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HMG- CoA Reductase Inhibitors Suppress High Glucose-
induced Excessive O, production in J -774 Cells
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SUMMARY

Statins (HMG - CoA reductase inhibitors) have so -called pleiotropic effects, which directly reduce neoinitial
inflammation of atherosclerosis, and one possible mechanism is the attenuation of oxidative stress. Although an
increase in oxidant stress is suggested to cause and aggravate arteriosclerosis in diabetes, the origin of oxidant
stress and effects of statins on the oxidant stress in diabetes are not clearly delineated. We evaluated in this study
the effect of high glucose on superoxide anion (O, ) production in the J - 774 macrophage -like cell line, and the
effect of various statins (cerivastatin, fluvastatin, and nisvastatin) on it. The basal and 12 - O - tetradecanoylphor-
bol 13 - acetate (TPA) -stimulated O, productions were measured by chemiluminescence (CL) amplified with a
Cypridina luciferin analog. Both basal CL and TPA - stimulated CL. (TPA-CL) in J-774 cells cultured with high
glucose were apparently increased in dose and time dependent manners, and the increments were clearly sup-
pressed by a NADPH oxidase inhibitor (diphenyleneiodonium chloride) or a protein kinase C inhibitor (GF -
109803X). Three statins significantly inhibited the high glucose -induced excessive O, production in a dose
dependent manner. Furthermore, co -incubation with mevalonic acid and the metabolites, geranylgeranyl
pyrophosphate and farnesyl pyrophosphate, partially prevented the statin -induced suppression of TPA -CL.
These data suggest that in J - 774 cells high glucose causes excessive O, production through NADPH oxidase and
protein kinase C pathways, and statins suppress the excessive O, generation. This effect of statins could be, in
part, dependent on the inhibition of synthesis of isoprenoid intermediates. Statins may be useful as a drug to pre-

vent arteriosclerosis by inhibiting oxidative stress in poorly controlled diabetic patients.

Key Words : HMG - CoA inhibitors, superoxide anion, macrophage, high glucose

sive production of reactive oxygen species)” in atheroge-
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INTRODUCTION

The risk of atherosclerotic vascular disease is markedly
increased in patients with diabetes". Many risk factors
are common in patients with diabetes, including insulin
resistance, hypertension, and dyslipidemia and these risk
factors are supposed to participate in the overall process
of accelerated atherogenesis. Considerable attention has

been focused on the role of “oxidative stress (an exces-
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’. An enhanced oxidative stress has been observed

nesis’
in diabetes as indicated by increased free radical produc-
tion™, lipid peroxidation, and diminished antioxidant sta-
tus”. There are a number of tenable biochemical path-
ways connecting hyperglycemia with enhanced produc-
tion of reactive oxygen species (e.g. advanced glycation
end product formation, altered polyol pathwa activity, acti-
vation of NADPH oxidase). Although the origin of reac-
tive oxygen species is not yet completely clear, monocytes
from diabetic patients have enhanced production of toxic

oxygen products*® and the oxidative stress in leukocytes
was recently suggested to be one of the risk factors for

. . . . .
cardiovascular disease in diabetes’
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The 3 -hydroxy - 3 - methylglutaryl coenzyme A
(HMG -CoA) reductase inhibitors (statins) can achieve
relatively large reduction in plasma cholesterol levels and
represent an established class of drugs for the treatment
of hypercholesterolemia®. Several clinical trials have
demonstrated that statins can ameliorate vascular athero-
sclerosis, and reduce morbidity and mortality in patients
with coronary artery disease symptoms. Interestingly,
there is now a variety of clinical and experimental evi-
dence to show that some statins can interfere with major
events involved in the formation of atherosclerotic lesions,
independently of their hypolipidemic properties™ .
Lipid -lowering clinical trials suggest that despite compa-
rable reduction in serum cholesterol levels, the risk of
cardiovascular events in statin - treated patients is lower
than with other agents or methods used to decrease
serum cholesterol levels'”. This profound biological
effect of statins is a so- called pleiotropic effect ', and the
attenuation of oxidative stress is believed to be one of the
pleiotropic effects'”. Nevertheless, it is not clear i vitro
and iz vivo how high concentrations of glucose affect the
production of reactive oxygen species by macrophages/
monocytes and how statins affect their production.

