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Reversal of redox-dependent inhibition of diacylglycerol kinase
by antioxidants in mesangial cells exposed to high glucose

HISANARI ATSUMI, MUNEHIRO KITADA, KEIZO KANASAKI and DAISUKE KOYA

Division of Diabetes and Endocrinology, Kanazawa Medical University, Kahoku-Gun, Ishikawa 920-0293, Japan

Received February 18, 2011; Accepted May 30, 2011

DOI: 10.3892/mmr.2011.524

Abstract. Activation of the diacylglycerol (DAG)-protein kinase
C (PKC) pathway is one of the pathomechanisms of diabetic
nephropathy. We previously reported that d-a-tocopherol,
well known as an antioxidant, enhances diacylglycerol
kinase (DGK) activity, leading to the reduction of excess
DAG accumulation and PKC activation in the glomeruli of
streptozotocin-induced diabetic rats. However, it remains to
be determined whether the effect of d-a-tocopherol on DGK
activity is exerted through its antioxidative action. DAG
contents, PKC and membranous DGK activity were measured
in cultured human glomerular mesangial cells under normal
(5.5 mM) or high glucose (27.5 mM) conditions in the pres-
ence or absence of two antioxidants (50 uM d-a-tocopherol
and probucol). Mesangial cells were exposed to hydrogen
peroxide (H,0,) (10-1000 #M) in the presence or absence
of 300 U/ml catalase, followed by measurement of DGK
activity. Both antioxidants restored the high glucose-induced
decrease in DGK activity, resulting in the reduction of high
glucose-induced activation of the DAG-PKC pathway. In
mesangial cells exposed to H,O, at various concentrations,
DGK activity decreased in a dose-dependent manner. The
addition of antioxidative enzyme catalase to the cells reversed
the H,0,-mediated down-regulation of DGK activity. In
conclusion, DGK activity is reduced by oxidative stress in
human mesangial cells cultured under high glucose condi-
tions. Antioxidants, including d-a-tocopherol and probucol
may improve hyperglycemia-induced DAG-PKC activation by
enhancing DGK activity.

Introduction
Diabetic nephropathy is the leading cause of end-stage

renal disease, and hyperglycemia is recognized as a major
pathophysiological factor of diabetic complications (1,2).

Correspondence to: Professor Daisuke Koya, Division of Diabetes
and Endocrinology, Kanazawa Medical University, Kahoku-Gun,
Ishikawa 920-0293, Japan

E-mail: koya0516@kanazawa-med.ac.jp

Key words: diacylglycerol kinase, oxidative stress

Various abnormalities, such as the activation of the polyol
pathway or the diacylglycerol (DAG)-protein kinase C (PKC)
pathway, increased formation and activity of advanced glyca-
tion end-products (AGEs), oxidative stress and the activation
of the hexosamine pathway have been proposed as potential
molecular mechanisms of diabetic vasculopathies (3). Among
these, the DAG-PKC pathway has been studied extensively
(4). Intracellular hyperglycemia promotes abnormal DAG
accumulation from de novo synthesis, and high levels of DAG
induce the activation of PKC. High DAG levels and PKC acti-
vation have been demonstrated in vascular tissues including
the kidneys of diabetic animals (5-7), as well as in cultured
renal vascular cells exposed to high glucose (7-10). DAG is
converted by diacylglycerol kinase (DGK) to phosphatidic
acid (PA), and enhanced DGK activity leads to a reduction in
excess DAG accumulation induced by high glucose, resulting
in reduced PKC activation. We previously revealed that
d-a-tocopherol inhibited DAG accumulation in diabetic renal
glomeruli or mesangial cells under high glucose conditions via
the enhancement of DGK activity (8,11), leading to the reduc-
tion of PKC activation. Notably, Lee et al (9) reported that not
only d-a-tocopherol but also probucol increased DGK activity
in vascular smooth muscle cells, resulting in an improvement
in excess DAG accumulation and increased PKC activation
under high glucose conditions. D-a-tocopherol and probucol
are well-known antioxidants. We have also revealed that oxida-
tive stress is enhanced in storeptozocin (STZ)-induced diabetic
glomeruli, and treatment with these two antioxidants may
improve the diabetic state (12,13). The data from these studies
indicate that oxidative stress contributes to the reduction of
DGK activity in hyperglycemia. Thus, the present study aimed
to investigate whether DGK activity is modulated by oxidative
stress and d-a-tocopherol, and whether probucol is capable of
increasing DGK activity through its antioxidative properties in
human glomerular mesangial cells.

