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Abstract. Because d-a-tocopherol (vitamin E) has been shown

to decrease diacylglycerol (DAO) levels and prevent the acti-

vation of protein kinase C (PKC), which is associated with

retinal and renal dysfunctions in diabetes, the study presented

here characterized the effect of d-a-tocopherol treatment to

prevent gbomerular hyperfiltration and increased albuminuria

as well as PKC activities in streptozotocin (STZ)-induced

diabetic rats. Two weeks after the induction of diabetes, total

DAG content and PKC activity in glomeruli were significantly

increased in diabetic rats by 106.4 ± 16.8% and 66.4 ± 8.4%,

respectively, compared with control rats. Intraperitoneal injec-

tion of d-a-tocopherol (40 mg/kg of body weight) every other

day prevented the increases in total DAO content and PKC

activity in glomeruli of diabetic rats. Olomerubar filtration rate

(OFR) and filtration fraction (FF) were significantly elevated

to 4.98 ± 0.34 mL/min and 0.36 ± 0.05, respectively, in

diabetic rats, compared with 2.90 ± 0. 14 mL/min and 0.25 ±

0.02, respectively, in control rats. These hemodynamic abnor-

malities in diabetic rats were normalized to 2.98 ± 0.09 mL/

mm and 0.24 ± 0.01, respectively, by d-a-tocopherol. Albu-

minuria in l0-wk diabetic rats was significantly increased to

9. 1 ± 2.2 mg/day compared with 1 .2 ± 0.3 mg/day in control

rats, whereas d-a-tocopherol treatment improved albumin ex-

cretion rate to 2.4 ± 0.6 mg/day in diabetic rats. To clarify the

mechanism of d-a-tocopherob’s effect on DAO-PKC pathway,

the activity and protein levels of DAO kinase a and y, which

metabolize DAO to phosphatidic acid, were examined. Treat-

ment with d-a-tocopherol increased DAO kinase activity in the

glomeruli ofboth control and diabetic rats, by 22.6 ± 3.6% and

28.5 ± 2.3% respectively, although no differences were ob-

served in the basal DAG kinase activity between control and

diabetic rats. Because immunoblotting studies did not exhibit

any difference in the protein levels of DAO kinase a and ‘y, the

effect of d-a-tocopherol is probably modulating the enzyme

kinetics of DAG kinase. These findings suggest that the in-

creases in DAO-PKC pathway play an important role for the

development of glomerular hyperfiltration and increased albu-

minuria in diabetes and that d-a-tocopherol treatment could be

preventing early changes of diabetic renal dysfunctions by

normalizing the increases in DAO and PKC bevels in glomer-

ular cells. (J Am Soc Nephrol 8: 426-435, 1997)

Early changes in renal functions of diabetic patients and animal

models are characterized by glomerular hyperfiltration and

microalbuminuria (1-5), which have been associated with sub-

sequent development of diabetic nephropathy (6- 8). Among

the many metabolic factors and cytokines that have been linked

to the development of diabetic nephropathy (9-13), clinical

studies have established hyperglycemia and actions of angio-

tensins as having causal roles (14,15). The results of Diabetes

Control and Complication Trial (DCCT) showed that glycemic

control can reduce both the onset and progression of diabetic

microvascular complications, including nephropathy, estab-

lishing the importance of hyperglycemia in the development of

diabetic complications (14).

Recently, we and others have suggested that the activation of
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diacylglycerol (DAO)-protein kinase C (PKC) pathway in vas-

cular tissues from diabetic rats (5,16-19) and cultured cells

exposed to high concentrations of glucose (17-28) could be a

cellular mechanism by which hyperglycemia causes vascular

dysfunction. In vascular tissues, PKC activation has been re-

ported to regulate cell growth, contraction, extraceblular matrix

synthesis, prostanoid metabolism, and gene expression

(10,29,30). Also recently, we have reported that abnormal

retinal and renal hemodynamics in diabetic rats can be pre-

vented by PKC inhibitors (5,17), supporting the hypothesis that

PKC activation by hyperglycemia may have causal roles. Be-

cause we and others have reported that d-a-tocopherob can

prevent the activation of PKC induced either by high glucose

or phorbol ester in vascular cells (18, 19,3 1), it is possible that

d-a-tocopherob treatment can ameliorate early renal dysfunc-

tion’s in diabetic rats by normalizing DAO-PKC pathway in

the glomeruli.

In study presented here, we have examined the possibility

that the treatment of diabetic rats with d-a-tocopherol will

prevent the activation of DAO-PKC pathways and the onset of

early renal dysfunctions. In addition, we have characterized the
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effect of d-a-tocopherol on the enzymatic activities of DAG

kinase (32), which is an important regulator of intracellular

DAO levels, to test the possibility that d-a-tocopherol in in-

hibiting PKC activation by lowering intracellular DAG levels.

Materials and Methods
Animals

Male Sprague-Dawley rats (200 g, Taconic Farms, German Town,

NY) were placed in one of four groups: control, control treated with

d-a-tocopherol, 2- or lO-wk-old diabetic, and 2- or lO-wk-old diabetic

treated with d-a-tocopherol. The control group received 1 mLlkg

sterile 20 mM citrate buffer (pH 4.5) by intraperitoneal injection. Both

diabetic groups received a single intraperitoneal injection of sterile

streptozotocin (STZ) (65 mg/kg) (Sigma, St. Louis, MO) in citrate

buffer. The diabetic state was confirmed 48 h later after STZ injec-

tions by measurements of blood glucose exceeding 300 mg/dL. Con-

trol and diabetic rats were randomly divided into four groups to

receive d-a-tocopherob (40 mg/kg) or placebo as vehicle (pobyethyl-

ene 60-hydrogenated caster oil) (HCO) provided by Eisai Co. Ltd.