Our aim in this study is to clarify in the J-774
macrophage- like cell line (the origin is mouse
macrophages) how high glucose by itself and the addi-
tion of statins to high glucose affect the production of
superoxide anion (O, ), the initial formation of reactive
oxygen species. Furthermore, we estimated how the dia-
betic state affects O, generation by peripheral blood
monocytes in diabetic patients. To measure the O, pro-
duction, we employed a Cypridina luciferin analog (CLA)
as an agent to amplify the luminescence, because
Cypridina luciferin analog - dependent chemilumines-
cence appears to be highly dependent on the generation

of superoxide anion W
MATERIALS AND METHODS

Materials

Diphenyleneiodonium chloride (DPI), GF -109203X
(GF), and 12-0-tetradecanoylphorbol 13 -acetate
(TPA), geranylgeranyl pyrophosphate (GGPP), and
farnesyl pyrophosphate (FPP) were obtained from
Sigma - Aldrich Japan. Mevalonic acid lactone (Sigma -
Aldrich Japan) was converted to sodium mevalonic

acid ™. Cypridina luciferin analog was from Tokyo Kasei

Kogyo (Tokyo, Japan). Mono -poly resolving medium
was from Dainippon Pharmaceutical Co. (Tokyo, Japan).
Cerivastatin was generously provided by Takeda
Pharmaceutical Co. (Osaka, Japan), fluvastatin by
Novaritis (Tokyo, Japan), and nisvastatin by Kowa
Pharmaceutical Co. (Tokyo, Japan).

Subjects and isolation of peripheral blood monocytes
Subjects were nineteen type 2 diabetic outpatients (14
males and 5 females) and seventeen sex -and age -
matched normal healthy volunteers (13 males and 4
females). Initially, diabetic patients were recruited on
the basis of the following criteria : no proliferative
retinopathy, no active impaired renal function (defined as
a plasma creatinine > 120 umol/L), and no ketonuria.
All subjects gave their informed consent to this study, and
no subjects were taking any drugs known to affect mono-
cyte functions. None of the subjects had an infectious dis-
ease, and the C-reactive protein level was not detectable.
The mean age, BMI and HbAlc in the diabetic group
were 48.5 £ 3.9 (mean + SEM) vyears, 24.9 = 0.9 kg/m’,
9.4 = 0.3 %, respectively. Monocytes were isolated from
venous blood by mono — poly resolving medium and sus-
pended in Hanks balanced salt solution (1 10* mono-

cytes/ml).

J -~ 774 cells culture with graded doses of glucose

J =774 cells were incubated with graded doses of glu-
cose (5.6-33.3 mmol/L) in DMEM containing 10 %
FBS under an atmosphere of 5% CO, at 37 C for 5 min, 8
h, 1 day, 2 days, and 7 days.

Effects of diphenyleneinodonium chloride and GF-109203X

To clarify whether the generated O, is dependent on
NADPH oxidase or protein kinase C, cells were pretreat-
ed with 20 umol/L DPI (NADPH oxidase inhibitor) or 2
umol/L GF (protein kinase C inhibitor) for 30 min just

before the chemiluminescence assay.

Effects of statins with or without mevalonic acid and its
metabolites

After 2 -day incubation with graded doses (0-10
umol/L) of statins (cerivastatin, fluvastatin, and nisvas-
tatin) under high glucose (33.3 mmol/L) conditions,
the suspension was centrifuged 5 min at room tempera-

ture at 250 x g to obtain cell fractions. The cells were sus-
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pended in Hanks’ balanced salt solution (1 x 10° cells/ml)
for the assay, because DMEM is known to affect the
assay. To test the effect of mevalonic acid and the
metabolites, graded doses of mavalonic acids (1-100
umol/L) or the metabolites (100 umol/L GGPP or 100
umol/L FPP) were added in the medium containing 10
umol/L statins.