In the present study, we demonstrate that DGK activity
is reduced in human glomerular mesangial cells exposed to
high glucose conditions, and that two types of antioxidants,
d-a-tocopherol and probucol, enhance DGK activity, leading
to the suppression of the hyperglycemia-induced activation of
the DAG-PKC pathway. Moreover, the exposure of mesangial
cells to oxidative stress using H,O, leads to the reduction
of DGK activity in a dose-dependent manner. Our results
indicate that DGK activation is modulated by oxidative stress
in cultured mesangial cells under high glucose conditions.
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Figure 1. (A) Effect of d-o-tocopherol or probucol on total DAG contents in mesangial cells exposed to high glucose conditions. After extraction of total cellular
lipids, total DAG contents were measured by a radio-enzymatic assay employing DAG kinase as described in Materials and methods. Data represent the means +
SEM of six experiments, and each experiment was performed in triplicate. ‘P<0.01 vs. the other groups. (B) Effects of d-a-tocopherol and probucol on PKC activity
in mesangial cells exposed to high glucose conditions. PKC activity was measured by in situ PKC assay employing a specific PKC substrate, RKRTLRRL in
digitonin-permealized mesangial cells. Data represent the means + SEM of six experiments and each experiment was performed in triplicate. "P<0.01 vs. the other

groups.

Materials and methods

Culture of human glomerular mesangial cells. Human
glomerular mesangial cells purchased from Clonetics (NJ,
USA) were cultured in a 10-cm culture dish in Dulbecco's
modified Eagle's medium (DMEM) containing 5 ug/ml each
of insulin, transferrin and selenium (Gibco BRL, Grand
Island, NY, USA), 5.5 mM glucose, 100 U/ml penicillin and
100 pg/ml streptomycin with 20% fetal bovine serum (FBS).
Cells from the 4™ to 9™ passages were plated on culture dishes
and used for the following experiments.

Assay of total DAG content. Subconfluent mesangial cells in
10-cm culture dishes were exposed to 5.5 or 27.5 mM glucose
for 4 days with daily changes of DMEM with 2% FBS. The
cells were washed with serum-free DMEM containing and
further incubated overnight in DMEM containing 2% FBS
in the presence or absence of a 50 uM concentration of
d-a-tocopherol or probucol (Sigma-Aldrich, Tokyo, Japan).
After washing, total cellular lipids were extracted from the
cells according to the method of Bligh and Dyer (14). Total
DAG contents were determined with a radio-enzymatic assay
kit (Habersham, Arlington Heights, IL, USA) employing
DG kinase (Caliches, San Diego, CA, USA), according to
the instructions provided by the manufacturer, as previ-
ously described (5,8), which quantitatively converts DAG
to [y-*P]-PA in the presence of [y-*P]-ATP (NEN, Boston,
MA, USA) according to the instructions provided by the
manufacturer. The resulting [y->*P]-PA was separated by
silica-gel thin-layer plates (EM Separations, Gibbstown, NIJ,
USA) in a chamber containing chloroform/acetone/methanol/
acetic acid/water (10:4:3:2:1) according to the method of
Priess et al (15). PA was visualized by autoradiography and
identified by co-migration with radio-labeled PA derived from
DAG standard from 31.25 to 2,000 pmol. The spots were
scraped and radioactivity was counted in a liquid scintillation
counter (Beckman CS6500, Fullerton, CA, USA). The values

of total DAG contents were expressed relative to the amount
of cellular protein as described by Bradford (16).

