proximal tubules; a-lipoic acid and tempol
have been used previously to reduce the oxidant levels in
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Figure 3. (A) o-Lipoic acid (AIN93M + LA) supplementation in old
rats significantly reduced the elevated MDA level in the PTs of old
rats fed with control (AIN93M) diet. (B) Tempol treatment in old rats
normalized the MDA level in the PTs of old rats treated with vehicie.
MDA level in the PTs was measured by absorbing red-colored
product of MDA and thiobarbituric acid at 535 nm (details in the
Methods section). Bars represent mean = SEM of three separate
experiments. *Significantly different (P < 0.05) from AIN93M/vehicle-
treated adult rats. #Significantly different (P < 0.05) from AIN93M/
vehicle-treated old rats. Data were analyzed using ANOVA followed
by Bonferroni's multiple comparison tests.

old Fischer 344 rats (26) and spontaneous hypertensive rats
(7), respectively.

Earlier we reported a higher basal PKC activity in the PTs
of old rats (12), which seems to be due to overexpression of
specific PKC isoforms: PKC-BI and PKC-8 (27). This
increased PKC activity causes hyperphosphorylation of
Na,K-ATPase, leading to its low activity (12) and con-
sequently low inhibitory response to dopamine in old rats
(10). The present study was designed to determine whether
increased oxidative stress in renal PTs would cause the
increase in basal PKC activity that subsequently leads to a
low activity of Na,K-ATPase in  old rats. Therefore,
antioxidant administration to old rats, while lowering
oxidative stress, should normalize the basal elevated PKC
and low NaK-ATPase activities. There seems to be
a correlation between oxidants and PKC activity since
oxidants are known to increase the PKC activity in many cell
types (13-15). The mechanism of oxidant-mediated increase
in PKC activity is not known. However, hydrogen peroxide,
a known oxidant, increases PKC activity through direct
or indirect activation of phospholipase D involving diacyl-
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Figure 4. o-Lipoic acid (A) and tempol (B) normalized the higher
basal PKC activity in the PTs of old rats to the level of adult rats. PKC
activity was measured as the ability of proximal tubular PKC to
phosphorylate a specific peptide substrate (details in the Methods
section). Bars represent mean * SEM values of five and three
experiments for LA and tempol, respectively. *Significantly different
from AIN93M/vehicle-treated adult rats (P < 0.05). #Significantly
different from AIN93M/vehicle-treated old rats (P < 0.05). Data were
analyzed by ANOVA followed by Bonferroni's multiple comparison
tests.

glycerol (14), an intracellular messenger molecule required
for PKC activation in rat renal PTs (28). In addition,
activation of PKC is regulated through oxidant-mediated
redox changes in sulfhydryl groups of cysteine-rich regions
of PKC (13). In this study, the evidence for oxidant-mediated
increase in PKC activity in the PTs of old rats is based on
experiments involving antioxidant supplementation to these
animals. Both LA and tempol, while reducing the oxidant
levels, also normalized the PKC activities in the PTs of old
rats, Furthermore, LA also normalized Na,K-ATPase activity
in the PTs of old rats. Studies performed in cell lines also
support the view of oxidant-induced stimulation of PKC. For
instance, tempol reduces the paraquat (generates oxygen-free
radicals)-mediated increase in PKC activity in WI-38 human
lung cells (29), while a-tocopherol, taurine, and N-acetyl-
cysteine are known to inhibit PKC activity and TGF j-
mediated matrix protein synthesis in response to high
glucose, thromboxane, and angiotensin II in mesengial cells
(30). These findings, when viewed collectively with results of
our study, provide strong evidence that the increase in
oxidative stress in the aging kidney is responsible for the
higher basal PKC activity, which subsequently leads to a low
activity of Na,K-ATPase.

_The hallmark of the aging process, which is associated
with oxidative stress, is the loss of sensitivity of receptors to
agonist stimulation. This appears to be particularly true in
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Figure 5. Antioxidant supplementation (a-lipoic acid) normalized the
low basal Na,K-ATPase activity in the PTs of old rats. Bars represent
mean * SEM values of four to five experiments. *Significantly
different from AIN93M (control)-treated adult rats. #Significantly
different from AIN93M (control)-treated old rats. Data were analyzed
by ANOVA followed by Bonferroni’s muitiple comparison tests. A P
value <0.05 was considered significant.

striatal (31) and peripheral (11) dopamine systems. De-
creased receptor number and defective signal transduction
seem to be responsible for a marked decline in natriuresis
(11) and cognitive and motor functions (31) in response
to Dl-receptor stimulation. The diminished natriuretic
response to dopamine was due to hyperphosphorylation
and down-regulation of D1 receptor in the PTs of old rats
(32). One approach to normalize the defective dopamine
receptor function in aging would be to increase the number
of high-affinity dopamine receptors. A study in this
direction has been conducted with acetyl L-carnitine
(ALCAR) supplementation to aged mice, which enhanced
dopamine release and attenuated the loss of the D1 subclass
of striatal dopamine receptors associated with aging (33).
However, ALCAR is known to cause a decline in
antioxidant status and an increase in oxidant production
and oxidative damage in isolated hepatocytes from old but
not young rats (34). Therefore, comprehensive experiments
utilizing a number of different antioxidant treatment need to
be performed to examine the influence of lowering oxidant
levels on restoring D1 receptor~G protein coupling and
natriuretic response to D1-receptor activation.

In summary, antioxidant administration, while reducing
oxidative stress, normalized basal higher PKC and low
Na,K-ATPase activities in old rats. The higher PKC activ-
ity is one of the contributing factors for the diminished
natriuretic response to dopamine in old rats. Therefore,
antioxidant supplementation, while normalizing PKC activ-
ity, may prove to be beneficial in restoring DI receptor
function and natriuretic response to dopamine in old rats.
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