Measurement of superoxide anion generation
Chemiluminescence was measured with a
Luminescence Reader (Model BLP 201, Aloka, Tokyo,
Japan), as described previously '® " The standard reac-
tion mixture contained 9 x 10° cells, 5 umol Cypridina
luciferin analog, and 100 nmol/L TPA in Hanks’ balanced
salt solution in a total volume of 1 ml. All components,
except for TPA, were preincubated for 3 min ; the reac-
tion was initiated by the addition of TPA. Basal CL was
assessed with the chemiluminescence value (KC/min/
10° cells) just before the addition of TPA, and TPA -
induced chemiluminescence (TPA-CL) was assessed
with the maximally changed chemiluminescence value
after TPA stimulation as KC/min/10° cells. All the
reagents (DPI, GF, mevalonic acid, GGPP, and FPP) by
themselves did not affect chemiluminescence in a cell free
system (data not shown). The viability of cells mea-
sured by trypan blue staining was > 97 % at the begin-

ning and end of the assay.

Statistical analysis

Statistical analysis was made with Student’s unpaired ¢
test. Results are expressed as the mean = SEM of n
observations. A value of P < 0.05 was considered to be
statically significant. Experiments were repeated with

essentially identical results.

RESULTS

Basal CL and TPA-CL in normal healthy subjects and dia-
betic patients (Fig. 1)

In diabetic patients, both basal CL and TPA -CL were
significantly higher that those in control subjects.

Effect of high glucose on basal CL and TPA-CL (Figs. 2
and 3)

In the normal glucose condition (5.6 mmol/L), prein-
cubation of J -774 cells with Cypridina luciferin analog

resulted in an increase in chemiluminescence, which
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Fig. 1 Comparison of basal CL and TPA -CL between con-
trol and diabetic groups. Basal CL and TPA -CL by
monocytes from seventeen normal healthy volunteers
(Cont) and nineteen diabetic patients (DM) were
measured as described in Methods. Open and closed
bars indicate basal CL and TPA -CL, respectively. *
P < 0.05 vs. same state in control subjects (Student’s
t-test).

reached a plateau after 3 min (basal CL), and TPA
resulted in a prominent increase in chemiluminescence,
which reached a maximum after 10 -16 min (TPA-CL).
More than 2 days incubation of J -774 cells with 16.7 or
33.3 mmol/L glucose apparently increased both basal CL
and TPA - CL compared to 5.6 mmol/L glucose. These
effects were both dose and time dependent, except for
33.3 mmol/l TPA -CL at 5 min and 8 h. The 33.3 mmol/L
glucose inhibited TPA - CL at 5 min and 8 h. These inhi-
bitions may be partially dependent on the changes in cell
volume due to high glucose -induced medium hyperos-
molarity, because we have previously found in neutrophils
that medium hyperosmolarity inhibited O, generation
due to cell shrinkage'”.

Effect of DPI and GF on basal CL and TPA-CL (Figs. 4
and 5)

In Fig. 4, 20 uM DPI apparently diminished both basal
CL and TPA -CL at both 5.6 and 33.3 mmol/L glucose.
GF also inhibited both basal CL and TPA-CL at 33.3
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Fig. 2 Concentration -and time -dependent effects of glucose on basal O, generation by J-774
cells. After cells were incubated with normal (5.6 mmol/L) or high (16.7 and 33.3 mmol/L)
glucose for 5 min to 7 days, the basal O, generation from cells was measured by chemilumi-

nescence amplified with a Cypridina luciferin analog as described in Materials and Methods.
*P<0.05, **P < 0.01 vs 5.6 mmol/L in the observation time (N = 5 for all groups) .
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Fig. 3 Concentration -and time - dependent effects of glucose on TPA -induced O, generation by J -
774 cells. After cells were incubated with normal (5.6 mmol/L) or high (16.7 and 33.3
mmol/L) glucose for 5 min to 7 days, TPA -induced O, generation by cells was measured as
described in Materials and Methods. *P < 0.05, ** P < 0.01 vs 5.6 mmol/L in the observa-
tion time (N = 5 for all groups).
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Fig. 4 Effect of diphenyleneiodonium chloride (DPI), a NADPH oxidase inhibitor, on basal and
TPA -induced O, generation under 5.6 and 33.3 mmol/L glucose conditions. Basal CL and
TPA -CL indicate basal O, generation and TPA -induced O, generation, respectively.
* P < 0.001 vs 0 umol/L DPI in the same glucose concentration (N = 6 for all groups).
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Fig. 5 Effect of GF-109203X (GF), a protein C kinase inhibitor, on basal and TPA -induced
0, generation under 5.6 and 33.3 mmol/L glucose conditions. Basal CL and TPA-CL
indicate basal O, generation and TPA -induced O, generation, respectively. *P < 0.05
vs 0 umol/L GF in the same glucose concentration (N = 6 for all groups) .
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Fig. 6 Dose effect of various statins on high glucose -induced excessive O, generation.
Basal CL and TPA - CL indicate basal O, generation and TPA -induced O, generation,
respectively. Cells were incubated with each of three statins (cerivastatin, fluvastatin,
and nisvastatin) for 2 days under the 33.3 mmol/L glucose condition (N = 4 for all