Assay of PKC activity. Subconfluent mesangial cells in
12-well culture dishes were exposed to 5.5 or 27.5 mM
glucose for 4 days with daily changes of media with 2%
FBS. The cells were further incubated overnight in DMEM
containing 2% FBS in the presence or absence of 50 uM
d-a-tocopherol or probucol. PKC activity was determined
using the method described previously with some modifica-
tion (5). Briefly, cells were rinsed twice with 2 ml of DMEM
containing 20 mM HEPES (pH 7.4) and pre-incubated in
DMEM containing 20 mM HEPES (pH 7.4), and in certain
experiments in the presence of 100 nM phorbol-12-myristate-
13-acetate (TPA) for 10 min at 37°C. After washing, the cells
were incubated for 15 min in a salt solution (137 mM sodium
chloride, 5.4 mM potassium chloride, 0.3 mM sodium phos-
phate, 0.4 mM potassium phosphate, 5.5 mM glucose, 10 mM
MgCl,, 25 mM p-glycerophosphate, 5 mM EGTA, 2.5 mM
CaCl, and 20 mM HEPES) containing 5 ug/ml digitonin
1 mM and ATP mixed with [y-*P] ATP (<1500 cpm/pmol)
in the presence or absence of 100 uM PKC-specific peptide
substrate, RKRTLRRL. The reaction was terminated with
5% trichloroacetic acid (TCA) buffer (final concentration).
Aliquots of the reaction mixture were spotted on 3x3-cm
phosphocellulose papers (Whatman P-81, Maidstone, UK)
and washed in three changes of 75 mM phosphoric acid
and one change of 75 mM sodium phosphate (pH 7.5). The
radioactivity of phosphorylated substrate was determined by
the liquid scintillation counting method.

Assay of DGK activity. Subconfluent mesangial cells in 10-cm
culture dishes were exposed to 5.5 or 27.5 mM glucose for
4 days with daily changes of DMEM with 2% FBS. The cells
were further incubated overnight in DMEM containing 2%
serum in the presence or absence of 50 uM d-a-tocopherol or
probucol. In certain experiments, cells were exposed to H,0,
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Figure 2. Effects of d-a-tocopherol and probucol on PKC activity stimulated
by phorbol-12-myristate-13-acetate (TPA) in mesangial cells. PKC activity
was measured by in situ PKC assay, employing a specific PKC substrate,
RKRTLRRL, in digitonin-permealized mesangial cells. Data represent the
means + SEM (n=6), and each experiment was performed in triplicate.
"P<0.01 vs. control.

(0 to 1000 uM) for 1 h in the presence or absence of 300 U/ml
catalase. After washing, the cells were lysed in a buffer solution
containing 25 mM Tris-HCI (pH 7.4), 0.25 M sucrose, | mM
EDTA, 1 mM EGTA, 1 mM DTT, 20 ug/ml leupeptin, 20 ug/
ml aprotinin and 1 mM PMSF, homogenized by a Dounce
homogenizer. After centrifugation at 550 x g for 10 min, the
supernatant was used for the assay of total DGK activity. In
certain experiments, the supernatant was further centrifuged
at 100,000 x g for 30 min to separate the cytosolic and particu-
late fractions. The DGK activity was measured by the octyl
glucoside mixed micellar assay as previously described (8,17).
Briefly, the reaction was initiated by the addition of enzyme
(10-20 ug or cellular fraction) in a mixture containing 50 mM
MOPS (pH 7.2), 50 mM octyl glucoside, 100 mM NaCl, 1 mM
DTT, 20 mM NaF, 2.1 mM CaCl,, 2 mM EGTA, 0.8 mM
EDTA, 10 mM MgCl,, 6.7 mM phosphatidylserine, and 1 mM
[y-**P]-ATP (10,000 cpm/mmol) in the presence of 1 mM
1.2-didecanoyl-sn-glycerol (Avanti Polar Lipids, Alabaster, AL,
USA) and continued for 10 min at 30°C. Lipids were extracted
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from the mixture and PA was separated on thin-layer plates of
silica gel, scraped and counted in a liquid scintillation counter.
The values of DGK activity were expressed relative to the
cellular protein content.