(Tokyo, Japan), which was injected intraperitoneabby every other day

for 2 wk or 10 wk after the onset of diabetes. All rats were allowed

free access to water and standard chow (PMI Feeds, St. Louis, MO)

that contained 49 IU d-a-tocopherollkg of chow. Blood glucose

concentration was determined weekly in all animals. Low doses of

insulin were given occasionally to prevent weight loss in diabetic

animals. Blood pressure was measured by the tail-cuff method (Ueda

UR-5000, Tokyo, Japan) at the end of experiment. In plasma and
kidney, d-a-tocopherol bevels were determined by the method of Ueda

et a!. using high-performance liquid chromatography (HPLC) at the

end of experiment (33). All experiments were approved by loslin
Diabetes Center Animal Care Committees.

Preparation of Glomeruli

After 2 wk or 10 wk of d-a-tocopherol or vehicle treatment, rats

were anesthetized with an intraperitoneal injection of thiopental so-

dium (50 mg/kg) (Gersia, Irvine, CA), and a catheter (Clear Vinyl
Tube, Dural Plastics & Engineering, Auburn, Australia) was inserted
in the left carotid artery. A 20-mL syringe was attached to the

catheter, and kidneys were perfused for 30 s with 20 mL of Dulbecco

modified Eagle medium (DMEM) containing 20 mM N-hydroxyeth-

yipiperazine-N-2-ethanesulfonic acid (HEPES) as described previ-

ousby (5). Gbomeruli were isolated by graded sieving with nylon

meshes. The final suspension was composed of >93% glomerubi as

assessed by light microscopy.

Determination of Total DAG Contents

Total DAG contents in isolated gbomeruli from each 2-wk group
were determined with a radio-enzymatic assay kit (Amersham, Ar-

bington Heights, IL) employing DAG kinase (Cabbiochem, San Diego,

CA), which quantitatively converts DAG to [32P}-phosphatidic acid

(PA) in the presence of [y-32P]-ATP (NEN, Boston, MA). In brief,

total glomerubar lipids were extracted twice according to the methods

of Bligh and Dyer (34), and total DAG was measured according to the
manufacturer’s instructions. The resulting [32P]-PA was separated by

silica gel 0 thin layer plates (EM Separations, Gibbstown, NI) in a

chamber containing chloroform/acetone/methanol/acetic acid/water

(10:4:3:2:1) according to the method of Priess et a!. (35). PA was

visualized by autoradiography and identified by comigration with

radiolabeled PA derived from DAG standard from 3 1 .25 to 2000

pmol. The spots were scraped and radioactivity was counted by liquid

scintillation counter (Beckman CS6500, Fullerton, CA). The values of

total DAG contents were normalized by protein content of gbomeruli

measured as described by Bradford (36).

Assay of PKC Activity

PKC activity in gbomeruli was determined by a modified method

described by Heasbey and Johonson (37) and published previously by

us (5). Briefly, isolated glomeruli were rinsed twice with 2 mL of

RPMI 1640 containing 20 mM HEPES (pH 7.4) and once with 2 mL
of a salt solution (137 mM NaCl, 5.4 mM KC1, 0.3 mM sodium

phosphate, 0.4 mM potassium phosphate, 5.5 mM glucose, 10 mM
MgCl2, 25 mM /3-glycerophosphate, 5 mM EGTA, 2.5 mM CaCb2 and
20 mM HEPES). The gbomeruli were preincubated with a salt solution

for 10 mm at 37#{176}Cand incubated for another 15 mm in the presence

or absence of 100 p.M PKC-specific peptide substrate, RKRTLRRL
(38), after the addition of 5 mg/mL digitonin (final concentration, 50

�tg/mL) and I mM ATP (final concentration, 100 �.tM) mixed with

[y-32P]ATP (< 1500 cpm/pmob). The reaction was terminated with

5% trichboroacetic acid (TCA) (final concentration). Aliquots of the

reaction mixture described above were spotted on 3 X 3 cm phos-

phocellubose papers (Whatman P-8b, Maidstone, England) and

washed in three changes of 75 mM phosphoric acid and one change of

75 mM sodium phosphate (pH 7.5). The radioactivity of phosphory-

lated substrate was determined by liquid scintillation counting. Protein

content of each samples was measured by Bradford’s method (36).

The PKC activities measured using this method were validated by two

ways. First, the PKC activities in the in situ assays using the renal

gbomerubi were stimulated by 100 nM phorbol 12-myristate 13- ace-
tate (PMA) from 14.5 ± 0.5 to 42.0 ± 1.3 pmollmg protein, mm (17).

The PMA-stimulated activities were inhibited by PKC inhibitor, OF

109,203X to 6.6 ± 0.4 pmollmg protein, mm, a reduction of 90%

(59). Second, the efficiency of digitonin-induced permeability was

determined by measuring PKC activity in the membranous fraction of

renal gbomeruli treated with 50 �tg/mL digitonin using in vitro method

(5,30), which was 46.5 ± 2.0 pmol/mg protein mm., comparable to

the in situ PKC assay of 42.0 ± 1.3 pmollmg protein, mm.