groups) .
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Fig. 7 Dose effect of mevalonic acid on statins’ effect in TPA - CL by J - 774 cells. Two days after
co-incubation with various doses (0, 1, 10, and 100 ymol/L) of mevalonic acid and 10
umol/L statin (cerivastatin, fluvastatin, or nisvastatin), TPA-induced O, generation was
measured as described in Material and Methods. * P < 0.05 vs statin alone (N = 6 for all

groups) .
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Fig. 8 Effects of the metabolites of mevalonic acid, geranylgeranyl pyrophosphate (GGPP) or
farnesyl pyrophosphate (FPP), on statins effect in TPA-CL by J-774 cells. Two days
after co -incubation with 10 umo/L statin (cerivastatin, fluvastatin, or nisvastatin) and 100
pmol/L mevalonic acid metabolite (GGPP or FPP), TPA-induced O, generation was
measured as described in Material and Methods. * P < 0.05 vs statin alone (N = 6 for all

groups).

mmol/L and TPA-CL at 5.6 mmol/L, whereas it did not
affect basal CL at 5.6 mmol/L.

Effect of various statins on high glucose -induced basal CL
and TPA-CL (Fig. 6)

Incubation with each of three statins (cerivastatin, flu-
vastatin and nisvastatin) for 24 h significantly inhibited
high dose glucose (33.3 mmol/L) -induced increases in
both basal and TPA-CL in a dose dependent manner.
The serum max concentration of statins is almost 0.1
umol/L for clinical treatment and in this iz vitro study 0.1
umol/L statins clearly inhibited high dose glucose -
induced increases in both basal CL and TPA - CL.

Effect of mevalonic acid or its metabolites (GGPP and FPP)
on statin —induced inhibition of TPA-CL at high dose glu-
cose (Fig. 7and 8)

Co -incubation with 10 and 100 umol/L mevalonic acid
clearly prevented a statin-induced decrease in TPA-CL
(Fig. 7). Furthermore, 100 umol/L GGPP and 100
umol/L FPP also significantly prevented the stain -
induced inhibition of TPA (Fig. 8).

DISCUSSION

Although glucose -induced oxidative stress is an attrac-
tive hypothesis for the pathogenesis of diabetic complica-
tions including atherosclerotic vascular disease'®, very
little work has been published concerning the ability of
peripheral blood monocytes and cultured macrophages to
produce oxygen -derived free radicals under the diabetic
state (high glucose conditions). In this study, basal and
TPA -induced O, productions in peripheral monocytes
from diabetic patients were significantly increased.
Furthermore, our current study clearly demonstrates that
the culture of J-774 cells in a high glucose condition
causes excessive O, production. Thus, high glucose con-
ditions lead to oxidative stress, which is due to excessive
O, production by monocytes iz vivo and cultured
macrophages in vitro. It is well known that monocyte/
macrophage NADPH oxidase is a major source of O, and
that protein kinase C modifies NADPH oxidase!®. In this
study, DPI (NADPH oxidase inhibitor) and GF (protein
kinase C inhibitor) clearly inhibited the high glucose -
induced excessive O, production by J-774 cells so that



20 Yoshiaki Kawagoe DIMS

the excessive O, production must be due to an activation
of NADPH oxidase by increasing protein kinase C activi-
ty. Interestingly, a higher glucose level leads to an
increase in total diacylglycerol and in the activity of the
membranous pool of protein kinase C in cultured smooth

muscle and endothelial cells™”.