Statistical analysis. Results were expressed as the means
+ SEM. Differences among groups were tested by one-way
analysis of variance (ANOVA) followed by the Neuman-Keuls
test. A value of P<0.05 was considered statistically significant.

Results

Effect of d-a-tocopherol or probucol on total DAG contents
and PKC activity. Total DAG contents in mesangial cells
exposed to high glucose levels were significantly increased
compared to those under normal glucose (Fig. 1A). Treatment
with either d-a-tocopherol or probucol normalized total
DAG contents in mesangial cells under high glucose condi-
tions. The DAG-suppressive effect of d-a-tocopherol and
probucol was not observed in mesangial cells cultured under
normal glucose levels. Culture under high glucose conditions
resulted in the significant activation of PKC in mesangial cells
compared to cells cultured under normal glucose conditions
(Fig. 1B), and this PKC activation was normalized to control
levels after the addition of d-a-tocopherol (Fig. 1B). Another
antioxidant, probucol, also normalized high glucose-induced
PKC activation (Fig. 1B). In addition, PKC activation by
TPA was not inhibited by the addition of d-a-tocopherol and
probucol, indicating that these antioxidants inhibit DAG-PKC
pathway via the modulation of upstream effecter molecules
(Fig. 2).

Effect of d-a-tocopherol and probucol on DGK activity. The
cellular mechanisms that control intracellular DAG contents
were then investigated. Treatment with d-a-tocopherol in
mesangial cells under normal and high glucose conditions
revealed a significant enhancement of membranous DGK
activity (Fig. 3A). A similarly enhanced DGK activity was
found using probucol (Fig. 3A). The membranous DGK activity
was significantly inhibited by 40% in cells exposed to high
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Figure 3. (A) Effects of d-a-tocopherol on the membranous DGK activity in mesangial cells exposed to high glucose conditions. After separating the
cytosolic and membrane fractions, DGK activity of the membrane fraction was determined using the octyl glucoside mixed micellar assay as described in
Materials and methods. Data represent the means + SEM (n=6), and each experiment was performed in duplicate. “P<0.05 vs. normal glucose or high glucose
without treatment with d-a-tocopherol and probucol. “P<0.05 vs. normal glucose without treatment with d-a-tocopherol and probucol. (B) Effects of
probucol on the membranous DGK activity in mesangial cells exposed to high glucose conditions. Data represent the means + SEM (n=6), and each
experiment was performed in duplicate. "P<0.05 vs. normal glucose or high glucose without treatment with d-a-tocopherol and probucol. “P<0.05 vs. normal

glucose without treatment with d-a-tocopherol and probucol.
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Figure 4. Effects of H,0, in the presence or absence of catalase on DGK
activity in mesangial cells. DGK activity was determined in mesangial cells
exposed to hydrogen peroxide (H,0,) (10-1000 uM) in the presence or
absence of 300 U/ml catalase. Data represent the means + SEM (n=3) and
each experiment was performed in duplicate. “P<0.05 vs. H,0, (0 M) and
H,0, (10-1000 uM) with 300 U/ml catalase.

glucose conditions compared to those under normal glucose
conditions (Fig. 3A and B). The high glucose-mediated suppres-
sion of membranous DGK activity was restored by treatment
with either d-a-tocopherol or probucol (Fig. 3A and B).