Assay of DAG Kinase Activity

Isolated gbomeruli were bysed in a buffer containing 25 mM Tris-

HCI (pH 7.4), 0.25 mM sucrose, 1 mM EDTA, I mM EGTA, 1 mM
DTF, 20 p.g/mL leupeptin, 20 �g/mL aprotmnmn, and I mM pobym-

ethylsubfonyl fluoride (PMSF), sonicated, and homogenized by

Dounce homogenizer. After a bow-speed centrifugation (550X g for

10 mm), the supernatant was used for the assay of total DAG kinase

activity. The DAG kinase activity was measured by the octyb-glu-

coside mixed miceble assay as described by Sakane F et a!. (39). In

brief, the reaction was initiated by addition of enzyme (10-20 p�g total

glomerular bysates) in mixture containing 50 mM 3-(N-Morpho-

lino)propanesulfonic acid (MOPS; pH 7.2), 50 mM octyl-glucoside,

1 00 mM NaC1, 1 mM dithiothreitol (DTT), 20 mM NaF, 2. 1 mM

CaCb2, 2 mM EGTA, 0.8 mM EDTA, 10 mM MgCb,, 6.7 mM
phosphatidybserine, and 1 mM [y-32P]-ATP (10.000 cpm/mmol) in

the presence of 1 mM l,2-didecanoyl-sn-glycerob (Avanti Polar Lip-

ids, Alabaster, AL) and continued for 10 mm at 30#{176}C.Lipids were

extracted from the mixture, and PA separated on thin-layer plates of

silica gel was scraped and counted by a liquid scintillation counter.

The values of DAG kinase activity were normalized by protein

content of glomerubi measured by Bradford’s method (36).

Western Blot Analysis of DAG Kinase

Isolated glomeruli were sobubbized with a bysis buffer containing 50

mM HEPES (pH 7.5), 150 mM NaC1, 1 mM CaCl2, 1 mM CaCl2, 2
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mM EDTA, 2 mM PMSF, 10 �.tg/mL beupeptin, 20 �g/mL aprotinin,
1% NP-40, and 10% glycerol, and sonicated and homogenized by
Dounce homogenizer. The glomerubar lysates (50 j.�g of protein/bane)

were separated on 4-12% gradient Tris-Glycine gel (Novex, San

Diego, CA) in Tris-Glycine-SDS running buffer. The proteins were

transferred to a polyvinylidene fluoride membrane (Schleicher &

Schuell, Keene, NH) and blocked at 25#{176}Cfor 3 h in phosphate-

buffered saline (PBS) (pH 7.4) containing 0.1% Tween 20 and 5%

bovine serum albumin. The membrane was incubated with the anti-

DAG kinase a and y polyclonal antibody for 2 h at 25#{176}C(40, 41). The

immunoreactive bands were visualized by enhanced chemilumines-

ence (Amersham ECL system, Arlington Heights, IL) according to the

manufacture’s instructions. Protein expression was quantified with a

phosphor image densitometer (Molecular Dynamics, Sunnyucle, CA).

Measurement of GFR, Renal Plasma Flow, and

Urinary Albumin Excretion Rate
To determine GFR and renal plasma flow (RPF), rats from each

group underwent inulin and para aminohippuric acid (PAH) clearance

study after 2 wk of d-a-tocopherob or vehicle treatment. In brief, rats

were anesthetized with thiopental sodium (50 mg/kg body wt) and

placed on a temperature-regulated plate. Catheters were placed in the

left carotid artery for blood sampling; in the left jugular vein for

infusion of inulin, PAH solution, and the supplemental administration

of anesthesia and surgery; and in the urinary bladder for collection of

urine in preweighed containers. Inulin (0.6%) and PAH (1.5%) in

normal saline were infused at a rate of 6.0 mLIh for 30 mm, followed
by a sustained infusion of 2.0 mL/h throughout the remainder of the

experiment. After 60 mm of equilibration time, urine was collected
during two timed 30 mm periods, and 300 j.d of blood was taken at the

midpoint of each urine collection. The concentrations of inubin in

plasma and urine were measured by a cysteine-tryptophan reaction

(42), and PAH was determined by a calorimetric technique (43). GFR

was calculated from inulin clearance, RPF from PAH clearance, and

FF from a standard formula, GFRIRPF ratio. Urinary and serum

albumin were measured by enzyme-linked immunosorbent assay

(ELISA), as previously described (5). Intra- and interassay coeffi-

cients of variation were 2.4% and 6.5%, respectively, and the detec-

tion range of the assay was 3-250 ng/mL. Urine samples every 24 h

were collected from control and diabetic rats with or without l0-wk of
d-a-tocopherol treatment on two consecutive days. Serum and urinary
creatinine were measured with a creatinine assay kit (Sigma, St.

Louis, MO).

Statistical Analyses

Results were expressed as mean ± stamdard error (SE). Compar-

isons among each group were performed by one-way analysis of

variance (ANOVA) followed by Neuman-Keubs test to evaluate sta-

tistical significance between two groups. P values of <0.05 were

defined as statistically significant.