Furthermore, protein
kinase C activity is increased by the plasma glucose con-
centration in human monocytes iz vivo' .

Statins competitively inhibit HMG - CoA reductase, the
key enzyme in cholesterol biosynthesis, which in turn
leads to reduce cholesterol production. In addition, con-
centrations of mevalonic acid and the metabolites (iso-
prenoid intermediates) such as GGPP and FPP are also
decreased *?. GGPP and FPP are important for the iso-
prenylation of intracellular regulatory factors such as

22, 23)

small G proteins (e.g., Rho A, Rac 1)**. The pleiotrop-
ic effect of statins is thought to be, in part, dependent on
inhibition of the synthesis of isoprenoid intermediates ™.
In this study, all three statins (cerivastatin, fluvastatin,
and nisvastatin) clearly suppressed high glucose -
induced excessive O, production by J -774 cells and this
in vitro inhibition by statins can be prevented partially by
mevalonic acid and the metabolites GGPP and FPP.
Therefore, the inhibition of high glucose -induced exces-
sive O, production by statins may be partially due to the
inhibition of isoprenoid intermediate synthesis, and our
data support the above concept of pleiotropic effects.

It was shown that high glucose -induced excessive O,
production in J -774 cells is related to NADPH oxidase
and protein kinase C in this study, but it is not shown how
statins affect the NADPH oxidase system. Wagner et al'”
reported that statins had no direct effect on either
NADPH oxidase or protein kinase C activity and effective-
ly lowered the NADPH oxidase - dependent O, formation
by preventing the isoprenylation of p21 Rac in endotheli-
um -intact segments of rat aorta, although their experi-
ments were performed under normal glucose conditions.
Mevalonic acid and the metabolites could not completely
prevent the statin’ effect in this study and Weitz - Schmidt

et al®¥

demonstrated that, independent of the mevalonate
pathway, satins can bind directly to lymphocyte functional
antigen -1 and inhibit its interaction with ICAM -1. To
elucidate in detail the mechanism by which statins affect
high glucose -induced excessive O, production in J -774
cells, further studies (e.g., their direct effects on NADPH

oxidase and protein kinase C, isoprenylation of p21 Rac)

would be required.

Enhanced oxidative stress has been observed in diabet-
ic patients and it is thought that this enhanced oxidative
stress is responsible for increased incidence of atheroscle-
rosis, a major complication of diabetes mellitus. The pre-
sent findings suggest that statins may be useful as a drug
to prevent arteriosclerosis by inhibiting oxidative stress
produced by macrophages in poorly controlled diabetic
patients. Obviously, large - scale clinical intervention
studies are needed to confirm a positive influence of
statins on oxidative stress and rates of cardiac events in

diabetic patients.

Acknowledgment. We wish to thank Prof. Kikuo Kasai
for his valuable advice.

REFFERENCES

1) Kannel WB, McGee DL. : Diabetes and cardiovascular
disease, the Framingham Study. JAMA, 241 : 2035-
2038, 1979.

2) Harrison DG. : Endotherial and oxidant stress. Clin
Cardiol, 20 : 11-18, 1997.

3) Hiramatus K, Arimori S. : Increased superoxide produc-
tion by mononuclear cells of patients with hyperglyc-
erdemia and diabetes. Diabetes, 37 : 832 -837, 1988.

4) Baynes JW. . Role of oxidative stress in development of
complications in diabetes. Diabetes, 40 : 405-412, 1991.

5) Seghrouchni I, Drai J, Bannier E, et al . Oxidative stress
parameters in type I, type II and insulin - vreated type
2 diabetes mellitus ; insulin treatment efficiency. Clinica
Chimica Acta, 321 : 89-96, 2002.

6) Kitahara M, Eyre HJ, Lynch RE et al . Metabolic activity
of diabetic monocytes. Diabetes, 29 . 251 -256, 1980.

7) Yasunari K, Maeda K, Nakamura M, et al . Oxidative
stress in leukocytes is a possible link between blood
pressure, blood glucose, and C -reacting protein.
Hypertension, 39 : 777 -80, 2002.

8) Havel RJ, Rapaport E. . Management of primary hyper-
lipidemia. N Engl ] Med, 332 : 1301 -1307, 1995.