Oxidative stress inhibits DGK activity. Since antioxidants
inhibit the DAG-PKC pathway likely via the induction of
DGK activity, we hypothesized that oxidative stress itself
stimulates the activation of the DAG-PKC pathway via
modulation of DGK activity. To test this hypothesis, H,O, and
endogenous H,0, scavenger catalase were used with mesan-
gial cells. Treatment with H,O, inhibited DGK activity in a
dose-dependent manner and exogenous catalase completely
abrogated H,0,-induced inhibition of DGK activity in mesan-
gial cells (Fig. 4).

Discussion

In the present study, we provide evidence for the first time
that oxidative stress by high glucose can cause the inhibition
of DGK, possibly through its redox modification. Moreover,
two types of antioxidants, d-a-tocopherol and probucol, can
restore the reduction of DGK activity through their antioxida-
tive properties.

Previous studies have indicated that diabetes-induced
increase in DAG content and PKC activation are important
cellular mechanisms involved in the development of various
diabetic complications, including nephropathy (4). Moreover,
we and others reported previously that d-a-tocopherol prevents
the activation of the DAG-PKC pathway in diabetic vascular
tissues, including renal glomeruli through the enhancement
of DGK (6,7,11), acting as a regulator of PKC activity (18).
Thus, the activation of DGK may have therapeutic potential
for preventing diabetic vascular complications. The present
study reveals that both d-a-tocopherol and probucol, prevent
the high glucose-induced activation of DAG-PKC pathway
by enhancing DGK activity in human glomerular mesangial
cells, similar to previous reports (9,11). On the other hand,
Tasinato et al (19) reported that d-a-tocopherol normalized
TPA-induced activation of PKC. However, we show that
d-a-tocopherol and probucol do not inhibit TPA-induced PKC
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activation. Therefore, we believe that the inhibitory effects of
d-a-tocopherol and probucol on the activation of the DAG-PKC
pathway are mediated through the modulation of DGK activity
rather than through direct action on PKC activity.

Oxidative stress in diabetes has also been implicated in the
initiation and progression of diabetic vasculopathies, including
nephropathy (3). It is well known that both d-a-tocopherol
and probucol have antioxidative properties, and we have also
reported previously that both these antioxidants attenuate
oxidative stress in the glomeruli of rats with STZ-induced
diabetes (12,13). Therefore, we hypothesized that diabetes- or
hyperglycemia-induced oxidative stress may contribute to the
down-regulation of DGK activity in mesangial cells. In the
present study, DGK activity in the membrane fraction was
decreased in mesangial cells under high glucose conditions,
and the addition of each of the two antioxidants restored the
reduction of DGK activity, together with the attenuation of
overproduction of reactive oxygen species induced by high
glucose (data not shown). Thus, it seems likely that the anti-
oxidants specifically reduce excess DAG content through the
enhancement of DGK activity and oxidative stress negatively
modulates its enzymatic activity in mesangial cells under
high glucose conditions. In addition, our results also reveal
that oxidative stress by H,0, dose-dependently inhibits DGK
activity and that this inhibition disappears by the addition of
catalase, a H,0, scavenger. The structure of DGKs commonly
contains two or three characteristic cysteine-rich regions
(20,21). Therefore, DGK may be oxidized and inactivated
by oxidative stress probably through its redox modifications.
The inhibition of DGK activity by high glucose could also be
significant in oxidative stress-induced cellular dysfunction,
such as the sustained PKC activation in diabetes. Further
studies are required to clarify the target residue of the revers-
ible oxidation of DGK.

In summary, the present study demonstrates that i) high
glucose activates the DAG-PKC pathway in glomerular
human mesangial cells, ii) the antioxidants, d-a-tocopherol
and probucol, abrogate such biochemical abnormalities, iii)
DGK activity is inhibited under a high glucose environ-
ment but improves in the presence of antioxidants, and iv)
DGK activity can be negatively modulated by oxidative
stress. Therefore, the efficacy of antioxidants in inhibiting
hyperglycemia-induced DAG/PKC pathway activation via the
enhancement of DGK could lead to the development of novel
therapeutic strategies for diabetic nephropathy.
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