Results
Metabolic Characteristics of Animals

After 2 wk of diabetes, the glucose bevels in the whole blood of

diabetic rats (376. 1 ± 62.4 mg/dL) and diabetic rats treated with

d-a-tocopherol (374.1 ± 32.6 mg/dL) were significantly higher than

control (101.5 ± 1.6 mg/dL) and control rats treated with d-a-

tocopherol (104.9 ± 7.6 mg/dL) as shown in Table 1. Diabetic and

diabetic rats treated with d-a-tocopherol gained less body weight than

control and control rats treated with d-a-tocopherol (Table 1). Intra-

peritoneal injection of d-a-tocopherob did not affect blood glucose

levels and body weight in either control or diabetic rats. Kidney

weight normalized by 100 g/body wt in diabetic (1.29 ± 0.03 g/lOO

g) and diabetic rats treated with d-a-tocopherob (1.15 ± 0.04 g/iOO g)

was significantly heavier than control (0.87 ± 0.03 g/lOO g) and

control rats treated with d-a-tocopherol (0.77 ± 0.04 g/lOO g). The

kidney weight/body weight ratio was less in diabetic rats treated with

d-a-tocopherob than that in diabetic rats (Table 1). Parameters of

blood glucose, body weight, and kidney weight/body weight in con-

trol and diabetic rats after 10 wk of treatment with d-a-tocopherob or

vehicle are summarized in Table 2; similar trends were observed in

the rats with 2-wk of diabetes.

Plasma and Kidney d-a-Tocopherol Levels

Plasma and kidney d-a-tocopherob levels were determined by

HPLC at the end of experiment. Treatment with d-a-tocopherob (40

mg/kg every other day) significantly elevated its levels in plasma

three- to fourfold and in kidney twofold in both control and diabetic

rats (Table 3). No significant differences in the levels of d-a-tocoph-

erol were noted in plasma and kidney of control and diabetic rats

without d-a-tocopherol treatment. Mean blood pressure (MBP) mea-

sured by the tail-cuff method did not differ between control and

diabetic rats with or without d-a-tocopherob treatment (Table 3).

Total DAG Contents in Glomeruli

Since we reported that hyperglycemia increased the total DAG

levels in the vascular tissues or cells (5,16-19,22), the total DAG

levels in the glomeruli were studied. After 2 wk of diabetes, total

DAG content in the gbomeruli from diabetic rats (2.56 ± 0.21

nmol/mg protein) were significantly increased compared with control

rats (1.26 ± 0.08 nmollmg protein) as shown in Figure iA. In diabetic

rats treated with d-a-tocopherob, the total DAG contents (1.20 ± 0.28

nmollmg protein) did not increase and was not significantly different

Table 1. Characterization of diabetic and control rats after 2-wk treatment with or without d-a-tocopherol

Trea tment Group N Body Weight (g)
Blood Glucose

(mg/dL)

Kidney Weight
(g/lOO g body

weight)

Control 24 352.2 ± 8.4 101.5 ± 1.6 0.87 ± 0.03

Control + d-a-tocopherol 24 348.9 ± 8.4 104.9 ± 7.6 0.77 ± 0.04

Diabetic 24 263.8 ± 37.6a 376.1 ± 62.4a 1.29 ± 0.03k’

Diabetic + d-a-tocopherol 24 275.6 ± 7.8a 374. 1 ± 32.6a 1 .15 ± 004a,b

a p < 0.05 versus Control and Control + d-a-tocopherob.

b p < 0.05 versus Diabetic.

N = Number of rats used only in the 2-wk diabetes and treatment study.
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Table 2. Characterization of diabetic and control rats after l0-wk with or without d-a-tocopherol treatment

Blood Glucose Kidney Weight
Treatment Group N Body Weight (g) (mg/dL) (g/bOO g body

weight)

Control 14 512.5 ± 9.7 99.5 ± 8.2 0.62 ± 0.02

Control + d-a-tocopherol 4 505.0 ± 6.5 101.5 ± 5.0 0.61 ± 0.03

Diabetic 14 295.0 ± 6.5� 407.5 ± 12.7’ 1.02 ± 0.02�

Diabetic + d-a-tocopherol 10 287.5 ± 15.5k’ 405.0 ± 21 .0k’ 0.94 ± 002a.b

a p < 0.05 versus Control and Control + d-a-tocopherol.
b p < 0.05 versus Diabetic.

N = Number of rats used only in the iO-wk diabetes and treatment studies.

Table 3. d-a-Tocopherob concentration in plasma and kidney of control and diabetic rats after 2-wk treatment with or

without d-a-tocopherob

d-a- d-a- Mean Blood
N Tocopherob Tocopherob Body Weight Blood Glucose PressureTreatment

Group Levels, Plasma Levels, Kidney (g) (mg/dL) (mmHg)
(/.Lg/mL) (j.tg/g protein)

Control 6 5.4±0.3 13.5±0.7 315.0±9.6 87.0± 15.3 117.7±3.0

Control + d-a-tocopheroi 6 20.4 ± 1.sa 23.4 ± o.5�’ 321.7 ± 3.1 108.5 ± 2.7 125.0 ± 4.2

Diabetic 5 6.7 ± 0.9 13.4 ± 0.4 254.0 ± 84b 346.4 ± 31.3” 124.0 ± 3.8

Diabetic + d-a-tocopherol 6 20.5 ± 3.5� 28.9 ± 3.5k’ 260.0 ± 8�2b 364.2 ± 8�8b � 16.8 ± 3.6

a p < 0.05 versus Control and Diabetic rats without d-a-tocopherol treatment.

b p < 0.05 versus Control.