9) Corsini A, Pazzucconi F, Pfister P, et al : Inhibitor of pro-
liferation of arterial smooth -muscle cells by fluvastatin.
Lancet, 348 . 1584, 1996.

10) Rosenson RS, Tangney C. . Antiatherothrombotic prop-
erties of statins. JAMA, 279 © 1643 -1650, 1998.
11) Buchwald H, Varco RL, Matts JP, et al : Effect of partial

ileal bypass surgery on mortality and morbidity from



30(1)

12)

13)

14)

15)

16)

17)

(2003)

Statins inhibit O, production in J - 774 cells 21

coronary heart disease I patients with hypercholes-
terolemia. Report of the program on the Surgical Control
of the Hyperlipidemias (POSCH). N Engl J] Med,
323 946 -955, 1990.

Wassmann S, Nickenig G. : Improvement of endothelial
function by HMG - CoA reductase inhibitors. Drug News
Perspect, 15 85-92, 2002.

Corsini A, Bellosta S, Baetta R, et al . New insights into
the pharmacodynamic and pharmacokinetic properties of
statins. Pharmacology & Therapeutics, 84 : 413 -428,
1999.

Sugioka K, Nakano M, Kurashige S, et al : A chemilumi-
nescent probe with a Cypridina luciferin analog, 2 -
(1,2-a]

pyrazin - 3 - one, specific and sensitive for 02 — produc-

methyl -6 -phenyl -3, 7 -dihydroimidazol

tion in phagocytizing macrophages. FEBS Lett, 197 :

27-30, 1986.

Wagner AH, Kohler T, Ruckshloss U, et al:

Improvement of nitric oxide -dependent vasodilation by
HMG - CoA reductase inhibitors through attenuation of
endothelial superoxide anion formation. Arterioscler
Thromb Vasc Biol, 20 : 61-69, 2000.

Sato N, Kashima K, Tanaka Y, et al . Effect of granulo-
cyte - colony stimulating factor on generation of oxygen -
derived free radicals and myeloperoxidase activity in
neutrophils from poorly controlled NIDDM patients.
Diabetes, 46 . 133-137, 1997.

Sato N, Kashima K, Shimizu H, et al : Hypertonic glu-
cose inhibits the production of oxygen - derived free radi-
cals by rat neutrophils. Life Sci, 52 : 225-231, 1996.

18)

19)

20)

21)

22)

23)

24)

25)

Baynes JW, Thorpe SR. . Role of oxidative stress in dia-
betic complications . a new perspective on an old para-
digm. Diabetes, 48 : 1-9, 1999.

Ceolotto G, Gallo A, Miola M, et al . Protein kinase C
activity is acutely regulated by plasma glucose concentra-
tion in human monocytes in vivo. Diabetes, 48 : 1316 -
1322, 1999.

King GL, Banskota NK. : Mechanism of diabetic
microvascular complications. In “Joslin’s diabetes melli-
tus. 13™ ed.” Ed by Kahn CR, Weir GC. Baltimore :
Williams & Wilkins ; pp 631-647, 1994.

Maron DJ, Fazio S, Linton MF. : Current perspectives
on statins. Circulatoin, 101 @ 207 -213, 2000.

Essig M, Nguyen G, Prié D, et al . 3 -hydroxy -3 -
methylglutaryl coenzyme A reductase inhibitors increase
fibrinolytic activity in rat aortic endothelial cells : Role of
geranylgeranylation and Rho proteins. Circ. Res. 83 :
683 - 690, 1998.

Guijarro C, Blanco - Colio LM, Ortega M, et al : 3 -
hydroxy -3 - methylglutapyl coenzyme A reductase and
isoprenylation inhibitors induce apoptosis of vascular
smooth muscle cells in culture. Circ. Res. 83 I 490 - 500,
1998.

Weitz - Schmidt G, Welzenbach K, Brinkmann V. et al :
Statins selectively inhibit leukocyte function antigen -1
by binding to a novel regulatory integrin site. Nat Med,
7 . 687-692, 2001. .

Giugliano D, CerielloA, Paolisso G. . Diabetes mellitus,
hypertension and cardiovascular diseases . which role

for oxidative stress ? Metabolism, 44 . 363 -368, 1995.