N = Number of animals studied. These rats were studied as an ancillary group to the rat study as described in Table 1 . This was done

since additional renal tissues were needed for measurement of d-a-tocopherol levels. The groups in Table 1 and Table 3 have comparable

physiological parameters.

from control rats (Figure iA). The total DAG content in control rats

treated with d-a-tocopherol (0.97 ± 0. 12 nmol/mg protein) was bower

than that in control rats, but the results were not statistically signifi-

cant.

Characterization of PKC Activities in Glomeruli

The PKC activity in gbomeruli was quantified by in situ PKC assay

using the phosphorylation of a highly specific peptide for PKC in

digitonin-permeabized gbomerubi. PKC activity using this assay exhib-

ited linearity with time for up to 30 mm at 37#{176}C(data not shown),

responsiveness to phorbueb 1 2-myristate 13-acetate (PMA), and was

inhibited by PKC inhibitor, OF 109,203X (see Methods section). A

significant increase in specific PKC activity was observed in the

gbomeruli of diabetic rats (28.2 ± 1.4 pmol/mg protein, mm) com-

pared with that in control rats (16.9 ± 0.7 pmob/mg protein/mm)

(Figure 1 B). Treatment with d-a-tocopherob prevented the increases

of PKC activity in diabetic rats (15.4 ± 0.4 pmol/mg protein/mm) as

shown in Figure lB. There were no differences in PKC activities

between control and control rats treated with d-a-tocopherol (15.1 ±

0.5 pmoblmg protein mm).

DAG Kinase Activity and Protein Levels of DAG

Kinase in Glomeruli
The results described above suggest that d-a-tocopherol treatment

can prevent diabetes-induced increases in the PKC activities through

the decreases of total DAG contents. One possible cellular mechanism

by which DAG bevels can be reduced is through the activation of

DAG kinase, an important modulator of intracellular DAG bevel, by

metabolizing DAG to phosphatidic acid (32). To determine whether

d-a-tocopherol treatment can affect DAG kinase, DAG kinase activity

was quantified in the gbomeruli (Figure 2). DAG kinase-specific

activity in the gbomerubi was increased from 413.5 ± 23.7 pmotlmg

protein/mm in diabetic rats without d-a-tocopherob treatment to

524.0 ± 9.4 pmollmg protein, mm in diabetic rats with d-a-tocopherob

treatment (Figure 3A). Similar increases in DAG kinase activity were

observed in control rats treated with d-a-tocopherol (499.7 ± 14.8

pmoblmg protein, mm) compared with control rats without d-a-to-

copherol treatment (407.7 ± 17.1 pmol/mg protein, mm). Because

DAG kinase activities were composed of at least a and y isoforms

(40,41), we characterized protein contents of these isoforms. The

protein levels of DAG kinase a and y were examined for the effect of

d-a-tocopherol by Western blot analysis using anti-DAG kinase a and

.y polycbonal antibodies. No differences in the protein levels of the

DAG kinase a and y were observed among the control, diabetic, or

d-a-tocopherol treatment groups (Figure 3B, left; a, right; -y).

Determination of d-ct-Tocopherol Effect on Renal

Hemodynamics and Albuminuria

A recent report has suggested that the activation of DAG-PKC

pathway by hyperglycemia could be responsible for the abnormal

hemodynamics observed in the early stages of diabetic nephropathy,

such as increases in GFR and albuminuria in diabetic rats (5). Since

DAG-PKC activation was normalized in gbomerubi of diabetic rats by

d-a-tocopherol treatment, renal clearance studies were performed to

determine whether d-a-tocopherob treatment has a similar normalizing

effect on diabetic gbomerular hyperfiltration and albuminuria. Con-
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Figure 1. (A) Effect of d-a-tocopherol on total DAG contents in

gbomeruli. After extraction of total gbomerular lipids from control rats,
control rats treated with d-a-tocopherol, diabetic rats, and diabetic rats
treated with d-a-tocopherol, total DAG contents were measured by a
radio-enzymatic assay employing DAG kinase as described in Meth-

ods. Results were shown as mean ± SE. N = 6 and number of rats

measured. *p <0.05 versus other three groups. (B) Effect of d-a-

tocopherob on PKC activity in glomeruli. PKC activities were mea-
sured by in situ PKC assay that used a specific PKC substrate,

RKRTLRRL, in digitonin-permealized gbomeruli from control rats,

control rats treated with d-ct-tocopherol, diabetic rats, and diabetic rats

treated with d-a-tocopherol as described in Methods. Results were
shown as mean ± SE. N = 6 and number of rats measured. *� <0.05

versus other three groups. Amount of d-a-tocopherol used in the
treatment was described in the Methods.

cordant with the increases in DAG -PKC levels, diabetic rats exhibited
elevated values for GFR (4.98 ± 0.34 mL/min), compared with those

found in control rats (2.90 ± 0. 14 mL/min), as quantified by inulin

clearance (Figure 3A). The hyperfiltration was prevented in diabetic
rats by treatment with d-a-tocopherol (2.98 ± 0.10 mL/min). No

differences in MBP were observed among control and diabetic rats

with or without d-a-tocopherol treatment (Table 3). RPF estimated by

d-a-tocopherol - +

Control Diabetic

DAG kinase cx DAG kinase y

Figure 2. (A) The effect of d-a-tocopherol on DAG kinase activity.

After extraction of total glomerular lipids from control rats, control

rats treated with d-a-tocopherol, diabetic rats, and diabetic rats treated

with d-a-tocopherol, DAG kinase activities were determined using the

octyl-glucoside mixed micelle assay as described in Methods. Results

were shown as mean ± SE. N = 6 and number of rats measured. *�D

<0.05 versus control and diabetic rats without d-a-tocopherol treat-

ment. (B) Protein levels of DAG kinase a and y by Western blot

analysis. Gbomerular lysates (50 j.tgllane) from control rats, control

rats treated with d-a-tocopherol, diabetic rats, and diabetic rats treated

with d-a-tocopherol were electrophoresed in 4%-b2% Tris-Glycine

gradient gels in Tris-Olycine-SDS runningbuffer, transferred to PVDF

membrane, and detected by using anti-DAG kinase a and y polycbonal

antibody. Bands for DAG kinase a and y blot were analyzed by a

densitometer, and blots shown as insets are representative of three

separate experiments.

the PAH clearance did not differ among the four study groups (Figure

3B). FF calculated by GFRIRPF ratio was significantly increased in

diabetic rats (0.36 ± 0.02) compared with control rats (0.25 ± 0.02).

Again, FF in the diabetic group was normalized to 0.24 ± 0.01 by

d-a-tocopherol treatment (Figure 3C).

Finally, to confirm the beneficial effect of d-a-tocopherol treatment

on renal dysfunctions in diabetes, we measured the urinary albumin

excretion rate in control and diabetic rats with or without 10 wk

d-a-tocopherol treatment. The albumin excretion rate was signifi-

cantly increased, to 9.1 ± 2.2 mg/day, in diabetic rats compared with

1.2 ± 0.3 mg/day in control rats (Figure 4A). Similar to its effects on

abnormal hemodynamics in diabetic rats, d-a-tocopherob treatment
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Figure 3. Effect of d-a-tocopherol on GFR (A), RPF (B) and FF (C)

in control and diabetic rats. GFR and RPF were determined by inulin

and PAH clearance as described in Methods. FF were calculated by a

standard formula, GFR/RPF ratio. Results were shown as mean ± SE.
N = 6 and number of rats studied. *� <0.05 versus other three

groups.

ameliorated the increased albumin excretion rate in diabetic rats to

2.4 ± 0.6 mg/day in diabetic rats (Figure 4A). Creatinine clearances
(Ccr) in control and control rats treated with d-a-tocopherol were
0.74 ± 0.10 and 0.71 ± 0.06 mL/min, respectively. Diabetes in-
creased Ccr to 1.14 ± 0.25 mL/min, which was not statistically
significant probably because only four rats were studied (N = 4).

Treatment of diabetic rats with d-a-tocopherob decreased creatinine

clearance to normal with 0.84 ± 0.i4 mL/min. Fractional excretion of

albumin (FEalb) was calculated in the control and diabetic rats treated

with 10 wk of d-a-tocopherol. The results showed that diabetes

increased FEabb from 3.2 ± 0.9 X l0� to 13.7 ± 2.2 X l0� (Figure

4B). Treatment with d-a-tocopherol prevented the increase in FEalb
induced by diabetes to the level of4.8 ± 0.5 X b0� (P <0.01 versus

diabetic rats).

PKC activity in gbomeruli of diabetic rats was increased at 10 wk

after the induction of diabetes from 18.6 ± 0.9 pmol/mg protein/mm
to 30.4 ± 1 .9 pmob/mg protein/mm, but treatment with d-a-tocopherol

again normalized the PKC activity to 21.7 ± 0.6 pmol/mg protein!

mm, parallel with normalizing renal dysfunctions in diabetic rats
(Figure 4C).

Discussion
Clinical and epidemiobogical studies have clearly established

that hyperglycemia is responsible for alterations in renal he-
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Figure 4. Effect of 10 wk of treatment with d-a-tocopherob on urinary

albumin excretion rate (A), fractional excretion of albumin (B), and
PKC activity (C) in gbomeruli from control and diabetic rats. (A)

Urinary albumin concentration was determined by enzyme-linked

immunosorbent assay as described in Methods. 24-h urine collection

from each group was performed on two consecutive days in metabolic

cages. Results were shown as mean ± SE. N = control; 14, control +

d-a-tocopherob; 4, diabetic; 14, diabetic + d-a-tocopherol; 10. *�

<0.05 versus other groups. (B) FEalb was calculated by the following
formula, clearance of albumin/creatinine clearance. Results were

shown as mean ± SE. N = 4. *J� <0.01 vs other groups. (C) PKC

activities were measured by in situ PKC assay as described in Meth-

ods. Results were shown as mean ± SE. Kidney from four rats were
studied separately. *P <0.05 versus other three groups.

modynamics, proteinuria, and gbomerular pathologies in ani-

mal models of diabetes and in diabetic patients ( 14,44,45). The

mechanism responsible for the adverse effect of hyperglycemia

are probably multiple (9-13). One of these mechanisms in-

volves the increases in DAO content resulting in the activation

of PKC in renal gbomeruli. The ability of hyperglycemia or

elevated levels of glucose to increase total DAO content has

been reported in the glomeruli of diabetic animal (5,23), renal

mesangiab cells (20,2 1 ,24,28), and other vascular cells (16-19)
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by numerous researchers, including those in our laboratory.

Our findings that the glomeruli of 2-wk diabetic rats have

elevated levels of total DAO and activation of PKC are con-

sistent with previous reports. The source of the increased DAO

induced by hyperglycemia is most likely from the metabolism

of glucose through glycolysis, which channels glucose metab-

olites to the de novo synthesis pathway of DAG, as we and

others have reported (22,28,46,47). It is also possible that the

increase in total DAO can be derived from the metabolism of

phosphatidylchobine by the actions of phospholipase D, which

could be influenced by the activity changes of DAO lipase or

phosphatidic acid phosphatase (30,32). There is no evidence

that hyperglycemia will affect the phosphoinositide pathway in

vascular tissues, which could change the DAO level by altering

phosphoinositide breakdown facilitated by phospholipase C

(22).

The finding of activated PKC in diabetic state gbomeruli is

consistent with increases in the level of DAO, which is the

endogenous cellular activator of PKC (48). Other investigators

have also reported that PKC activity is increased by diabetes in

the renal gbomeruli, as well as in cultured mesangial cells

exposed to high bevels of glucose (5,20,21,23,24,26-28,49).

Our measurements of PKC, however, are by an in situ method

that can assess PKC activity intracellubarly without having to

perform partial purification of PKC from the tissue first. The

classical isolation procedures used to measure PKC activity

into the membranous and cytosobic portion have not always

reflected precisely its in vivo activity because of losses of its

activity during isolation (37). Our data derived from an in situ

assay have demonstrated that the DAO-PKC pathway is acti-

vated in the glomeruli of diabetic rats. We have validated this

method as useful in renal tissue by its responses to known PKC

activations, PMA, and inhibitors OF 109,203X. In addition, the

efficiency of the in situ method was found comparable to the

classical PKC assay using the isolated cytosol and membra-

nous fractions. Studer et a!. have characterized the in vivo

activation of PKC by measuring the phosphorybation of the

MARCKS protein, a known intracellular 80 kD protein that

undergoes phosphorybation on PKC activation (49,50). This

group has reported that the phosphorylation of MARCKS

protein was enhanced in renal glomeruli of diabetic rats and

mesangial cells exposed to high concentrations of glucose

(49,50). These findings have established that the DAO-PKC

pathway is actually activated in the renal gbomeruli by hyper-

glycemia in diabetes.

The temporizing effect of d-a-tocopherol on PKC activation

was initially reported by Tasinato et a!. , who suggested a direct

inhibitory effect of d-a-tocopherob on PKC activity (31). How-

ever, our results in the glomeruli showed that both DAO and

activated PKC bevels were decreased by d-a-tocopherol treat-

ment, consistent with our previous report demonstrating that

d-a-tocopherol’s inhibitory effect on PKC was mediated by the

lowering of DAO levels (18,19). This possibility is suggested

by the decrease of DAG levels in the nondiabetic control rats,

although the changes in DAO levels induced by vitamin E

treatment were not statistically significant, possibly because of

the small number of rats. One of the possible effects of d-a-

tocopherol in preventing PKC activation could result from its

DAO-bowering effect by the activation of DAG kinase, which

has been suggested by Tran et a!. previously (5 1). This possi-

bility was supported by the results showing that d-a-tocopherol

increased DAG kinase activities in the renal glomeruli both in

control and diabetic rats. The mechanism of the increases in

DAO kinase activities is not clear because the protein bevels of

the two main types of DAG kinase in the gbomerubi, a and y,

were not changed by diabetes and d-a-tocopherol treatment,

suggesting that the enhancement of DAO kinase resulted from

direct activation of DAG kinase. However, other DAG kinase

isozymes besides a and J3 have been identified (52-54). It is

possible that other DAO kinase isozymes might be increased

by d-a-tocopherob. DAG kinase activity has also been reported

to be activated by phospholipids, cytokines, and its intraceblu-

lar transbocation (32). Supportive evidence that d-a-toco-

pherol’s effect is not directly on PKC has been reported by us

previously, showing that the addition of d-a-tocopherol to

purified PKC isoforms a and /3 did not have any inhibitory

effect (1 8). The results of the study presented here suggest that

an association between DAG kinase activities and PKC activ-

ities are only correlative. Definite studies are needed to estab-

lish causal relationship. It is also possible that d-a-tocopherol

may indirectly affect PKC activity in vivo or intracellularly

because other investigators have provided evidence indicating

that the activation of PKC by PMA can also be inhibited by

d-a-tocopherol (3 1 ). Thus, it is likely that d-a-tocopherol is

inhibiting PKC activities indirectly through activation of DAG

kinase or phosphorylation of PKC itself.

The finding of many biochemical alterations in vascular

tissues from diabetic animal or patients is not surprising; flu-

merous metabolic changes are probably occurring in this

chronic metabolic disorder. Therefore, it is critical to associate

and correlate the biochemical changes with physiological dys-

functions or pathological changes if causal relationship are to

be assigned. The activation of PKC, especially the f3 isoform,

has been correlated to abnormal retinal hemodynamics and

renal functions in the diabetic animal by the use of a novel

PKC isoform /3 selective inhibitor LY333,53 I (5). Results

from the study presented here suggest that d-a-tocopherol

treatment could prevent the onset of glomerular hyperfiltration

and increases in urinary albumin excretion induced by diabe-

tes. The close correlation between the results of the abnormal

renal functions and activated the DAO-PKC pathway indicated

a possible causal relationship. Our results also suggest that

chronic treatment with d-a-tocopherol may be able to amelio-

rate histopathologies in the renal glomerubi of diabetic rats.

Studies of chronic treatment using vitamin E are clearly

needed, especially in light of the recent publication by Tracht-

man et a!., who reported that treatment with vitamin E for more

than 6 months may increase the mortality rate of diabetic rats

(55). There are quite a few differences in the design of our

study versus the study by Trachtman et al. In the study pre-

sented here, animals were fed with normal chow and intraper-

itoneab injection of d-a-tocopherob (vitamin E), whereas the

diabetic rats in Trachtman’s study were fed orally with prefor-

mulated diet containing vitamin E, but the control rats used
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normal chow (55). It was difficult to identify the reasons for

the increase in mortality, which could be rebated to the prefor-

mubated chow, although Trachtman et a!. stated that the normal

chow was identical to vitamin E-enriched preformulated chow.

However, the exact analytical comparison of the chows used

was not provided. The study presented here treated diabetic

rats for up to 16 weeks (data not shown); no abnormal in-

creases were observed in blood pressure, body weight loss,

food intake, or mortality in the d-a-tocopherob (vitamin E)-

treated group. Similarly, in clinical trials using high doses of

vitamin E such as used in the study presented here, very few

toxic side effect shave been reported (56,57). Our rats were

given 40 mg/kg of d-a-tocopherol every other day, translated

to approximately 9 -10 lU/day, with the control and diabetic

rats taking orally an additional 1 .3 lU/day from the standard rat

chow. In comparison, Trachtman et a!. used 3-4 lU/day orally

in the treated group versus 1 .3 lU/day in the control group.

Thus, our treated rats were exposed to a much greater dose of

vitamin E than that used in previously reported studies. How-

ever, longer studies using orally fed vitamin E at multiple

doses are needed to determine whether d-a-tocopherol (vita-

mm E) treatment can prevent the pathological changes in the

renal gbomeruli as well as the survival rate in a diabetic rat.

In study presented here, intraperitoneal injection of d-a-

tocopherol was used to obtain the consistent high level of

vitamin E that inhibits both DAO and PKC levels (18,19).

Absorption of orally administered d-a-tocopherob can be van-

able not just among control animals but between control and

diabetic rats. In the study presented here, the dose of d-a-

tocopherol used was 40 mg/kg every otherda, which corre-

sponded to human doses of approximately 1800 to 2000 lU/day

in a human weighing 70 kg. This dose is clearly much more

than the 200-400 IU dose taken usually in daily vitamin E

supplements. However, this high dose of vitamin E was Se-

bected because of our previous finding that d-a-tocopherol

given intraperitonealy at this dose will achieve a consistent

plasma and tissue bevels that prevents hyperglycemia-induced

PKC activation (18,19).

The mechanism of d-a-tocopherol’s action in unclear. The

data from this study cannot determine whether vitamin E’ s

effect results from its antioxidant actions or lipophilic proper-

ties because parameters of tissue oxidation were not assessed.

It is possible that d-a-tocopherol could be altering cellular

membrane properties through its antioxidant effect. Our previ-

ous study has showed that other antioxidants, such as probucol,

which is structurally different froln d-a-tocopherol, can also

prevent the activation of the DAO-PKC pathway induced by

high levels ofglucose (19). These results suggest that the effect

of d-a-tocopherol could be partly mediated by its antioxidant

action. However, vitamin C, a water-soluble antioxidant, was

ineffective (data not shown). Alternatively, d-a-tocopherol has

been reported to alter plasma membrane fluidity by its direct

interaction with the lipid bilayer structure of the membrane

(58). Because DAO kinase and PKC are associated with

plasma membrane for its actions, their activities can be af-

fected by alterations in membrane fluidity and the oxidation

state of various membranous lipids. Tasinato et a!. have pro-

vided interesting evidence that the inhibitory actions of d-a-

tocopherol on PKC activity may be mediated through its non-

antioxidant actions (31).

Our studies have found that d-a-tocopherol treatment can

lower both the DAO and PKC levels in the renal gbomeruli of

diabetic rats. The amelioration of PKC activation by d-a-

tocopherob appears to induce the normalization of renal dys-

functions as measured by renal hemodynamics and urinary

albumin excretion rate. The mechanism of glomerular hyper-

filtration in diabetes is not clear. Multiple factors are probably

involved, with some of those factors associated with PKC

activation. Vasodilatory prostanoids such as POE2 production

can be increased in gbomeruli of diabetic rats because we and

others have reported that POE2 production is increased through

the activation of cytosolic phosphobipase A,, which was due to

increases in PKC activity in mesangial cells and smooth mus-

cle cells exposed to high levels of glucose (27,59). Another

possibility could be the increased production of atrial natri-

uretic peptide (ANP), which has been reported to be increased

in the diabetic state and may cause gbomerular hyperfiltration

(60,61). The overproduction of ANP may also be rebated to

PKC activation because the transcription rate of ANP in cub-

tured arterial cells can also be increased by PKC (62).

Further studies, both in animal model of diabetes and in

diabetic patients, are needed to clarify the mechanism of d-a-

tocopherol’s action and its therapeutic significance in prevent-

ing abnormal renal functions of diabetes.
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